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ABSTRACT
Measurement of the physical strength of bonds linking biological cells is important

in characterizing adhesion processes in the circulation. We describe measurements of the

hydrodynamic force required to separate doublets of latex spheres cross-linked by receptor

ligand bonds. Previous work with the blood group antigen-antibody system (Tees et al.,

Biophys. J. 65: 1318-1334, 1993), showed that rupture of receptor-ligand bonds is a

stochastic process, both time and force-dependent. The present work extends this study to

a protein-protein system, with the receptor, an IgG antibody linked to latex microspheres,

either covalently or by physical adsorption, cross-linked via the Fc region by the ligand,

Protein G. The normal force at break-up, F., acting along the doublet major axis in a linear

shear field was computed using previously derived equations with the measured shear

stress and doublet orientation (Tha and Goldsmith, Biophys. J. 53: 677-687, 1986). The

break-up of doublets in Couette flow, tracked individually under the microscope, as weil as

of populations of doublets was studied at F. from 20 to 260 pN using a counter-rotating

cone and plate Rheoscope.

Break-up of doublets bearing covalently bound IgG was both lime and force

dependent; the fraction breaking up increased markedly with increasing force. In a

population of doublets, the fraction broken up increased with duration and magnitude of

F., and decreased with increasing ligand concentration. Doublets of physically adsorbed

IgG spheres required significantly lower F. than doublets of covalently-linked IgG spheres

for the same degree of break-up, likely due to surface detachment of IgG molecules rather

than rupture of receptor-ligand bonds.

Using a stochastic mode! of break-up (Bell, Science 200: 618, 1978), and a

Poisson distribution for the nUIllOcr of bonds, results of the above experiments were

simulated and bond parameters detemlined for this receptor-ligand system.
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RESUME

La mesure de la force physique des liaisons qui unissent les cellules biologiques est

importante au niveau de la c~ctérisation des processus d'adhésion présents dans la

circulation sanguine. Nous décrivons la mesure de la force hydrodynamique requise afin

de séparer des paires de sphères en latex attachées par des liaisons entre récepteur et ligand.

Des travaux antérieurs avec le système anticorps-antigène de groupes sanguins liaisons est

un processus de nature stochastique, lequel est à la fois dépendant et du temps et de la

force. Le présent ouvrage se veut une extension de cette étude en ce qu'il a tmit à un

système de protéine à protéine, avec le recepteur, un anticorps IgG, joint soit par liaison

covalente ou par adsorption physique, à des microsphères en latex, attaché au ligand,

Protéine G, par voie de la région Fc. La force normale au moment de séparation, Fil'

agissant le long de l'axe majeur des paires dans un champ de cisaillement linéaire a été

calculé au moyen d'équations dérivées antérieurement et tenant compte du contrainte de

cisaillement mesuré ainsi que de l'orientation des paires (Tha et Goldsmith, Biophys. J. 53:

677-687, 1986). La séparation des paires, suivies une à une sous le microscope, ainsi que

celle de populations de paires lors de l'écoulement de Couette fut étudié à Fil de 20 à 260

pN au moyen d'un rhéoscope contre-rotatif à plaque et à cône.

La séparation de paires ayant l'IgG attaché par liaison covalente fut à la fois

dépendante du temps et de la force; la proportion de séparations augmenta considérablement

lors de l'augmentation de la force. Au niveau d'une population de paires, la proportion

augmenta en relation avec la durée et l'intensité de Fil' et diminua avec une concentration de

ligand croissante. Les paires de sphères d'lgG adsorbé physiquement nécessitèrent une Fil

significativement moindre que celles de sphères d'lgG attaché par liaison covalente afin

d'atteindre le même degré de séparation, probablement du au détachement de surface des

molécules d'IgG plutôt qu'à la rupture des liaisons entre récepteur et ligand.

ü
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A l'aide d'un modèle stochastique de séparation (Bell, Science 200: 618, 1978), et

d'une distribution Poisson pour le nombre de liaisons, les résultats des expériences décrites

ci-haut furent simulés et les paramètres de liaisons déterminé~ pour ce système récepteur

ligand.

ili



• PREFACE
Cell surface proteins embedded in the plasma membrane carry out an array of

activities. Sorne membrane proteins serve to transport specifie molecules, while others

provide structural links that connect the plasma membrane to the cytoskeleton. Still sorne

serve as ligands for receptol's of other cells to mediale cell-to-cell or cell-to-surface

adhesion. Receptor-mediated cell adhesion, which is the focus of this thesis, is a crucial

element in many physiological processes such as immunity, hemostasis, growth and

developmcnt.

The goal of this thesis is to extend the previous work in our laboratory 10 determine

key parameters on receptor-mediated cell adhesions. Using the hydrodynamic theory for

the break-up of rigidly linked spheres (Tha and Goldsmith, Bioplzys. J. 53: 677-687,

1986), we studied the lime and force depenci.:nce on the break-up of doublets of latex

spheres cross-linked by receptor-ligand bonds. Here, the receptor and ligand studied were

mouse monoclonal IgG and Protein G. Using a counter rotating cone-and-plate Rheoscope

which produces a uniform shear field, a hydrodynamic force is instantaneous applied and

the fractions of doublets breaking up is determined as a function of force and duration of

applied force.

This thesis is arranged into 2 chapters. As background, Chapter 1 will describe

various aspect of cell adhesion. Although leukocyte-endothelium adhesion is not the topic

of this research, the process is described in detail to emphasize the importance of the

kinetics of bond formation and rupture in response to force of the various adhcsion

receptors involved (section 1.104). In section 1.5 and 1.6, the kinetics of receptor-ligand

bonding and the Bell's theory (Bell, Science 200: 618, 1978) on the rupture of receptor

ligand bond are reviewed. A computer simulation based on the framework of Bell's theory

formed an integral part of this thesis. In section 1.7, the objectives and motivation of this

work is summarized. Section 1.8 describes the receptor-ligand system used for our

iv
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experiments. Chapter 2 reports the experimental work of this thesis and is written in a

format suitable for publication.

Declaration concerning format of the thesis

The Faculty of Graduate Studies and Research at McGiIl University allows theses to

be submilled either in the conventional format or as a connected series of papers. The latter

option has been chosen for the present thesis, and hence in accordance with Faculty

regulations, the following text is reproduced verbatim:

Candidates have the option of in<.luding, as part of the th.:sis, the text
of a paper(s) submitted or to be submitted for publication, or the c1early
duplicated text of a published paper(s). These texts must be bound as an
integral apart of the thesis.

If this option is chosen, conneeting texts that provide logical
bridges between the different papers are mandatory. The thesis
must be wrillen in such a way that it is more than a mere collection of
manuscripts; in other words, results of a series of papers must be
integrated.

The thesis must still conform to ail other requirements of the
"Guidelines for Thesis Preparation". The thesis must include: a table
of contents, an abstract in English and French, an introduction which clearly
states the rationale and objectives of the study, a comprehensive review of
the literature, a final conclusion and summary and a thorough bibliography
or reference lis!.

Additional material must be provided where appropriate (e.g. in
appendices) and in sufficient detailto allow a c1ear and precise judgement to
be made of the importance and originality of the research reported in the
thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis
as to who contributed to such work and to what extent. Since
the taskof the examiners is made more difficult in these cases, it is in the
candidate's interest to make perfectly c1ear the responsibilities of ail the
authors of the co-authored papers. Under no circumstances can a co
author of any component of such a thesis serve as an examiner
for that thesis.

Chapter 2 is to be submilled for publication as Kwong. D., D. F. J. Tees. and H. L.

Goldsmith. Title: Time and Force Dependence 011 Break-up ofReceptor-/igand Bonds
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RECEPTOR·LIGAND INTERACTIONS

Receptor-mediated cell adhesion plays an important raie in many physiological and

biotechnology-related processes. For example. the inflanunatory response is controlled by

regulating the adhesive state of specific receptors and ligands on leukocytes and endothelial

cells. Neutrophils are the front line of defense and are rapidly mobilized and recruited to

sites of tissue injury and infection. These events are highly selective and transient in

nature. Neutrophils circulate within the bloodstream in the non-adherent state. When

tissues become infected. these cells are arrested on the luminal vessel wall by first adhering

to the endothelial cells in t1ow. and then transmigrating into the tissue (Furie et al.. 1991;

von Adrian etai.• 1991).

Specific adhesion also plays a crucial role in many pathological processes. The

body is constantly exposed to a variety of bacteria and viruses through skin. ingestion.

inhalation. and tissue injury. Sorne bacteria possess receptors that bind to specific organs

such that they can multiply and proliferate. For example. Eschericllia coli (E. coli) are

commonly found in the gut where they are innocuous. However. they may move up the

urinary tract and bind to specific receptors on the epithelial cells that line the tmct causing

urinary tract infection (de Man et al.. 1988). Bacteria contain hair-like projections. known

as pili. that extend from the cell body allowing close contact to surfaces. Human

immunodeficiency virus (HIV). a retrovirus that causes AlOS. infects the body by binding

tightly to CD4. a protein found on the surface of several types of immune cells via its

gp 120 envelope protein. This property makes such cells specially susceptible to HIV

infection. Once the virus becomes integrated into the cell membrane. a process controlled

by another binding protein. gp41 envelope protein. the virus core and its contents are

released inside the cell (Feinberg and Green. 1992; Green. 1991). Subsequently. the cell is

controlled by the genetic code of the virus. Using the cellular machinery of the host cell. a

complex sequence of events follows leading to the eventual release of new virus particles

from the infected cell (Wainberg and Margolese. 1992).

2



Another area in which adhesion plays a vital role is immunity. The body has

developed a very effective system to defend itself against most of the RÙcrobiaI and viral

invaders that we may encounter. There are two mechanisms by which the body identifies

foreign maleriaI: the innate system mediated by an array of complement proteins and the

adaptive immune system, in which antibodies play a leading role.

The innate system relies on a c1ass of molecules known as the complement proteins.

The complement proteins bind to certain deternùnants on the bacteria, attracting phagocytes

such as neutrophils, monocytes and basophils that engulf and digest RÙcrobes bearing the

complement coat. Complement proteins can aIso disrupt the membranes of bacteria, thus

causing the cell to burst. Macrophages, which circulate in blood, aIso have the ability to

bind to the capsules of sorne bacteria, thereby inactivating them (Lachmann, 1982).

The adr.ptive immune system operates by a process of clonaI selection.

B-lymophocytes, or B-cells, manufacture antibodies and display them on the cell surface as

receptors. Each B-cell makes a different receptor, so that each recognizes a different

foreign antigen. An individuaI is capable of producing more than 100 RÙlIion distinct

antibody proteins at any one time. B-cells are activated by binJing to foreign antigen (such

as a surface protein on a bacterium). Upon binding, they differentiate and proliferate, and

eventually secrete antibodies. The secreted antibody has the same specificity as the receptor

on lhe original B-cell. These antibody types can then initiale the complement cascade and

consequenlly aclivale the phagocytes for the removaI of microbes.

1.1 Adhesion Molecules

Much of the work on lhe biophysical aspects of receptor-mediated cell adhesion has

been directed towards the interaction between Ileutrophils and endotheliaI cells because of

its significance in the immune system and its potentiaI relevance to the devillopment of new

medications. Studies of the molecular basis of cell adhesion have been made possible by

the development and use of the lools of molecular biology to isolate and anaIyze specifie

3



molecules. Monoclonal antibodies directed towards specific cell surface molecules have

been very useful in the identification and characterization of the adhesion molecules on

leukocytes and endothelial ceUs. cONA clones can be manipulated in order to create œil

lines that can be used to examine the nature of each adhesion receptor and its contribution to

the adhesion cascade. Three classes of cell surface molecules are now known to be

implicitly involved in neutrophil localization: integrins, selectins and the immunoglobulin

superfamily (Jones et al., 1995; Springer, 1990, 1994; Zimmerman et al.. 1992).

1.1.1 Integrins

A group of 3 ceU surface glycoproteins which belong to a large family of adhesion

molecules called the integrins plays an important roles in the adhesion of neutrophils to the

endothelium orto each other (Hynes, 1987; Kishimoto and Rothlein, 1994). This group,

known as the ~2 integrins or leukocyte integrins, consists ofLFA-1 (COlla/COI8), Mac-I

(COllb/COI8) and p150,95 (COllc/COI8). AU integrins exist as a non-covalent 1:1

complex consisting of an alpha and beta subunits and are involved in such fundamental

processes as embryogenesis, hemostasis and wound healing. To date, 15 alpha and 8 beta

chains have been chacacterized, and a!though not all combinations of these have becn

found, the integrin family represents a very diverse and versatile group of adhesion

molecules. The ~2 integrins share the same beta subunit (MW = 95 kD) and are

immunologically distinguished by the alpha subunits whose molecular weights are 177 kD

for LFA-l, 165 kD for Mac-I and ISO kO for p150,95. LFA-l is expressed on almost ail

immune ceUs except sorne tissue macrophages. Mac-I and pl 50,95 are found

predominantly on myeloid ceUs including monocytes, macrophages, granulocytes and large

granular lymphocytes. p150,95 is also expressed on activated lymphocytes (Anderson,

1995; Kishimoto and Rothlein, 1994J.

The biological importance of leukocyte integrins was confirmed by the identification

of the clinical syndrome, type 1 leukocyte adhesion deficiency (LAO-I), which is

4
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characterized by recurrent life-threatening bacterial and fungal infections (Anderson and

Springer, 1987). It results from a congenital deficiency or absence of the P2 subunit of the

leukocyte integrins. rendering the cells unable to he localized to sites of infection, and is

heritable as an autosomal recessive gene (Springer et al., 1984).

Integrin-mediated adhesion is tightly regulated by protein synthesis. mobilization of

the intracellular pool of receptors and the modulation of the adhesive state of the receptors

through conformational changes (Anderson. 1995; Vadas and Gambie, 1990). LFA-I is

constitutively expressed on neutrophils. Mac-I is present in subcellular granules and is

translocated to the surface of neutrophils within minutes after activation (Carlos and

Harlan, 1990; Zimmerman et al., 1992). However, the primary mechanism accounting for

the rapid enhanced adhesiveness of the cells is the functional upregulation (through

conformational changes) from low- to high- avidity state of the heterodimers that are

constitutively present in the plasma membrane.

1.1.2 Immunoglobulin Superfamily

This group of receptors is defined by the presence of the immunoglobulin domain

and exist as membrane or soluble immunoglobulins such as IgA, IgD, IgE, IgG and IgM,

and also as multireceptor T-cell antigen receptor complexes or single-chain cellular

adhesion molecules. In recent years, three cellular adhesion molecules. ICAM- I. -2 and ·3

(intercellular adhesion molecule 1,2.3) have been shown to play key roles in the adhesion

of blood leukocytes (Argenbright et (Il.. 1991; Furie et al., 1991; de Fougerolles and

Springer. 1992; Diamond et (Il.• 1990; 1991; Staunton et al., 1989). These adhesion

molecules are both slructurally and functionally related and are found in a wide range of cell

types including vascular endolhclial cells, lymphocytes. monocytes and neutrophils

(Kishomoto and Rothlein. 1994). The binding of ICAMs to their integrin ligands, most

nolably LFA-I and Mac-I plays a ,ignificant role in leukocyte adhesion and transmigration

across the vascular endothelium.
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Although integrins are only expressed in hematopoietic cells, the distribution of

these intercellular adhesion molecules is distinct and varies within the family. While

ICAM-2 is constitutively expressed at low level on alileukocytes and endothelial cells, and

does not appear to be regulated by cytokines, ICAM-I is only expressed in abundance

several hours after cytokine stimulation on many cell types, including all leukocytes,

endothelial cells, keratinocytes and fibroblasts, and may require mRNA transcription and

dl' IIOVO protein synthesis. However, ICAM-I can also be mobilized more rapidly from

intracellular stores through thrombin stimulation (Sugama et al., 1992). [CAM-l is the

ligand for both Mac-I and LFA-I (Smith et al., 1989). Mac-I binds to the [g-domain 3

(Diamond et al., 1991) while LFA-I binds to the Ig-domain 1 and 2 (Staunton et al.,

1990). The recently characterized ICAM-3, which closely resembles [CAM-I with 52%

anùno acid homology and the same number of Ig domains, has also been shown to he a

receptor for LFA-I and is highly constitutively expressed by leukocytes (de Fougerolles et

al., 1993). The existence of three functionally related molecules, [CAM-l, -2 and -3

allows very fine regu[ation through differences in their distribution in tissues and in their

inducibility, and emphasizes the importance of this adhesion pathway.

1.1.3 Se1ectins

The recent identification and characterization of a family of adhesive glycoproteins,

now called selectins (in order to emphasize its amino-tenninal lectin domain), has made

carbohydrate biochemistry an integral part of cell adhesion research. Before 1989, research

on leukocyte-endothelial cell adhesion had been devoted to the studies of integrins and their

ICAM receptors. The cDNA sequences of three new cell surface glycoproteins, L-selectin

(Lam-l), P-selectin (GMP [40) and E-selectin (ELAM-I), which were initially found on

leukocytes, platelets and endolhelial cells, respectively, revealed a similar protein

organization, and suggested anolher mechanism for adhesive recognition, complementary

to integrin-mediated adhesion, involving carbohydrate binding through the lectin domain.
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These transmembrane proteins consist of an N-terminal lectin-like domain, an epidermal

growth factor (EGF) repeat, a variable numher of short consensus repeats (SCR) similar to

those found in certain complement binding proteins, a transmembrane and aC-terminal

cytoplasmic domain (McEver, 1991).

The multiplicity of carbohydrate structures found on œil surfaces has made the

identification of ligands for the selectins a difficult task. Carbohydrates can he arranged or

linked in a variety of ways thereby generating a whole array of recognition domains.

Epitopes of carbohydrates can be displayed on a wide range of proteins and Iipids, with

different affinities for selectin binding. AlI selectins appear to recognize a sialylated

carbohydrate determinant on their counter receptors. The sialyl Lewis' and its cousin sialyl

Lewis' seem to be the major contributors for selectin-mediated adhesion (Lasky, 1992;

McEver, 1991). Antibodies to sialyl Lewis' can block E-selectin mediated adhesion of

neutrophils. However, the avidity of L-selectin and P-selectin binding to sialyl Lewis' in

statie binding assays appears to be quite low, suggesting additional components are

required for high avidity binding in vivo under conditions of shear f10w (Moore et al.,

1995; Patel et al., 1995).

Recently, distinct carbohydrate ligands for L- and P-selectin have been isolated and

characterized. These mucin-like molecules are heavily O-glycosylated and have an

extended structure (Berg et al., 1993). P-selectin recognizes PSGL-I (P-selectin

glycoprotein ligand-l), a homodimer of disulfide-Iinked subunits with a molecular mass of

120 kD. PSGL-I is expressed by human neutrophils and displays three N-Iinked glycans

and numerous sialylated O-Iinked glycans, including O-Iinked poly-N-acetyllactosarnine

whieh hear sialyl Lewis' (Ma et al., 1994; Moore et al., 1994). L-selectin recognizes two

mucins in high endothelial venules, glyCam-l (glycosylation-dependent cell adhesion

molecule 1), whieh is secreted and CD 34, which is found on the œil surface. L-selectin

also recognizes MAdCAM-l, which is expressed on Iymph nodes and is responsible for

lymphocyte selectin and integrin-mediated adhesion in vivo (Berg et al., 1993).
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A1though there are many similarities between L-. P- and E-selectin. their tissue

distribution and inducibility is distinct and different. L-selectin is constilUtively expressed

on ail circulating leukocytes. except for a subpopulation of memory lymphocytes. Upon

cellular activation. L-selectin is rapidly shed from the surface of neutrophils (Kishimoto et

aL., 1989). P·selectin is stored intracellularly in the Weibel-Palade bodies of endothelial

cells and the a-granules of platelets. P-selectin can be rapidly mobilized to the cell surface

by inflammatory mediators such as thrombin and histamine within 5 to 15 minutes (Geng et

al., 1990). E-selectin is induced on vascular endothelial cells by cytokine stimulation (IL

l, TNFa, lipopolysaccharide) within 2 to 4 hours and requires de /IOVO mRNA and protein

synthesis (McEver, 1991).

The physiological importance of selectin-mediated interaction is emphasized by the

discovery of a clinical syndrome termed leukocyte adhesion deficiency type 2 (LAD·2).

which is characterized by impaired immunity and development anomalies (Etzioni et al.•

1992). It results from a defective fucose metabolism, leading to the absence of the fucose

containing oligosaccharide moiety siaiyl-Lewis'. As with LAD-l, the pathology is caused

by a strikingly depressed neutrophil emigration into intlammatory sites.

1.1.4 Role of selectins and integrins in leukocyte adhesion to endothelium

The inflammatory response is a multistep process involving changes in vascular

permeability. changes in expression and adhesive state of the adhesion molecules on both

leukocytes and endothelial cells. and the eventual triggering of adherenl leukocytes 10

transmigrate into the tissues at sites of inflammation. The sequence of events that leads 10

diapedesis is coordinated by a variety of inflammatory mediators such as thrombin,

histamine. IL·I. bradykinin, tumor necrosis factor a, and lipopolysaccharide, which have

direct effects on the expression, conformation and surface density of adhesion molecules

involved in the adhesion cascade. Neutrophils must first roll along the endothelium at a

much lower translational velocity than is the case for the freely-rotating neutrophils in the
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FIGURE 1.1 Schemalic diagram of neutrophil extravasation showing the rolling, firm
adhesion und diapedesis logelher with the molecules lhoughl lo be involved during each
phase. (From Kishimolo and ROlhlein, 1994)
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mainstream. Rolling is caused by the continuous fonnation and breakage of selectin-ligand

bonds as the ceU moves a10ng the endothelium, and is a prerequisite for fll'lll adhesion to

endothelium. In the presence of appropriate chemoattractants, the finnly adherent

leukocytes may undergo shape change by spreading along the vessel wall, migrating to the

interendothelial junctions, and moving into the extravascular space (Fig. 1.1).

The adhesive interactions at the molecular level have become an area of intense

research because of their importance in pathophysiology and their implication in thempeutic

development ln vitro systems simulating conditions in post-capillary venules using either

cultured endothelial cells or planar bilayers bearing purified proteins have provided us with

much infonnation conceming the role of the various adhesive receptors and ligands in

leukocyte adhesion.

Rolling of leukocytes, which is an early event in inflammation has been reproduced

in vitro on artificial lipid bilayers containing P-selectin and E-selectin but not on bilayers

containing ICAM-I alone (Lawrence and Springer, 1991; 1993). The in vivo pathways

leading to this event were simulated more closely using human umbilical cord endothelial

celis (HUVECs; Jones et al., 1993; 1995). There appear to be two pathways that can lead

to neutrophil rolling on endothelial cells. In the first, involving P-selectin, neutrophils roll

on histamine- or thrombin-stimulated HUVECs within 15 minutes of stimulation. Rolling

can be completely inhibited by anti-P-selectin antibody, but only partially by anti-L-selectin

antibody. P-selectin-mediated rolling acts optimally on a time scale of less than 30 minutes

and does not appear to lead to finn adhesion or diapedesis (Jones et al., 1993). The

physiological role of this pathway is not known but it may plaY a role in thrombosis to

modulate clot fonnation in response to injury by binding activated platelets via platelet P

selectin.

In the second pathway, in\'olving E-selectin, unactivated neutrophils have becn

shown to roll on ll..-I-stimulated HUVECs at wall shear stresses (> 0.2 Nm'2) that preclude

ICAM-I-dependent adhesion. Endothelial cells express both E-selectin and ICAM-I within
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two hours of stimulation with cytokines. Although bath support neutrophil adhesion under

static conditions, only E-selectin is capable in supporting rolling (Lawrence and Springer,

1993). However, this roIling adhesion alone cannot bring to the arrest of the rolling

neutrophils. The subsequent integrin-ICAM interactions, which occur at a much slower

velocity than that of the non-roIling cells, result in firm atlachment and the eventual

migration through the endothelial celllayer (Abbassi et al., 1993). It should be noted that

rolling neutrophils in this pathway are most likely activated by endothelial derived

chemoattraclants such as IL-8, that results in the rapid up-regulation of integrins. The

firmly adherent activated neutrophils may then undergo shape change before eventually

migrating through the junctions between the endothelial cells (Smith et al., 1991).

1.1.5 Other adhesion molecules of biological and biotechnological relevance

The integrin, selectin and immunoglobulin superfamilies are not the only ones

having adhesion molecules of biological importance. Plasma proteins such as fibrinogen

and von Willebrand factor, and extracellular matrix proteins such as laminin, collagen and

fibronectin all bind to different members of integrins on the surface of platelets and

leukocytes and are of great importance in hemostasis and thrombosis.

Adhesion molecules also play a very important role in many biotechnological

applications. Affinity chromatography, a powerful separation technique, uses specific

receptor-Iigand interactions for the purification of a biomolecule on the basis of biological

function or individual chemical structure. Protein A, produced from Staphylococcus

aureus (Langone, 1982a, b), and Protein G, a œil surface protein of Group B Streptococci

bind strongly to the Fc region of IgG and have been used extensively for antibody

purification from animal serum, ascites fluid, or œil culture supematant. Lectins such as

Concanavalin A fromjack bean Cclllavalia enisformis,lentiI lectin from Lens culinaris, and

wheat germ lectin are also commonly used to isolate a variety of glycoproteins and

polysaccharides through their specific affinity to different œil surface sugar residues.
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Because of the availability of these molecules, they have often been used as model systems

for the study of cell adhesion.

1.2 Physical Nature of Cell to Cell Interactions

The adhesive interaction between two biological cells, or a cell and a surface is a

result of the net contribution of the non-specific interactions (such as electrostatic, van der

Waals and steric stabilization) and specifie receptor-Iigand interactions. Although all of

these interactions may be present at the same time, each is dominant at different ccli-ccli or

ccll·surface separation distances (Bongrand and Bell, 1984; Claesson, 1994; Lauffenburger

and Linderman, 1993).

Electrostatic forces can be repulsive or attractive depending on the surface charges

of the two cells. The surface of a mammalian cell not only consists of the plasma

membrane, - 7 nm thick, containing receptors and molecules, but also has a layer of

polyelectrolytes termed the glycocalyx which is made up of short oligosaccharide chains

bound to glycoproteins, glycolipids and proteoglycans that extends - 10 nm beyond the

plasma membrane (Singer and Nicolson, 1972). Due to the presence of numerous sialie

acid residues witbin tbis layer, the cells are negatively charged and tend to repel each other

(Lauffenburger and Linderman, 1993).

Van der Waals forces, which are attractive, originate from the movement of

negatively charged el;:ctrons around the positively charged atomic nucleus. The resulting

fluctuation in the e\.~ctromagnetic field gives rise to a charge interaction between polarizable

molecules on ,he ccli surface and in the solvent. When two cells or a eell and a surface

approach to witbin 50 nm of each other, the fluctuating electromagnetie fields associated

with them will interact with each other resulting in a weak attractive force (Claesson, 1994;

van de Ven, 1989).

Sterie stabilization arises when colloidal particles have polymers anchored on their

surface, sueh as the hydrated glycocalyx on the surface of blood cells. As the two polymer
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layers come together, they overlap and sorne of the water of hydration is excluded. Steric

stabilization, which is repulsive, results because there is a tendency for water to retum and

because there is steric compression of the polymer chains, which reduces the entropy of the

system (Lauffenburger and Linderman, 1993).

The famous DLVO theory (Verwey and Overbeek, 1948) of colloid stability takes

into account the contribution of electrostatic and van der Waals forces between two œil

bodies. As can be seen in Fig. 1.2, the van der Waals force dominates at very short and al

long distances when the energy of interaction is negative (attractive). At intermediate

distances, the forces of interaction are repulsive due to the existence of large electrostatic

repulsion. The figure suggests that ceI1s will be altracted to each other when separated by a

distance equal to lhal of lhe secondary minimum, estimaled 10 be - 7 nm. However, blood

ceI1s do nol aggregale non-specifically because of the presence of the glycocalyx which

prevenls lhe approach of their membranes to within such a distance. Rather, the interaction

of lhe glycocalices of two cells upon close approach provides an opportunity for contacts

belween glycoproteins and glycolipids and thus a1lows for the formation of specific bonds

(Bell, 1978).

The weak non-specific forces belween ceI1s have been estimated to be such that an

eXlemai force of 10.5 dyne/11m2 (0.1 nN/l1m2) is required to separale them 10 distances al

which lhese forces are negligible (BeI1, 1978). In order for ceI1s to become specifically

adherent 10 one another, the adhesive inleraction must be strenglhened by receptor-ligand

bonds. The avidity of ceI1 adhesion depends on the raie of receptor-ligand bond formation,

which is govemed by the affinity of the bond, and the number of bonds responsible for

linking Iwo ceI1s togelher. Receptor-Iigand bonds derive their stability from a variely of

small free energy changes, which may be associaled with electrostatic, van der Waals, or

hydrogen bond interaclions. The nel specific adhesive strength and therefore the kinetics of

bond formation and breakage is influenced by a combination of factors including receplor

and ligand surface densilies, receplor-ligand affinity, the on and off rate constants, the
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FIGURE 1.2. Schematic representation of the energy of interaction, VIn.' bctwcen two
charged colloidal particles as a function of the distance h between thcir surfaces. (From
van de Ven, (989).
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diffusion rates of receptor and ligand on the œil membrane, and temperature (Bell, 1978).

The properties of the suspending medium (Le. pH, viscosity, ionic strength, and surface

tension) May a1so play a role on the adhesive strength of bath the specific (receptor-Iigand)

and non-specific interactions. AIso, since blood cells are in constant motion, non-specific

and specific adhesive interactions, and the formation and break-up of aggregates of blood

cells are markedly influenced by the hydrodynarnic forces associated with blood flow.

1.3 Techniques to Study Cell-Surface Adhesion

Several in vitro techniques have been developed that a1low one to study different

aspects of cell adhesion. Most of these techniques involve the application of a shear flow

in tubes or in flow chambers which can be controlled to perturb the system under study.

1.3.1 The parallel plate flow chamber

A popular device for studying adhesion ..;Jf cells or particles to a surface is the

parallel plate flow chamber, in which the motion of cells driven a10ng an adhesive surface

by a hydrodynarnic drag between two horizontal parallel plates is monitored (Fig. 1.3A).

The lower plate is coated with adsorbed or covalently conjugated adhesion molecules, or a
, .

confluent cell monolayer or Iipid monolayer containing adhesive receptors. Cells settle

onto the lower plate by gravity, and the forces acting on them in shear flow May be

computed using the theory of Goldman et al. (1967), which applies to rigid spheres in

simple shear flow near a plane wall. Depending on the characteristics of the receptor-Iigand

bond, the hydrodynarnic drag can be adjusled 10 a1low for both the formation and rupture

of bonds. This is usually achieved by the use of a hydrostatic pump connected to the inlet

of the chamber (Fig. I.3B). By recording the motion of the cell a10ng the surface using

digitized videomicroscopy, the adhesive interactions can be quantitated since these events

will cause detectable changes in lhe rolling velocity of the œIl.

Much of the work on neulrophil-endothelium adhesion in flow was carried out

using the parallel plate flow chamhcr (Jones et al., 1993; Lawrence and Springer, 1991;
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FIGURE 1.3 Sehematic diagram (A) of the parallel plate flow chamber (inverted view).
The glass slide is covered with an artificial bilayer, or a confluent monolayer of cultured
eells. The gasket separates the glass slide from the deek of the flow chamber.
Experimental setup (B): the syringe pump controls the flow of cells, drawn from a
reservoir in the water bath at a prc~determined temperature. The device is mounted on the
stage of an inverted microscope. The output from a video camem is recorded for luter
image processing and analysis. (From Lawrence el al., 1987).
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1993). When the lower plate was coated with a lipid bilayer hearing either affmity purified

P- or E-selectin, selectin-mediated neutrophil rolling at mean velocities depending on

selectin surface density was cIearly demonstrated by Lawrence and Springer (1991, 1993).

However, neutrophil rolling was not observed on lipid bilayers hearing ICAM-1, aIone. In

the presence of selectins and ICAM- l, neutrophils were shown to roll, and become

adherent upon activation of the leukocyte LFA-1 and Mac-1 by chemoattractants.

The main advantages of the paraIlel flow chamher is that the device is simple in

design and operation and the wall shear stress within the chamher can he easily controlled.

Adhesive interactions can he easily observed, recorded and anaIyzed by videomicroscopy,

and pennit continuous sampling of cell suspension on the adhesive surface. However,

cells can only he viewed aIong the axis perpendicular to the planes of shear in which the

actual contacts hetween the cell and surface cannot he observed, nor can the distance of

separation hetween the œil surface and the plate he determined. AIso, hydrodynamic

theory (Goldman et al., 1967) strlctly only applies to smooth rigid spheres, unlike the

deformable neutrophils with a ruffled surface, lcading to inaccuracies in calculating the

hydrodynamic forces acting on the cell.

1.3.2 The stagnation point flow chamber

The stagnation point flow chamber, in which a narrow jet of fluid impinges on a flat

surface, and spreads out radially across it, was first used with native whole blood to

descrihe platelet and leukocyte deposition onto surfaces heing tested for their tbrombogenic

properties (Morton et al., 1975; Nyilas et al., 1975; Petschek et al., 1968). A rigorous

treatment of flow and mass transfer in the stagnation point region by Dabros and van de

Ven (1983) led to the establishment of a direct method for studying particle deposition and

detachment from plane solid surfaces. The particles were observed in an area around the

stagnation point where the wall shear rate increases linear1y with radial distance from the

center of the impinging jet and where the hydrodynamic boundary layer is relative1y !hin
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and unifonn (Fig. 104). These studies included the deposition and detachment of latex

spheres in aqueous electrolytes (Dabros and van de Ven, 1983; 1987); live and fixed E. coli

bacteria on glass surfaces (Xia et al., 1989), and sphered, swollen and fixed red blood cells

on glass covered with monoclonal antibody (Xia et al., 1993; 1994).

A similar technique that permil~ the study of adhesion of cells to an adhesive surface

is the so-called radial flow detachment charnber assay (Cozens-Roberts et CIl., 1990a), in

which cell adhesion and detachment is studied at distances far from the stagnation point.

The apparatus consists of a charnber, a Iigand-coated disc, an impinging jet of fluid, and a

video-microscope system. A schematic representation of the radial-flow detachment

charnber is shown in Fig. 1.5. Receptor-coated beads are initially allowed to settle onto the

disc and incubated in the chamber for a period of time to allow for specific adhesion to the

ligand coated surface. Ajet of buffer impinges onto the disc and spreads radially through

the gap separating the ligand coated surface and the charnber, detaching beads bound to the

glass disc. At large distances from the stagnation point, the shear stress decreases with

increasing radial distance. Beads tend to be detached in a zone around the inlet where shear

stress is high and remain bound in an outer zone where shear stress is lower. The radius

that marks the boundary between these two zones defines the critical radius, the equilibrium

position where the force exerted by the fluid on the particle is balanced by the particle·

surface adhesive force. Since detachment is a stochastic process, as will be discussed

below (Section 1.4.3), the boundary is a diffuse one, and as found by Xia et CIl. (1994),

detachment is bath force and time-dependent. The radial·flow detachment assay has been

used to measure the kinetics of detachment to characterize the duration of adhesive bonds

with respect to hydrodynamic forces and time (Cozens-Roberts et al., 1990a, b; Kuo and

Lauffenburger, 1993).
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FIGURE 1.4 Geometry orthe stagnation point flow created by ajet of radius R impinging
0010 a surface. After exiting from the orifice. the jet is contained between two confining
plates a distance h apart; rand z are the radial and axial coordinates describing the flow
around the stagnation-point. P (From Xia et al.• 1993).
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FIGURE 1.5 Schcmatic dil1gnun or the cross-section of the radial-flow detachment
ehamber. Fluid flow in a radial direction bctween two parallel surfaces provides the shear
force capable of detaching receptor-coated model cells from a ligand-coated glass dise
(Cozens-Roberts et al., 1990a). The surface shenr stress decreases with increasing radial
distance from the stagnation point. allowing the partiele/surface adhesion strength to be
detcrmined.
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1.4 Techniques to Study Cell·Cell Adhesion

There are several techniques that have been used to study cell-cell intemctions in

suspension, two of which have been used in our laboratory. The lmveling microtube

technique in which particles are observed while being tmcked in a suspension llowing

through a cylindrical tube, was first developed in our laboratory to study the motions of

blood cells in shear llow (Goldsmith, 1971; Goldsmith and Marlow, 1972; 1979). and later

used to observe the motions and interaction of colloïdal-size latex spheres (Vadas et CI/.,

1973; van de Ven and Mason. 1976; Takamura et CI/•• 1979; 1981a. b). The cone and plate

Rheoscope, recently used in our laboratory. provides a constant shear Couette field of llow

in the gap between counter-rotating cone and plate, in which particles can bc ohserved in

the layer of no translation.

1.4.1 The traveling microtube apparatus

The traveling microtube device has been used to study two-body collisions of latex

particles to detect interaction forces due to repulsion between electricai double layers, and

attraction due to van de Waals forces (Takamura eta/., 1981a. b; van de Ven and Mason,

1976). When the electrical double layer is sufficientiy compressed at high clectrolyte

concentration or when polymers are able to cross-link the surfaces of interacting particles,

collisions may result in the formation of permanent doublets. In this case, the traveling

microtube technique can be used to measure the shear stress required to break up permanent

doublets, and hydrodynamic theory used to compute the applied force at break-up (Tha and

Goldsmith, 1986).

The llow system of the traveling microtube is depicted in Fig. 1.6. The llowing

suspension is observed in a 5 cm \ength glass tubing of 100-200 !lm diarneter connectcd to

a stainless steel hypodermic ncedlc with a tellon hub. The tube and the needlc are laid

down on the center of a microscope si ide. The entire assembly is then placed on a jig and

mounted on a vertically positioned sliding platform which also suppurts a syringe infusion-
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FIGURE 1.6 The traveling microtube flow system. The suspension of cells in buffer
flows through the - 150 Ilm tube by gravity feed between two reservoirs. The tube is laid
on a microscope slide. mounted on a jig on the hydraulically driven stage of the traveling
microtube apparatus. The flow rate is uniformly accelerated by infusing silicone oil into the
pipette infusion reservoir. and the doublets are tracked down the tube by moving the stage
upward. (From Tha et al., (986).
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withdrawal pump, .Jr infusion and collecting reservoirs, as shown in Fig. 1.6. Both the

platform and the syringe pumps are driven hydraulically by the piston slave cylinders

connected to master cylinders. The pistons of the latter are driven in turn via micrometer

screws by variable speed electronically-controlled OC motor drives. Observation is made

as a doublet is first seen entering the microtube at very low f10w rate. The doublet can be

accelerated through the tube by infusion of oil into the upper reservoir. As the doublet

f10ws down the tube, the entire microtube assembly is driven upward at the same velocity

as the descending doublet. Thus the doublet, while translating and rotating, remains within

the field of view of the microscope. The motions are observed and videotaped at high

magnification until break-up or until the doublet is lost to view.

Hydrodynamic theory, applicable to a doublet of rigidly linked non-deformable

spheres of radius b suspended in a medium of viscosity 11 rotating in a simple shear field,

shear rate G, has been used to determine the force acting on the particle at break-up. In

terms of the polar and azimuthal angles, 9, and cjl" and 92and cjl2' shown in Fig. 1.7, the

normal force, Fn' acting along, and shear force, F., acting normal to the double major axis

have been computed and are given by (Tha and Goldsmith, 1986):

Fn =u3(h)I1Gb2sin29,sin2cjl,

F. =u,2(h)I1Gb2[(cos292coscjl2f + (cos92sincjl/l,n

(1)

(2)

where u3(h) and u'2(h) are force coefficients, functions of the distance of separation, h,

between sphere surfaces. Using the experimentally determined values of Il, G, b, el' and

cjl" the maximum normal force Fn' acting on a doublet in the last quarter of its rotational

orbit before break-up occurs, can be computed.

The traveling microtube technique has been used to measure the hydrodynamic

force to separate doublets of sphered and swollen aldehyde-fixed red cells (SSRC) cross

linked by antibody (Tees et al., 1993, Tha et al., 1986). In these experiments the doublets

were tracked in a continuously accelerating Poiseuille f10w until break-up. The measured
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FIGURE 1.7 Lert: The orientations of a doublet of rigid spheres over one half orbit. as
observed in the traveling microtube. The orientation of the doublet major axis is defined by
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doublet center of rotation. Right: The heavy Hne indicates the direction of doublet major
axis. Doublets arc observed in the XzX3-(median) plane of lhe tube along the XI
(vorticity)-axis.
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(3)

•
shear stress and doublet orientation at break-up was then used to compute the nonnal force

required to separate an individual doublet. If it is assumed that there is a force required to

break a bond, then clustering of the data around a set of discrete force values corresponding

to different number of antigen-antibody cross-bridges is expected. However, as shown in

Fig. 1.8, there was considerable scalter in the distribution of force at break-up with no

clustering of values corresponding to discrete number of bonds.

1.4.2 The cone-und-plute Rheoscope

Acommerically available device featuring a counter rotating cone and plate system

is the Rheoscope (Fig 1.9). The cone and plate are made from transparent material (glass

or Plexiglas) and the Rheoscope replaces the stage of an inverted microscope, so that the

particle motions can be observed in the gap between cone and plate, whose angular

velocities, n, and np' are equal and opposite, and are continuously adjustable. For the

cone and plate geometry, the shear rate, G, is given by,

o.-Op
G= tanljl'

where ljI is the cone angle, typically between 0.8 and 3°. Midway between the cone and

plate there is a layer of zero translational velocity, around which particles can be observed

for the required periods of time (Schmid-Schonbein et al., 1973).

The cone-and-plate device has been used to study the effeet of shear on biological

ceUs, principally red ceUs (Sutera et al., 1983; 1990). With the aid of the above-mentioned

hydrodynamic theory for break-up of doublets (Tha and Goldsmith, 1986), the cone-and

plate device has also been used to measure the force and time dependence for the break-up

of SSRC of antigenic type B cross-Iinked by monoclonal anti-B antibody and latex spheres

covalently coupled with blood group antigen B cross-Iinked by the same antibody (Tees et

al., 1993; Tees and Goldsmith, 1995).
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FIGURE 1.8 (a) Break-up of doublets of spheres, swollen and fixed red cells, suspended
in buffered sucrose, in an accelerating Poiseuille flow. Scaller plot of the normal force, Fn'
at break-up at [IgM] = 0.15, 0.30 and 0.60 nM. Results obtained al differenl [sucrose] al
the same [IgM] are shown in separate columns; the percentage sucrose is indicaled al the
top of each column. (b) Scaller plot of normal force, Fn' al break-up al [IgA) =0.15 nM.
Error bars show one S.D. from the mean for ail points al each [anlibody). (From Tees et
al., 1993).
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FIGURE 1.9 The Rheoscope. The transparent cone and plate rotate in opposite directions
at the same speed so that particles suspended midway between the two surfaces are quasi
stationary in the laboratory frame of reference. The conical shear chamber has a nominal
angle of, '" = 2°, and is mounted on the stage of an inverted microscope. The shcar stress
within the chamber is constant and is continously adjustable by the drive motor. [n
operation, the microscope objective is focused at the midplane of the gap y at a radial
distance r from the axis of rotation.
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1.4.3 Micropipette aspiration

This technique involves the use of pipettes mounted onto micromanipulators to

study the interaction forces between two cells (Fig. 1.10). Cells cross-linked by receptor

ligand bonds to form a doublet can be physically pulled apart using this device. In this

method, two red blood cells, one of which had been sphered, swollen and glutaraldehyde

fixed, the other normal, were held by narrow micropipettes. Using micromanipulators,

cells were apposed in a controlled manner and a1lowed to adhere for a given period of lime

in the presence of a cross-linking antibody. They were then separated by constantly

increasing the force of retraction of one of the pipettes while holding the other stationary.

The doublet eventually separated, and the force at break-up could be determined.

Evans el al. (1991) used this technique to study the break-up of sphered human red

blood cells cross-linked by antibodies or a lectin. As in the work reported by Tha el al.

(1986), a constantly increasing force was applied by retracting the pipette at a constant rate,

and a distribution of forces was found at the moment of break-up (Fig. 1.11). Again no

clustering was seen. In addition, when doublet separation was studied at constant force by

retracting the pipette to a pre-determined distance, and holding the doublet stationary under

constant stress, there was a distribution in the lime to break up (Fig. 1.12). Thus, given

enough time under stress, a doublet will break up. In this way, Evans el al. (1991)

demonstrated the stochastic nature of receptor-Iigand bond rupture which is both lime and

force dependent.

With the technology from atomic force microscopy (Binnig et al., 1986; Maivald el

al., 1991; Weisenhome el al., 1989), Evans et al. (1994) developed an ultrasensitive

tunable force transducer based on micropipette aspiration that can measure forces over a

range from 0.01 pN up to the strength of covalent bonds (> 1000 pN). The transducer

consists of a microbead probe attached to a pressurized membrane capsule having a

membrane tension 'Cm (Fig. 1.13). The pressure P is controlled by micropipette suction.

Displacement of the capsule, tsz.. when a force is applied is measured with optical
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FIGURE 1.13 Schematic diagram of an ultrasensitive-tunable force transducer fomled by
a pressurized membrane capsule. When a smalt force fis applied to the probe. the sphericul
shape of the capsule is e10ngated by a displacement 6Zt, proportional to the force (From
Evans etaI., 1994).

D

FIGURE 1.14 The apparatus used to observe transducer placement and to monitor submi
croscopic displacements of the microbead probe. Astandard inverted microscope is tittcd
with reflection interference contrast Rie optics to image the position of the microbead
above the test surface and a horizontal microscope (oriented perpendicularly to the opticnl
axis ofthe inverted scope) is used to macroscopicalty position the force probe. Apiezoelcc
tric device is actutated in series with coarse micromanipulation orthe transduccr for precise
translation of the probe ta and from the cell surface (From Evans el al., 1994)
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FIGURE 1.11 Forces measured for rapid detachment «1-5 s) of two red cells bonded at
microscopie ~oints by three different agglutinins. The cells were withdrawn at a steady rate
of 0.4 x 10" cm/s. The histograms cumulate rupture forces for cells attached by each
agglulinin as follows: (a) the lectin HPA (from snail-helix pomatia) and (b) anti-A serum
which binds to blood type A antigens; (e) RIO monoclonal antibody to red eell membrane
glycophorin. The solid portions rcpresent data for eells detached from chemiea11y fixed
RBC's; the open portions are data for ceIls detached from nonnal RBe's pressurized into
sliff spheres. (From Evans et al.. 1991).
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FIGURE 1.12 Histograms of the fraction of microscopie-point attachments thal rupturcd
in 5-s lime inlervals for cell-cell contacls hcld al tixed force levels. CeUs were agglutinated
by RIO monoclonal antibody 10 red cell membrane glycophorin. Each histogram includes
more Ihan 20 tests; however, the vertical seales have been nonnalizcd 10 give Ihe sume
numbers for failure by rapid dellll:hment (0.5 s) in cach force range 50 us to show the lime
dependencc. (From Evans el al.• 1991).
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FIGURE 1.\0 Micropipetle aspiration used to determine the force of separation.
Videomicrograph sequence ofassembly and detachment of red blood cells bonded by mo
lecular-point allachments. The cell on the right was either pressurized by high suction to
form a stiff sphere or was a cell chemically fixed as a sphere. The cell on the left was
pressurized at low suction. (a) Cells were assembled to make contact at the poles. (b) The
cell on the left was displaced to test for adhesion and to apply force on the allachment. The
force at polar contact extended the cell. (c) The cells shown after displacement; the vertical
cursors demonstrate the measurement ofdisplacement. (From Evans et al., 1991)
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techniques (Fig. 1.14). By conjugating a very small amount of ligand (specific to a

biological receptor) to the transducer surface. the technique can be used to study

attachments characteristic of single molecular complexes between the probe and a biological

surface (Le. a ccli). Study of the attachment failure at different loading rates exposes the

intrinsic dynamics of the rupture mechanism and allows for a sensitive study of the

stochastic features of bond formation and rupture on a submicroscopic scale (Evans el al.•

1995).

1.5 Kinetics of Receptor-Ligand Binding

For the simplest receptorlligand system where a monovalent ligand L binds

reversibly to a monovalent receptor R to form a receptorlligand complex. the int~raction can

be modeled by the equation (Lauffenburger and Linderman. 1993):

kt
R+L~ 'c

k,
(4)

The principle of mass action kinetics gives the equation of the lime rate of change of the

receptorlligand complex concentration. [Cl:

d~~l = k,[R][L]- k,[C) (5)

where [R] and [L] are concentrations of free receptor and ligand (in number per ccll or

number /unlt volume). and k, and k, are the forward and reverse rate constant. respectivcly

(in M'ls'l and S·I).

Assuming the amount of ligand is so large that its concentration is not significantly

diminished from the original value ILl". when [Ll = [Llo. and since the concentration of

receptors present on the ccll is reduccd from the original concentration. [R1/1' by

[Rl = (Rlo- [C]. Eq. 5 reduces ln:

J~~I = kIl [Rio - [C) )[Llo- k,[C]
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Also. if it is assumed that them are no complexes at t = O. the solution to Eq. 6 is:

kl[Llo [RIo
[Cl(t) = k [LI + k [1 - exp ( - (kl[Llo + k,) tll

1 0 ,
(7)

(8)

At equilibrium (t = DO), the number of receptornigand complexes, [Cl,,!, Eq. 7 reduces to:

[Cl = [RJo[Llo
'" Ko + [Llo

where Ko (= kikI J. is the equilibrium dissociation constant of the bond. It can be seen

from the above equation that when [Llo =o. [Cl", =O. and when [Llo » K o' [Cl,q

approachés [RIo' Aiso. when [Llo = Ko' [Cl", = [RIJ2. which enables Ko to be

detennined by measuring [Cl", as a function of [Llo. and finding the concentration that

gives half-maximum binding (Scatchard. 1949).

A more vigorous approach that describes the monovalent kinetics involves the

addition of the "encounter complex" (Bell. 1978) applicable to the case where the ligand

and receptor diffuse either in solution or on surfaces. The reaction is then wrillen as

d, 'i
R+L I -RLI -C

d, r,
(9)

where dl and d, are the rates of formation and dissolution of the encounter complex. RL,

while rI and r, are the intrinsic forward and reverse rate constants. It has been shown (Bell,

1978) that the overall forward and reverse rate constants are given by:

(10)

Since adhesion often involves receptors and ligands in apposed plasma membranes of cells,

the addition of the encounter complex becomes important and its rate of formation can be

computed from the solution and membrane diffusion constants. The forward and reverse

mtes of receptorlligand binding in apposed plasma membranes are reduced over their values

in solution because of the reduced mobility accounted for by the diffusion constants.
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Based on the equations above. Kaplanski et al. (1993) and Templeman and Hammer

(1994) were able to derive surface reaction rates from the rates in solution.

1.6 Models for Specifie Adhesion

A theoretical framework for the analysis of adhesion mediated by receptor-Iigand

bonds was laid out by Ben (1978). Here. bonds between the receptors and the ligands are

reversible so that no force is needcd to separate the molecules. When sever.l1 bonds Iink

two ceUs together. the probability that ail bonds become unbound is small and a force is

therefore required to rapidly rupture each bond in order to separate the cens.

According to Bell's theory. a bond has a free energy minimum which must be

overcome to separate the molecules. As a force is applied to separate the molecules. the

energy nûnimum will diminish. and for a sufficiently strong force. disappear. leading to

rupture of the bond and detachment of bound cells. The Iifetime of a bond. th' is expressed

by

(lI)

where 'to is the reciprocal of the natural frequency of oscillation of atoms in the bond

(_10,13 s; Zhurkov. 1965). k is the Boltzmann constant and TK is the absolute tempet'dIUre.

As the bond is stressed. the depth of the energy minimum. En is decreased by an amount

r..fh, where r. is the distance that receptor and ligand have been moved from their

equilibrium distance. and fb is the applied force per bond. The energy minimum disappears

when a "critical" value f, = Ejro is reached. A force of this magnitude will result in

instantaneous bond faHure. However, bond break-up is still possible at forces less than f,.

tb can be identified as the inverse of the receptor-Iigand bond dissociation constant, k,. An

alternate forro of tb was proposed by Evans (1993) for forces sustained al a level near that

required to rapidly rupture a bond:
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• (12)

where a is the sensitivity of the bond to force. When a« 1 the bond is brittle and rupture

ensues swiftly as force is increased. When a - l, the bond is ductile and is insensitive to

increasing force.

Recently, Alon et al. (1995) used a parallel plate flow charnber to directly measure

the force dependence of the rate constants belWeen P-selectin and PSGL-I. Neutrophils

were allowed to roll on a Iipid bilayer containing P-selectin and the distribution of times

during which cells were arrested was measured. The data was then used to fit Bell's model

to detennine the bond pararneters associated with the receptor-Iigand pair. At very low

ligand (P-selectin) concentration « 15 ligand moleculesfllm2
), the duration of tethering

events demonstrated first-order kinetics, which was interpreted as a quantal tethering

interaction between one P-selectin molecule on the lipid bilayer and one PSGL-l on the

neutrophil. The frequency distribution of duration of arrest was obtained for neutrophils al

4 different shear stresses (Fig. I.l5a). The reverse reaction rate can be detennined from

the slope of the line and was plolled as a function of the applied force (Fig. I.l5b). The

resulting curve was filled to Bell's expression (1978) k, =k", exp (r.fJkTk) derived from

Eq. Il with kO
, = Ifto' and to = t o exp (EjkTK) The ro obtained. 0.05 nm, was said to be

consistent with the lengths of hydrogen and calcium coordination bonds between the

selectin and carbohydrate ligand. The measured value of k", = 0.95 S·I and kl = 1.5 X 107

S·I. were thought to be ideal for the characteristics required for neutrophil rolling because

the process involves the rapid formation and breakage of bonds in order to slow down the

cell near the vessel wall.

1.7 Objectives

Measurement of the physical strength of molecular bonds Iinking biological cells to

each other and to surfaces is an important aspect in characterizing cell adhesion. In our
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laboratory, we have previously measured the force necessary to break up doublets of

swollen sphered red blood cells (SSRC) cross-linked by polyclonal anti-blood group B

antibody using the traveling microtube apparatus (Tha et al., 1986). Since bond formation

is thought to be a Poisson process (Capo et al., 1982), clustering of the measured forces to

break-up around a set of discrete force levels corresponding to different number of antigen

antibody cross-bridges is expected. Measurements of the forces at break-up of a large

number of SSRC doublets failed to show any clustering and t'tere was considerable overlap

at different antibody concentrations. The lack of clustering around a set of discrete force

levels may have been due to the heterogeneity of the antiserum. However, using

monoclonal anti-blood group B antibody, the force data still showed no clustering (Tees et

al., 1993). It has been shown that break-up of receptor-ligand bonds is a random event

and the probability of break-up should then depend on the magnitude and duration of the

force applied (Evans et al., 1991). Using the cone-and plate Rheoscope, where a desired

force can be instantaneously applied, and the traveling microtube, when the flow was

quickly accelerated to the desired shear rate, Tees et al. (1993) demonstrated that in both

Couette and Poiseuille flow, there is a distribution in times to break up, and that the mean

time to break up decreases with increasing applied force. Also, it has been shown that

doublet break-up can occur by extraction of receptors from the membrane of a normal red

cell rather than by rupture of the antigen-antibody bond (Evans et al., 1991), and this can

occur even in the case of aldehyde-fixed red cells (Xia et al., 1994). To eliminate the

potential problem of antigen extraction from the membrane, a synthetic blood group B

antigen trisaccharide was covalently Iinked onto carboxyl modified latex (CML)

microspheres and doublets formed by cross-linking with the same antibody as was used in

the work with SSRC. Break-up sludies were carried out using the cone-and-plate

Rheoscope device (Tees and Goldsmith. 1995). The force required to break-up a given

fraction of latex sphere doublets was found to be consistently higher than that required to

break up SSRC doublets at corrcsponding antiserum concentrations. Computer simulation,
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•
using the Bell model of stochastic break-up, showed this difference was due 10 a change in

the characler of the bond and not due 10 an increase in the number of cross-bridges,

supporting the notion that antigen-antibody bonds were ruplured in the case of lhe antigen

linked lalex spheres. However, lhere remained a polential complicating faclor since lhe

lalex spheres were suspended in buffer having a differenl viscous co-solvenl (dexlmn) lhan

lhat (sucrose) used with the SSRC.

Here we extend the work on the time and force dependence of break-up of anligen

antibody bonds using a differenl receplor-ligand system. We report on a sludy of lhe

mechanical strength of adhesion by measuring the hydrodynamic force 10 separale doublets

of latex spheres bearing monoclonal IgG (Bear-!) cross-linked by divalent Gamma Bind

G, a commerically available recombinant form of protein G, which binds to lhe Fc region

of the IgG. The time and force dependence of break-up of doublets of latex spheres, on

which IgG has been physically adsorbed, is compared with that of doublels of spheres to

which IgG has been covalenlly coupled. As well as sludying the time course of break-up

of 150 individual doublelS as a funclion of applied force, we describe an allemative melhod

of sludying lhe kinelics of cell adhesion, in which lhe break-up of a populalion of 50 - 150

doublets is determined as a function of the duration and magnitude of the applied force.

The computer simulation based on Bell's theory (1978), described by Tees et al. (1993,

1995), is applied to match our data from the population and the individual break-up studies,

and used to determine the various adhesion parameters of our receptor-ligand system.

1.8 Immunoglobulin Gand Protein G System

Ali antibodies are immunoglobulin glycoproteins, consisting of two kind of chains:

heavy (H) chains of a molecular weight of 53,000 to 71,000, and light (L) chains of a

molecular weight of about 23,000. In the human, there are five major classes of

immunoglobulins (Ig), IgA, IgO, IgE, IgG and IgM, distinguished by the structure of lheir
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heavy chain (a, Ô, E, y, and Il respectively). AIl immunoglobulins have only one type of

light chain, which can fall into either one or the other oftwo subgroups (IC or 1..).

The most common c1ass of immunoglobulin is IgG (MW = 160 kD), which is made

up of two identicallight chains and two identical heavy chains. Each light chain is linked to

a heavy chain by non-covalent associations and a covalent disulfide bridge. In tum, the

two heavy chains are linked together by several disulfide bridges to form a "Y"

configuration as shown in Fig. 1.16. The portion of the molecule where the three arms

come together. just slightly above the major disulfide bonds holding the two halves

together at the H chains, is called the hinge region. The specificity of the antibody is

derived from the antigen binding sites located at the N-terminus portions of each L-H pair.

Thus IgG is divalent and binds to two antigenic determinants of the same specificity. The

diversity of antigen recognition is derived from the varying sequences from polypeptide to

polypeptide in the N-terminal half of the chain. From the hinge region, the two

carboxyterminal halves of H chains are joined together by disulfide bonds to form the Fc

region. Although it lacks antibody specificity, the Fc region contains sites for the fixation

of complement and the opsonizing part of IgG (van Oss, 1979).

Protein G. isolated from the cell surface of certain group C and group G

streptococcal strains. was found to react with the Fc region of IgG from a large number of

different mammalian species. The value of an IgG-binding molecule was first recognized

from protein A, found on Staphylococcus aureus, which is capable of immune binding to

the Fc region of the immunoglobulins, and this reactivity of protein A had made it a

valuable reagent in a wide variety of laboratory techniques (Forsgren and Sjëquist, 1966).

However the Fc-binding capacity of protein A is restricted to IgG subclasses l, 2 and 4 and

the affinity depends on the marnmalian species (Kronvall and Williams, 1969). AIso,

protein A was reported not to bind to human IgG3 (Kronvall and Williams, 1969), goat and

rat IgG (Kronvall et al., 1970) and only weakly to mouse IgG I (Âkerstrëm et al., 1985).

In contrast, protein G bound a greater fraction of monoclonal and polyclonal IgG than
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FIGURE 1.16 A schematic drawing of the human immunoglobulin G moleculc, showing
its principal structural features. V and C indicate variable and constant regions,
respectively. of the heavy (H) and Iight (L) chaim;. Shaded segments indicate V regions,
the remainder of each chain is C region; -S-S- symbols represent the 12 intrachain and 4
interchain disulfide bridges. Dark portions of the two heavy chains indicatc the hinge
region. (From Hoad el al., 1978).
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protein A. Protein G showed strong binding to all m::',ISC and rat subclasses. Compared to

protein A, protein G showed stronger binding affinity and specificities to IgG which would

lead to an improvement in those applications already developed for protein A.

Protein G has a molecular weight of 35 kD. Its Stokes radius of 3.5 nm and the

frictional ratio of 1.64 indicates that the molecule has an elongated fibrous shape. Protein

G has at least two binding sites for IgG. The binding of protein G to human, rabbit,

mouse, and rat IgG was found to be pH dependent, the strongest binding occurring at pH 4

and 5 and lowest at pH 10. No binding occurs at pH 2 (Àkerstrom and Bjorck, 1986).

Thus, Iike protein A, protein G had been used extensively for the purification of IgG and

other immunochemical applications.
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TIME AND FORCE DEPENDENCE ON THE BREAK-UP

OF RECEPTOR·LIGAND BONDS
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2.1 Introduction

Characterization of the physical strength of receptor-Iigand bonds is an important

prerequisite in understanding a variety of adhesion phenomena occurring in the circulation

and elsewhere. In the circulation, adhesion processes involved in cancer melastasis,

platelet thrombosis, leukocyte margination and extravasation are tightly regulated by the

sequential expression of various adhesion receptors and ligands. Moreover, cell-cell and

cell-surface adhesion must overcome both shear and normal hydrodynamic forces

generated in the flow, and thus, the magnitude of the force each receptor-Iigand pair C'ID

sustain before bond breakage becomes an important factor. In recent years, several studies

of the force required to break up receptor-Iigand bonds have been described for cell-surface

adhesion (Alon et al., 1995; Cozens-Roberts et al., 1990 a, b) and cell-cell adhesion in

flowing suspensions (Tha et al., 1986; Tees et al., 1993; Tees and Goldsmith, 1995), as

weil as in a static system using the micropipelle aspiration technique Evans et al., 1991;

1994; 1995). It has become apparent that the break-up of a receptor-Iigand bond is a

stochastic event (Evans et al., 1991) and if a bond is stressed, its Iifetime, Le. the average

lime for it to break, may either decrease, not change, or paradoxically increase (Dembe et

al., 1988). Thus, recent foc us has been placed on studying the time and force depcndence

on the Iifetime of a bond (Tees et al., 1993; Tees and Goldsmith, 1995) and also the

kinetics of bond formation and dissociation (Alon et al., 1995; Kaplanski et al., 1993).

We previously reported on the break-up of doublets of blood group B spherical

swollen glutaraldehyde-fixed red blood cells (SSRC) cross-Iinked by monoclonal IgM

antibody (Tees et al., 1993). Since the possibility of doublet break-up due to antigen

extraction from the red cell membrane couId not be exc1uded (Evans el al., 1991; Xia el al.,

1994) we subsequently investigalcd the break-up of doublets of latex spheres to which a

synthetic blood group B antigen wus covalently attached, and which were cross-linked by

the same monoclonal antibody as SSRC (Tees and Goldsmith, 1995). Here, we report an

extension of this work using a prolcin-protein receptor-ligand system, in which the receptor
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is coupied onto the latex microspheres either covalently or by physical adsorption. The

receptor is a monoclonal IgG and the ligand cross-linking the latex spheres is divalent

Gamma Bind G (a recombinant form of protein G which binds to the Fc region of the

IgG). Break-up of individual doublets of microspheres was examined over a range of

hydrodynamic forces from 20 to 260 pN using a counter-rotating cone and plate

Rheoscope. The forces were computed using previously derived equations for the normal

force, F., acting along, and the shear force, F" acting normal to the doublet major axis in a

linear shear field (Tha and Goldsmith, 1986) as given by :

(1)

(2)

Here, Tl is the suspending medium viscosity, G the shear rate, b the latex sphere radius,

and al and $1 are angles describing the orientation of the doublet major axis (Fig. 2.1); 0.12

and lX) are force coefficients which depend on the minimum distance of approach, h,

between spheres. In agreement with previous work (Tees et al., 1993), the bond Iifetime

was found to decrease with increasing applied force.

Together with a study of the lime and force dependence of the break-up of

individual doublets, we also report on the break-up of populations of doublets in the

Rheoscope. The fraction of doublets broken up was deterrnined as a function of the

duration and magnitude of the shear stress, and the concentration of cross-linking agent.

In order to relate the force dependence of the Iifelime of doublets to the force

dependence of the lifetime of the bond, th' we used Bell's theory (1978) in a simulation of

doublet break-up. The equation relating the lifetime, tb, to the force per bond is predicted to

have the form:

(3a)
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FIGURE 2.1 Le ft: The orientations of a doublet of rigid sphercs over one half orbit, as
observed in the Rheoscope. Rotalion in orbits having C = 00 (doublet lies in the X2X]
plane), and C =1.0. where it is seen as rocking to and fro between ± «11 21J1lll =tan,lCrc =63°.
From Tees et al., 1993. Right: The orientation of the doublet major axiS (indicated by the
heavy Hne). defined by the Cartesian (XI' X2• Xl) and sphcrical polar (c11 I• '2; 91, 92)

coordinates constructed at the doublet center of rotation. Doublets are obscrved in the
X.X)-plane along the Xl-axis in the gap between cone and plate of the Rheoscopc.
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=t. exp (-c·l) (3b)

where 'ta is the reciprocal of the natural frequency of oscillation of atoms in solids

(_10. 13 s), TK is the absolute temperature, k is the Boltzmann constant, E. is the free energy

minimum, c, the sensitivity of the bond to force = r.tkTK and t., the bond lifetime at zero

force = 'ta exp(E.tkTK)' As the bond is stressed, the depth of the energy minimum is

decreased by an amount rof, where r. is the distance that the receptor and ligand have been

moved from their equilibrium distance, and f is the applied force per bond. The energy

minimum disappears when a "critical" value f, = E.tr. is reached. A force of this magnitude

will result in instantaneous bond failure. However, bond break-up is still possible at forces

less than f,. A computer simulation based on the theory of Bell previously described by

Tees et al. (1993) was used to match our experimental data.

2.2 Materials and Methods

2.2.1 Receptor and ligand

In the experiments presented here, Bear 1 (AMAC Inc., Westbrook, MN), a

monoclonal mouse IgG I and the recombinant Protein G (Gamma Bind G, Type 2,

Pharmacia Biotech Inc., Baie d'Urfé, QC) were used as a model receptor-ligand system.

Gamma Bind G binds specifically to the Fc region of the IgG molecule and contains two Fc

binding domains. Bear 1 was either covalently coupled or physically adsorbed onto latex

spheres which were then cross-linked by Gamma Bind G. Gamma Bind G, in Iyophilized

foern, was reconstituted in PBS at a concentration of 1 mglnù. Bear l, in Iyophilized foern

with 1% a1bumin, was reconstituted in water at a final concentration of 0.2 mglnù. Both

Beur 1 and Gamma Bind G were used without additional purification and a1iquots were

stored at -20·C.

2.2.2 Latex s!?heres

It was important to be sure that doublet break-up involved the rupture of Bear-I

Gamma Bind G bonds, rather than the detachment of non-specifically bound Bear-I
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molecules from the surface of the latex spheres. To this end, we initially chose carboxyl

modified latex (CML) spheres in order to compare the tirlre and force dependence of

doublet break-up for Bear-I covalently Iinked to the latex with that for Bear-I physically

adsorbed onto the latex. Unfortunately, CML spheres with covalently bound Bear-I,

prepared using the carbodiimide method (IlIum and Jones, 1985), were found to aggregate

non-specifically. However, we found that AiS spheres (with very simill1l' surface charge

density and diameter) to which Bear-I was covalently coupled in (\ single stcp reaction

without addition of an activator, did not aggregate, but these could not he used to

physically absorb the IgO. We therefore compared the break-up of doublets of the

covalently coupled AiS spheres with that of break-up of doublets of CML spheres to which

the IgO was physically adsorbed.

The surfactant-free 4.52 I1m diameter hydrophobic aldehyde/sulfate (AiS) latex

spheres (Interfacial Dynarnics Corporation Inc., Portland, OR) contain aldehyde groups

grafted onto the surface of the hydrophobic sulfate-charge stabilized microspheres. The

particles exhibit high sphericity and have approximately 1010 aldehyde groups per sphcre.

The size distribution of a population of suspended particles was measured under a

microscope and with an aperture-impedance counter (Coulter Electronics, Hialeah, FL).

Measurement under the microscope showed the average diameter to he 4.93 ± 0.46 I1m,

larger than that specified. Measurement with the aperture-impedance counter indicated a

bimodal size distribution with 87% of the particles having a diameter = 4.75 ± 0.26 I1m,

and 13% a diameter = 6.10 ±0.23I1m.

The surfactant-free 4.97 I1m diameter hydrophobic CML spheres (Interracial

Dynamics Corporation Inc.), are also produced from sulfate-charge stabilized spheres by

grafting polymers carrying a large numher of carboxyl groups on the latex spheres

(approximately 1010 carboxyl groups per sphere). The size distribution also appeared to he

bimodal: 75% of spheres were 4.63 ± 0.10 I1m, and 25% were 5.57 ±0.1211m in diametcr.
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Both native AIS and CML spheres contained a small number. < 0.5%. of doublets.

These non-specifically bound aggregates could not be broken up either by sonication or

application of high shear stress.

2.2.3 Covalent coupling of protein to aldehyde/sulfate latex

Bear-I was covalently coupled to the spheres in a one step reaction (llium and

Jones. 1985; Rembaum el al.. 1978). The aldehyde groups of the latex form stable bonds

with primary amino groups of the protein (e.g. lysine). A suspension of 4 x 10' spheres/ll1

in 0.1 M Hepes buffer. pH 6.5. was washed three times with the buffer. Bear-I was

added to the suspension at a final concentration of 10 )lglml and mixed at room temperature

for 4 hours. The spheres were washed and suspended in PBS. pH 7.4. containing 0.1 %

BSA. and mixed ovemight in order to block any non-specifie binding sites that remained

on the sphere surface. The spheres werc stored in 0.1 M phosphate buffer with 5%

glycerol. 0.1 % BSA. 0.1 % NaN). pH 7.4 at 4°C. Typically. the final concentration of the

sphere suspension was - 2 x lOs spheres per)lI. After covalent Iinking. examination of the

spheres in a hemacytometer revealed < 0.5% doublets in the suspension. The spheres were

used within one month of coating wilh IgG.

2.2.4 Physieal adsorption of protein to CML

Antibodies are known to adsorb slrongly onto the hydrophobie domains of latex

spheres by van der Waals-London forces. rendering the spheres more hydrophilie (Illum

and Jones. 1986). Briefly. CML particles were washed with 0.1 M Hepes buffer. pH 6.5

and ineubated with Bear-I at a final concentration of 10 )lglml overnight at room

lemperature. The spheres were washed and incubated with PBS. pH 7.4. containing 0.1 %

albumin and subsequently stored in the 0.1 M phosphate storage buffer. pH 7.4.
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2.2.5 Characterization of protein coated spheres

The electrophoretic mobility of Bear-I coated spheres were measured using a

vertically mounted fiat microelectrophoresis cell (Shaw, 1969). Before coupling, AIS and

CML spheres had zeta potentials (Ç) of -73.5 ± 1.7 and -69.8 ± 4.2 mV, respectively.

After coating with Bear-I, the potential decreased to -34.7 ± 4.1 and -35.7 ± 2.6 mV

(n = 15), respectively, values very similar to those of AIS and CML spheres coated with

albumin, -34.4 ± 3.15 and -38.0 ± 1.71 mV, respectively.

TJ.!e surface receptor density was quantified using a standard IgO ELISA. Plastic

tubes (1.5 ml) and a microtitre plate were precoated with 2.5 Ilglml goat anti-mouse IgO +

IgM (Southem Biotechnology Associates, Inc., Birmingham, AL) in carbonate-bicarbonate

buffer, pH 9.6, ovemight at 4'C. They were washed with PBS, pH 7.3, containing 0.05%

Tween 20 (PBS-Tween). A fixed volume of protein-coated spheres at various

concentrations was added into the pre-treated plastic tubes which were incubated for 1 hour

at 37°C. In parallel, a standard curve was constructed to relate the optical density at405 nm

(00.:05) to [Ig0] by incubating increasing concentrations of Bear-I and polyclonal mouse

IgO (Bio/Can Scientific Inc., Mississauga, ON) in OMEM medium containing 15% fetal

. ~If serum in each of the wells of the precoated microtitre plate for 1hour at 37°C. Spheres

and microtitre plate were washed three times with PBS-Tween. A1kaline phosphatase

conjugated goat anti-mouse IgO antibody (Southem Biotcchnology Associates, Inc.,

Birmingham, AL), diluted 1/1000 in PBS, was then added to the spheres and the wells,

which were incubated for 2 hours at 37'C, and finally washed 3 times with PBS-Tween. A

color reaction was developed using 100 III p-nitrophenol phosphate substrate per tube and

per weil (Sigma, St. Louis, MO) for approximately 20 minutes at 37°C. For the spheres,

the reaction was quenched immediately with 3M NaOH (50 J.lI) and the suspension then

centrifuged. The supematants were transferred to a clean microtitre plate (untreated) and

the 00405 measured using an ELISA reader (SLT-Labinstruments, Austria). For the

microtitre wells (standard curve), the 00405 was measured without further treatment. The
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recep:or density (Bear-I molecules per sphere) on AIS and CML spheres was found to he

17,000 ±5000 (S.D., n = 3), and 10,000 ± 3000, respectively.

Controis (AIS and CML spheres coated with a1bunùn) showed only background

levels of conjugation with the a1kaline phosphatase-eonjugated goat anti-mouse antibody.

2.2.6 Maximum number of bonds

Both AIS and CML spheres coated with Bear-I exhibited significant shear-induced

aggregation in the presence of Gamma Bind G. Thus, when suspended at a concentration

of 4000 111" in 19% Dextran 40 (w/w) with 0.9 nM Gamma Bind G, 20% of the spheres

had formed doublets after shearing at G = 8 S·1 for 30 min. In contrast, after shearing for

30 min in the absence of Gamma Bind G, < 0.5% of the spheres were present as doublets,

not significantly different from the numher observed hefore shearing or that in the native

suspension. A1bumin-eoated spheres also did not exhibit any shear-induced aggregation

with Gamma Bind G.

The numher of bonds available for cross-bridging depend on the surface area for

contact which is restricted by the spherical geometry of the spheres and its receptor density.

The closest distance of separation hetween two spheres for a doublet approach depends on

the size of the molecule on the sphere surface, and is taken to he 10 nm (the approximate

diameter of one IgG molecule, MW 160 kD; van Oss, 1979). Allowing for the diameter of

the cross-linking molecule Gamma Bind G, (MW 22 kD), we take the maximum separation

permitted to be 24 nm, yielding a'2 =19.33 and a 3 =7.02 in Eqs. 1 and 2. The surface

area of the spherical cap available for cross-bridging is given by 27tbj where j is the

thickness of the cap =(24 nm - 10 nm)/2 =7 nm, and b the radius of the sphere. Setting b

=2.375 I1m shows the maximum area over which bonding can occur =0.10 11m2. For

17,000 Bear-I antibody sites on the surface of AIS spheres, each of 71 11m2 surface area,

assuming uniform distribution, there wouId he 24 Bear-! molecules in the 0.10 11m2 area

available for binding.
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At the experimentally used concentration of 4000 spheresllll, shear-induced

aggregation of Bear-l spheres at low G (8 S·I) was observed at a Gamma Bind G

concentration ~ 0.45 nM, corresponding to -3 times excess of soluble ligand to surface

receptor. However, only a fraction of the sites on the spheres are Iikely occupied al

equilibrium since not all the Bear-I molecules wouId be in the correct orientation for

binding. The aclUal number of crossbridges may therefore be less, as low one or two in

some cases although no direct experimental evidence for the low number of cross-bridges

could be obtained. Nevertheless, it should be noted that the fraction of collisions resulting

in doublet formation was found to be very low, of the order of 0.2%. This, together with

the low Bear-l surface density suggests a low number of cross-bridges. With increasing

concentration of soluble Gamma Bind G, we observed an increase in the fr.!ction of

doublets formed, as weil as the formation of triplets, and higher order multiplets.

2.2.7 Rheoscope

Ali the shear application experiments were carried out using a transparent, counter

rotating cone-and-plate Rheoscope, having a nominal cone angle of 2° (model MR-I,

Myrenne Instruments, Fremont, CA), mounted on a LeilZ Diavert inverted microscope

(Ernst LeilZ Ltd., Midland, ON, Canada) as described previously by Tees et al. (1993).

Since the cone and the plate are moving at the same angular velocity, n, there is a layer of

zero translational velocity in the plane midway between the cone and plate, in which the

motion of the particles could be viewed and recorded using a CCD video camer.! (mode!

AVC-D7; Sony Canada, Ltd., Montreal, PQ, Canada). A digitaltime display was added to

the image by a time-<!ate generator (Panasonic model WJ-810; Matsushita Electric of

Canada, Ltd., Mississauga, ON, Canada), and the resulting video sequence was recorded

on videotape at 30 frames S·I by a video cassette recorder and displayed on a video monitor.

For the cone and plate geometry, the shear rate is constant throughout the gap and is

given by
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where '" is the cone angle. The shear rate was adjusted using a lO·tum variable resistor.

The acceleration period to reach the desired shear rate was < 60 ms, close to the ideal of an

instantaneous application of force. The Reynold number computed on the basis of the

angular velocity of the cone at a gap width = 30 J.lffi varied from 1.5 x 10'" to lA X 10')

over the range ofexperimental shear rates. Inertia effects were therefore negligible.

Due to the l1attening of the center of the acrylic cone occurring over extended

periods of use, a modified equation for the shear rate was computed (Tees and Goldsmith,

•
G- 7.Q

- tan \jf , (5)

1995):

(6)

where a is the radius of the l1attened portion at the cone center (- 0.18 mm), and R is the

distance from the cone center. Far from the cone center, this equation reduces to Eq. (5).

Due to uncertainties in the use of Eq. 6, where possible, the local shear rate G was

determined by measuring the period of rotation, T, of each doublet, shown to be re1ated to

G, by (Goldsmith and Mason, 1967):

T= 21t (r +.i) ,G • r. (7)

where r., is the equivalent axis ratio of the ellipsoid having the sarne T as the doublet. For

a doublet of touching rigid spheres, r. = 1.98 (Wakiya, 1971) and TG, the dimensionless

period of rotation for a doublet = 15.61, a value previously shown to apply to doublets of

latex spheres in Couette 110w (Tees et al., 1993). If break·up of a doublet oceurred within

one particle rotation after application of shear, inaccuracies in the measurement of T

necessitated the use of Eq. (6) to determine G.
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2.2.8 Suspensions

Antibody-coated spheres were suspended in PBS, pH 7.4, containing 19% Dextran

40,0.1% albumin (19% Dextran-PBS; 1]2)'C =18 mPa·s). Gamma Bind G, diluted to 2

J.lglml in PBS, pH 7.4, containing 0.1 % albumin, was added to the sphere suspension al

final concentrations from 0.9 to 3.6 nM. The spheres were mixed for 1 hour at room

temperature before use. Ali experiments were carried out at room tempemture (22-24°C).

2.2.9 Data acquisition: break-up of individual doublets

Since it is not possible to determine the exact SI,lIl,-orientation at which the spheres

of the doublet separate, except that it occurs in the last quarter orbit, 00 < lIl l < 900, the exact

force at break-up is not known. Therefore, as previously done (Tees el CIL., 1993; Tees and

Goldsmith, 1995; Tha el CIL., 1986), break-up was assumed to occur when F. was a

maximum, Le. when the angle factor sin2SIsin2l1l1 in Eq. 1 is a maximum. The value of

F...... was obtained from the experimentally recorded rotational orbit of the doublet at high

magnification and low shear rate (Tees el CIL., 1993) using the equation of the spherieal

ellipse relating S, to lIl l (Goldsmith and Mason, 1967):

(8)

the eccentricity of which is defined by the orbit constant C. In the Rheoscope, the doublets

are viewed along the X2-axis of the flow field (Fig. 2.1), and are seen to rock to and fro

between the angles lIl2.mu and lIl2.m,. ($1 between rtl2 and -1t/2). At these extremes of the

orbit, the doublet axis lies in the X,X,-plane, enabling S, (and hence C, Eq. 8) to be

obtained from the videotape by measuring the length of the doublet axis along the XI-axis,

(1 =2bcosB I using the video position analyzer (Tees el CIl., 1993).

Fifty J.l1 of a suspension of antibody-coated Bear-l spheres containing Gamma Bind

G were pipetted into the Rheoscopc. and sheared atthe lowest G (- 8 S·I, corresponding to
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Fn.nw• = 15.7 pN for C = 00 and Tl = 18 mPa·s) for 30 nùn ta allow doublets ta form

through two-body collisions between spheres. When a doublet appeared close to the nùd

plane having a very low translational velocity. ilS rotational orbit at low shear was recorded

and the sphere diameter and projected length of the doublet axis. li' measured. These

values. together with the experimentally measured viscosity. were entered into a

microcomputer to determine the Rheoscope variable speed setting required to obtain the

shear stress necessary to give a desired maximum normal force (Tees et al.• 1993). The

doublet was then observed and videotaped at the preset shear rate until break-up or until it

disappeared from view. The time for the doublet to break up from the start of flow could

be measured to within 2 video frames. ± 0.06 s. The actual Fn.""" was then computed from

Eq. 1 using the experimentally measured shear rate. and the doublet orientation

corresponding to the maximum value of the angle factor.

2.2.10 Data acquisition: population studies

The effect of the magnitude and duration of the applied force on break-up at various

concentrations of soluble cross-Iinking ligand was studied in populations of 50 - 120

doublets in the Rheoscope. The fraction of doublets breaking up at a given shear stress and

time was determined by counting the number of doublets before and after application of

sliear.

For each experiment. 50 ~l of th·;, sphere suspension containing from 0.9 to 3.6 nM

Gamma Bind G was pipetted into the Rheoscope. and sheared at the lowest G (- 8 S·l) for

30 nùn to allow doublets to form. Since the density of the spheres (1.055 g·cm'3) was

slightly less than that of the suspending medium (\.081 g·cm·\ the particles rose with a

ve10city - 1 !lm min'l. After 30 min. most of the spheres were close to the upper (cone)

wall and tmveled with velocities. u(R). close to those of the cone wall. Thus. these

particles reappeared in the field of view after 70 s. the lime for one cone rotation through

360°. This enabled the total number of doublets in the observed volume to be accumtely
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counted. a procedure which was carried out over two rotations of the cone. and the average

of the two measurements recorded. It was found that the number of doublels counted in

successive rotations of the cone did not change significantly after 30 min. The desired

shear stress. t = Gt]. from 0.810 1.7 Pa. corresponding to Fn.ma, from 85 to 185 pN. was

then applied for periods l'rom 5 to 60 s. After arresting flow and waiting for all particles 10

rise to the surface of the cone. the number of doublets remaining were counled at the low

shear raIe as described above. Each experiment was repeated 8 limes. using freshly

pipelled sphere suspensions.

2.2.11 Error analysis

(a) Viscosity: Temperature flucluations of ± 0.1 oC over the course of tracking .1

doublel account for an error of 0.1 mPa·s. <1 % of the viscosity of the suspending media

used.

(b) Particle diameter: The measured standard deviations in sphere diameler resull

in a 2% and 5% error. for the CML and AIS spheres. respectively.

(c) Angle factors: Errors arise from uncertainty in the computation of Ihe orbit

constant. C. which in tum depends on errors in the video position analyzer measurcd

projected doublet axis length. These errors decrease l'rom 5% to 2.5% as C decreases l'rom

lOto 1. For values of C > 10, the maximum error of the angle factor is estimated to bc

-±3%.

(d) Shear raIe: The error in G depends on the uncertainty in measuring the period

of rotation. T c.:C;. (7), as most G estimates were obtained using TG = 15.61. Since most

doublets were observed over 3 - 5 orbits (a period of 1 to 3 s). and the numbcr of orbits

detennined to within one videotape frame (0.03 s). the error in T. and hence G. was al

most 5%. In cases where the doublet broke up within one rotation and Eq. 6 was used 10

calculate G. the principal source of error resulted l'rom variations in the cone and plate

rotation speeds. Measurements of the angular velocity, n, showed that therc were
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excursions of up to 10% in the shear rate over the course of one rotation. Since these

doublets were only in view for < 1 s, this is not a serious source of error. For the long

lasting doublets and for the population studies, however, errors of up to 10% in G

compuled l'rom TG, could occur.

The above errors were propagated through the force calculations for individual

break-ups using standard forrnulae for independent errors (Bevington, 1969), calculations

show that the lotal error in the computed forces varied l'rom ± 10 to ±20 %.

(e) Doublet counting: For the population studies, the remaining error is in the

counting of doublets. From repeat counts over one cone rotation, this was estimated to he

± 10%.

2.2.12 Computer simulation

A Monte Carlo simulation of doublet break-up described by Tees et al. (1993) was

used with minor modifications to relate the results of individual doublet break-up and

populalion studies to the force and time dependence of rupture of the receptor-ligand bond.

Here, we follow Bell (1978) and make the identification k, = Iltb, where k, is the

receptor-ligand bond reverse reaction rate constant. The probability of bond-breakage, Pb'

in a short lime interval, Ât, has been shown to he (Hammer and Apte, 1992):

(
exp (c·f) )

Pb = 1 - exp (-k ,At) = 1 - exp - t
o

At. (10)

ln the simulation, to and c are paramelers to be varied to fit the data. The average

number of bonds holding lhe eclls together, characterized by <Nb>' chosen for each

simulated doublet l'rom a Poisson distribution (Capo et al., 1982), must also be provided

since it is necessary to compute l', the force per bond. For simulation of the population

studies, shear rate and duration of shear was also provided in order to determine the

fraction of break-up. Fn, computed l'rom the given shear rate, was determined for an orbit

constant, C, randomly chosen l'rom a population of doublets (n = 100), representative of
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the experimental doublet distribution of 9,($,.C). For simulation of individual break-up

experiments. the shear rate required to achieve a chosen maximum value of Fn was

determined for a randomly chosen orbit constant as before. The period of rotation was

found l'rom the shear rate using Eq. 7. In bolh simulations. each doublet rolalion was

divided into N, equallime steps of duration Llt = TIN,; here N, was chosen to be 1000. The

viscosity of the suspending medium was taken 10 be 18 mPa·s. For each time slep. Ph'

was computed l'rom Eq. 10 using c. and the force per bond. f =FnlNh• calculaled l'rom

Eq. 1 for the CUITent instantaneous values of $,. 9,($,.C). Gand Nh. A random number

between 0 and 1 was chosen l'rom a uniform distribution for each bond remaining. 1f Ihe

number drawn for a bond was less than Ph' the number of bonds was reduccd by one. and

the force per bond acting on the remaining bonds was recalculaled. Bond fonnalion was

a1lowed in Ihe simulation by incorporating a bond formation lime If' Al each lime slep a lest

for bond formation was made. The cycle of probability calculation. formation and brcak

up testing was repeated. untilthe number of bonds was reduced to zero (i.e. break-up). or

10 rotations had elapsed for the simulation of individual doublet break-up simulation. or

until time of shear (5 to 60 s) had elapsed for the simulation of the population sludies.

The bond parameters supplied to the simulalion are tn• tf• c. and the average value of

the Poisson distribution of the bonds linking the cells. <Nh>. The simulated experimentaJ

variables supplied for the individual break-up experiments were the maximum normal

force, Fn.m.. and the number of simulated doublets, n. For the population studies. the

simulated experimental variables were the applied shear stress. duration of shear, number

of doublets and the number of repeated experiments. The bonds parameters were

systematically varied under simulated experimental conditions resembling those in the

Rheoscope in an allempt to achieve a malch to Ihe experimentaJ data.
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2.3 Results

2.3.1 Break-up of individual doublets

ln this study, the shear rates were varied from 20 to 120 S", over a range of F•.m..

from 20 to 260 pN. Of the 154 doublets analyzed, 58 (38%) broke up before being lost

from the field of view, < 1 to lOs after the flow commenced. As the doublets rotate in

Couette flow they are subjected to two periods of tensile and compressive lorce in eaeh

orbit (Eqs. 1 and 2). The number of times, N, a doublet has been exposed to normal or

shear force is therefore double the number of rotations it has executed since the application

of shear. In each orbit also, the magnitude of the force is directly proportional to G.

whereas its duration is inversely proportional to G (Eq. 7); thus f:FnCG)dt = constant.

Hence the results of the temporal distribution of break-up have been standardized by

plotting time as the dimensionless number of rotations, tir. Although the period of rotation

of a doublet decreases with increasing shear rate, the time to traverse the microscope field

and be lost to view also decreases. These two effects combine such that the maximum

number of rotations for which a doublet can be observed is roughly constant (- 10

rotations). The break-up statistics were therefore compiled from those doublets which

broke up within 10 rotations from the onset of flow.

2.3.2 Temporal distribution of break-up of individual doublets

The time and the number of rotations until break-up or disappearance from the field

of view was determined for the 154 doublets of spheres having covalently Iinked IgG in

suspensions containing 0.9 nM Gamma Sind G. The data were grouped into three force

ranges: 20 < F. < 100 pN (Iow force), 100 < F. < 180 pN (mid force) and 180 < F. < 260

pN (high force). Table 2.1 shows the number and fraction of doublets that broke up in

cach force range within 10 rotalions. There is a marked increase in fraction of break-ups

with increasing force from 16% in the low force. to 63% in the high force range. Fig. 2.2

shows the fraction of doublets that broke up in a given rotation, Le. the fraction of the total
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TABLE 2.1 Break-up of individual doublets of aldehyde/sulfate spheres:
Comparison of observed and simulated fraction broken up within 10
rotations in three force ranges

Applied Force (pN) Fraction of Doublet Break-ups (%)

•

•

180 < Fn < 260

n, No. of doublets

Experimental

16.4
(n = 55)

36.0
(n =50)

63.3
(n =49)

66

Simulation (± S.D.)

12.4±5.0
(n =50)

36.0 ± 7.3
(n = 50)

68.4 ± 5.9
(n =50)
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FIGURE 2.2 Individual doublet break-ups: Plot of fraction of doublets of AiS spheres
cross-linked by 0.9 nM Gamma Bind G, breaking up per rotation (the fraction of the total
number of doublets observed in that rotation which broke up) during the first 10 rotations
uner the onset of shear, for high (180 < Fn < 260 pN), intermediate (100 < Fn < 180 pN),
and low (20 < Fn < 100 pN) force ranges.
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number of doublets observed in that rotation that broke up plotted against the c1"psed

number of rotations. With increasing force, there is a marked increase in the fmction

broken up within the first two rotations, and 95% of ail break-ups occurred within the tirst

4 rotations.

2.3.3 Population studies

These studies were carried out in order to compare the break-up of doublets of

spheres covalently coated with IgG (AIS), with those in which IgG w"s physic"Uy

adsorbed (CML), as a function of the magnitude and dumtion of shear stress, and of Iig"nd

concentration. Figure 2.3 shows a plot of the time course of the percent of bre"k-up of

doublets at 0.9 nM Garnm" Bind G after the "pplication of shear stress at 0.8 and 1.7 Pa

corresponding to F...... = 85 pN and 185 pN, respectively. Table 2.2 gives values of the %

break-up as a function of \ime. The extent of break-up of the CML spheres was markedly

greater than that of the AIS spheres. and a two-way analysis of variance verified that the

difference was highly significant (p « 0.01) at both 0.8 and 1.7 Pa over the whole 60 s

time course (Tables 2.3 and 2.4). Both AIS (solid Iines) and CML spheres (dashed Iines)

exhibited a rapid rise in % break-up during the first 10 s. followed by a slower, ,~most

Iinear increase from lOto 60 s, with the exception of CML spheres at 't = 1.7 Pa where the

fraction of break-ups reached a plateau at - 80% after lOs.

Figure 2.4 shows a plot of % doublet break-up as a function of Gamma Bind G

concentration at shear stresses of 0.8 and 1.7 Pa applied for 60 s. As found at [Gamma

Bind Gl = 0.9 nM. the degree of break-up of the CML doublets (dashed Iines) was

markedly greater than that of the AIS doublets (solid lines) over the whole range of

[Gamma Bind Gl. from 0.9 to 3.6 nM, and at both shear stresses. For both AIS and CML

spheres. the degree of break-up decreased with increasing [Gamma Bind Gl. However.

the decrease was much greater for the AIS than for the CML spheres: 51 % comparcd to

28% at 't = 0.8 Pa and 36% compared to 4% at 't = 1.7 Pa. A two-way analysis of variance
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Table 2.2 Population studies: Comparison of fraction of break-up of doublets of latex spheres with

covalently-coupled and physically adsorbed IgG.

Dumtion of Shear Fraction of Doublet Break-ups (% ± S.O.)

Fn•max =85 pN 1 Fn.max = 185 pN

5 Covalent' Adsorbed· Covalent· Adsorbed·

5 21.5 ± 5.9 32.6 ± 7.9 54.0 ± 9.1 73.1 ± 8.19

10 35.9 ± 5.6 37.7 ± liA 63.5 ± 1304 82.6 ± 4.62

15 36.5 ± 7.4 42.7 ± 9.6 66.2 ± 8.7 80.8 ± 6.53

30 4404 ± 13.8 54.4 ± 8.27 70.4±7.1 85.2 ± 5.12

60 56.2 ± 8.6 74.4 ± 6.23 77.6 ± 5.8 %.2 ± 6.06

• IgO were covalently 1inked to AIS latex spheres. physical1y adsorbed onto CML spheres
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FIGURE 2.3 Population studies: Plot of percentage of break-up of doublets of NS
spheres (solid Hne) and CML spheres (dashcd line) cross-linkcd by 0.9 nM c..amma Bind
G as a function of the duration of shear stress ut 0.8 Pa (À) and 1.7 Pa (e) corresponding
ta a maximum hydrodynamic normal force of 85 und 185 pN. rcspectively. Bars reprcscnt
one S.D. of the mean (n =8).
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TABLE 2.3 Two-way analysis of variance of data in Figure 2.3 at 0.8 Pa

• as functl 'n of duration of shear: covalent linking vs physical adsorption

Source of Variation Sumof Degrees of Mean F-Ratio P-value
Squares Freedom Squares

Spheres 13474 4 3369 43.38 « 0.01
Duration of Shear 1803 1 1803 23.22 « 0.01
Interaction 589 4 147 1.90 0.12
Within 5436 70 78

Total 21302 79

TABLE 2.4 Two-way analysis of variance of data in Figure 2.3 at 1.i Pa
as in Table 2.3

• Source of Variation Sumof Degrees of Mean F-Ratio P-value
Sqaures Freedom Squares

Spheres 2992 4 748 12.15 « 0.01
Duration of Shear 4662 1 4662 75.72 « 0.01
Interaction 301 4 75 1.22 0.31
Within 4310 70 62

Total 12265 79
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FIGURE 2.4 Population Studies: Plot of percentage of break.-up of doublets of NS (solid
Hne) and CML (dashed line) spheres as a function of Gwnma Bind G concentration aflcr
60 s at shear stresses equal to 0.8 Pa (...) and 1.7 Pa (e), corresponding to a maximum
hydrodynamic shear force of 85 and 185 pN, respectively. Bars represent one S. D. of the
mean (n = 8).
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TABLE 2.5 Two-way analysis of variance of data in Figure 2.4 at 0.8 Pa

• as a function of [Gamma Bind G]: covalent linking vs physical adsorption

Source of Variation Sumof Degrees of Mean F-Ratio P-value
Squares Freedom Squares

Spheres 19785 3 6595 70.67 « 0.01

Duration of Shear 17631 1 17631 188.93 « 0.01

Interaction 1397 3 466 4.99 0.0039

Within 5226 56 93

Total 44040 63

TABLE 2.6 Two-way analysis of variance of data in Figure 2.4 at 1.7 Pa
as in Table 2.5

Source of Variation Sumof Degrees of Mean F-Ratio P-value
Square~ Freedom Squares

Spheres 4479 3 1493 24.53 « 0.01

DUnltion of Shear 7702 1 7702 126.59 « 0.01

Interaction 2765 3 922 15.15 « 0.01

Within 3407 56 61

Total 18353 63
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(Table 2.5 and 2.6) indicates that this difference is significant (p « 0.01) over the whole

range of [Gamma Bind G].

2.3.4 Computer simulation

Simulation of the experiments in Couette flow for the individual break-up and the

population studies were carried out over a range of bond parameters: t. from 100 to 1000 s,

c from 0 - 1012 N,l, <Nb> from Ito 15 bonds, and tf from Ito 1000 s. Simulations of the

individual break-up studies were carried out with 50 doublets (equalto the numbers used in

the experiments) and each set was repeated five times. The fl".lction of break-ups per

rotation wus averaged at F. =60, 118 and 219 pN, corresponding to the mean experimental

values in the low, intermediate and high force ranges, respectively. In parallel, simulation

of the population studies were run over the same range of bond panuneters for populations

of 100 doublets, having the experimentally observed distribution of orbit constants, with

each set repeated eight times, and the iraction of break-ups at 't = 0.8 and 1.7 Pa

determined us a function of time.

The best fit of the experimental data to the simulation of the break-up studies was

determined by computing '1..2 statistics for the first four rotations at each of the above F. in

the cuse of the individual break-ups, and the ratio (experimental/simulation) at5, 10, 15, 30

and 60 sand 't = 0.8 and 1.7 Pa in the cuse of the population studies. The set of bond

parameters that best fitted both types of experiments was found to be c =9.5 X 10111 N' I,

to =175 s, tr=20 s and <Nb> =3 bonds.

Table 2.1 shows the simulated mean and standard deviation (n =5) of the fraction

of individual doublet break-ups within 10 rotations, in each of the three force ranges. It is

evidentthat these values are in good agreement with the experimenl. Figure 2.5 shows the

simulated fraction of break-ups in a given rotation plotted againstthe number of rotations al

the three values of F. using the ubove parameters. The general features of the experimental

values (Fig. 2.2) are quite weil reproduced with the exception of the data at the lowest force
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FIGURE 2.5 Simulation of individual break-up studies: Plot of fraction of doublets
breaking up per rotation for Fn =60, 118 and 219 pN produced by computer simulation of
shear-induced rotation of doublets. The best fit bond parameters of the stochastic model
were to =175 s, tr =20 s, c = 9.5 x 1010 N,l, with the mean value of the Poisson
distribution In number of bonds, <Nh> =3.
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range. At high and intennediate Fn• there is an initial high fraction of break-ups in the tirst

rotation (44.4 ± 6.8 and 20.4 ± 5.9%, respectively; S.O. not shown in the graph),

compared to the experimental values of 37 and 14% shown in Fig. 2.2. This is followed

by a rapid decrease over the next three rotations, reaching values of 6.5 ± 4.4 and 4.1 ±

3.8% in the fourth rotation, respectively, compared to the experimental values of 0 and 5%.

Thereiûter, the fraction of break-ups fluctuates between 0 and 6% for the remaining

rotations. At the lowest Fn, the observed fraction ofbreak-ups decreased from 14% to 0 in

the tirst three rotations with no more break-ups occurring thereafter (Fig. 2.2), whereas the

simulation (Fig. 2.5) showed a continuous fluctuation of break:ups between 0 to 3% over

the whole 10 rotations.

The simulation of the population studies, carried out for the covalently-bound [gG

on the AIS spheres, is in fairly good agreement with the experimental values, as shown in a

plot of the fraction of doublet break-ups against time at t = 0.8 :md 1.7 Pa in Fig. 2.6.

Values of the % break-up as a function of time are compared with experiment in Table 2.7.

At the lower shear stress, the mean values of the observed fraction of break-ups are 14%

greater than the simulated values. whereas at high shear stress they are 16% lower than the

simulated values, the latter tending towards complete break-up at long times of shear.

The simulation of the population studies were also carried out using the bond

parameters above (to =175 s. tr=20 sand c =9.5 X lOlO N'I), while changing the average

number of bonds. <Nb>' in order to simulate break-up of doublets of spheres of covalently

linked IgG as a function of [Gamma Sind Gl after 60 s of shear. As shown in Figure 2.7.

the fraction of break-up of doublets decreased with increasing <Nb>' A comparison with

Fig. 2.4 suggests that <Nb> increases from - 3 to - 7 as [Gamma Sind Gl increa.~es -from

0.9 to 3.6 nM.
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FIGURE 2.6 Simulation of the population studies (dashed line) compared to cxperirncntal
results (spheres bearing covalently bound IgG, solid line): Plot of percentage of break-up
of doublets as a function of duration of shear at shear stresses =0.8 Pa (A) and 1.7 Pa
(e), corresponding to a maximum normal force of 85 and 185 pN, respectively, bascd on
bond parameters to = 175 s, tf =20 s, C =9.5 X 1010 N· l

, and <Nb> =3. Bars represcnt
one S.D. of the mean (n =8).
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TABLE 2.7 Comparison of experimental with computer simulation results of doublet break-up in
population studies in Couette flow.

Duration ofShear Fraction of Doublet Break-ups (% ± S.D.)

F...... =85 pN F...... =185 pN

s Experimental Simulation Ratio (Exp/Sim) Experimental Simulation Ratio (Exp/Sim)

5 21.5 ± 5.9 21.8 ± 3.4 0.98 54.0 ± 9.1 60.4 ± 5.9 0.89

10 35.9 ± 5.6 27.4 ± 3.2 1.31 63.5 ± 13.4 70.1 ± 5.8 0.91

15 36.5 ± 7.4 31.4 ±4.0 1.16 66.2 ± 8.7 76.1 ± 4.9 0.87

30 44.4 ± 13.8 39.4 ± 3.6 1.13 70.4 ± 7.1 86.1 ± 3.3 0.82

60 56.2 ± 8.6 50.6 ± 3.3 1.11 77.6 ± 5.8 92.6 ± 3.3 0.84

<1.14> <0.84>
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2.4 Discussion

The objective of the work reported here was to provide an extension of the previous

study on the time and force dependence of the break-up of antigen-antibody bonds (blood

group-B-IgM), a carbohydrate-protein interaction (Tha et al., 1986; Tees et al., 1993; Tees

and Goldsmith, 1995). We report on a study of the break-up of protein-protein (antibody

Fc-Protein G) bonds. A monoclonal IgG antibody was Iinked to latex spheres either

covalently or by physical adsorption. The time and force dependence of break-up of

doublets of latex spheres cross-linked by Gamma Bind G was studied and the results were

used to determine the bond parameters using the model of Bell (1978) on the rupture of

receptor-Iigand bonds.

2.4.1 Covalent linking vs physical adsorption

Other investigators have used latex spheres in order to model the biophysical

aspects of cell-to-cell or cell-to surface adhesion (Cozens-Roberts et al., 1990 a, b; Kuo

and Lauffenburger, 1993). Weil documented techniques to immobilize biomo1ecules to

latex spheres mvolve the use of an activator such as carbodiimide, which covalently

couples proteins to latex spheres bearing carboxyl groups, or glutaraldehyde which

covalently cross-links the amino groups between a protein and a latex particle, or

polyglutaraldehyde-bearing latices which react readily with the primary amino-groups of

proteins to form covalent bonds (Illum and Jones, 1985). However, proteins a1so readily

adsorb onto the hydrophobie domains of the latex particles. If a receptor is covalently

bound to the surface of latex spheres, break-up of doublets of spheres cross-linked by a

multivalent ligand is expected to lake place at the specifie receptor-Iigand linkage since the

strength of a covalent bond is known to he 2 - 3 orders of magnitude greater (Levinthal and

Davison. 1961). In the flow-induced detachment studies of red blood cells adhering to a

glass surface (Xia et al. 1994J. il \lias shown that the mean hydrodynamic force to detach

SSRC adhering to antibody covalently bound to glass was appreciably greater than that to
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detach SSRC adhering to antibody physically adsorbed to the glass. Although in both

cases it was possible that bond rupture occurred by antigen extraction from the œil

membrane, the difference in the magnitude of the detachment force could have been due to

the physically adsorbed antibody being pulled off the glass surface. However, results were

inconclusive because the antibody surface density in the two cases were not compared. In

our case, it was shown thatthe surface densities of physical adsorbed and covalently bound

IgG were similar. We demonstrated that, at each shear stress, the degree of break-up of

doublets having covalently bound IgG cross-Iinked by Gamma Bind G was significantly

lower than that of doublets having physically adsorbed IgG (Figs. 2.3 and 2.4, :lOd Table

2.2). Even with increasing [Gamma Bind Gl, the degree of break-up at high shear stress

did not significantly decrease in the case of the CML spheres (Fig. 2.4). These differences

are therefore Iikely due to the adsorbed antibody being pulled off the surface, a process

thought to require less energy than the rupture of specific receptor-Iigand bonds

(Lauffenburger and Linderman, 1993). However, because of the stochastic nature of bond

rupture, break-up of some Gamma Bind G-IgG bonds between doublets bearing adsorbed

IgG cannot be ruled out.

It should again be pointed out that the spheres to which the IgG was covalently

coupled had different surface functional groups than those to which the antibody was

physically adsorbed. The fact that the measured ~ potential was the same for both IgG

coated AIS and CML spheres, however, lends credence to the hypothesis that the observed

differences in the population studies was Iikely due to the avidity of the linking technique

(covalent vs physical adsorption) rather than to the difference between lhe two lypes of

spheres.

2.4.2 Simulation vs experimental results

In an allempt to compare the characler of the bond for our receptor-ligand syslem 10

olher systems that have been described in our laboratory, ('fees et al., 1993; Tees and
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Goldsmith, 1995) ;:nd elsewhere (A1on et al., 1995), we used the Bell model of bond

Iifetime (1978) to simulate the observed time and force dependence of break-up of doublets

of spheres bearing covalently-Iinked IgG, both individually and in populations. We did not

simulate the results of the break-up of doublets of spheres having physically adsorbed IgG,

since il was felt that non-specific interactions of the IgG with the latex surface were not

well·defined, partly because of variations in the orientation of the antibody on the surface,

and partly because sorne detachment could still occur by rupture of the IgG-Gamma Bind G

bonds.

In the simulation of the individual break-up studies, it was evident that, in the mid

and high force ranges, the rate of break-up was l'aster than observed, although the initial

li'actions of break-up were similar to the experimental values and the overall fractions of

break-up wilhin the first 10 rotations were weil reproduced (Table 2.1). The difference

between the simulated and observed break-up in the low force range may have been due to

the low number of break-ups observed experimentally: 9 break-ups out of the 55 observed.

The simulation of the population studies for covalently bound IgG was weil

reproduced at the low shear stress, where there was no significant difference between

experimental and simulated fractions of break-ups at any time point. However, at the

higher shear stress at times > 15 s, the observed values were significantly lower than the

simulated ones, the laller reaching values> 90%. A1though one wouId expect the fraction

broken up 10 approach 100% with time, the presence of a plateau suggested the presence of

a population of doublets having low orbits constants, and hence low values of the angle

factor (Eq. 1). The normal force experienced by these doublets would be significantIy

lower than F...... and thus the probability of bond rupture at times < 60 s is expected to be

low.

In a population of doublets having a distribution of orbit constants, C, the initial

high rate of break-up is due to those doublets having the lowest number of bonds and high

values of C for which F. at a given 1: is close to F....... The rate of break-up then decreases
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a~ Fn decreases in the remainder of the population having lower C. as weil as greater

number of bonds. with a lower probability of break-up and therefore longer times to

rupture the bonds. The differences between the observed and simulated fraction of break

ups at 't = 1.7 Pa could be due to a difference in the simulated and actual distribution of

orbit constants. In the simulation. 100 expelimentally measured C, chosen randomly l'rom

the individual break-up studies, were used to represent the population of doublets. The

distribution of this population is biased towards high values of C (> 1.5). and thercforc

angle factors> 0.8. due to a bias in the choice of doublets in the individual break-up

studies. Based on this distribution of C. as defined by a distribution of the angle cIl2...."••

(tan 2c1l2.ma. = Cr,; Goldsmith and Mason. 1967), the arithmetic mean of the angle factor

sin2S,sin2c1l, =0.93 would yield an average force of 75 pN at 0.8 Pa. and 172 pN at 1.7

Pa.

In facto an experimentally measured steady-state distribution of cIl l ...... for rods (l', =
18.4, Anczurowski and Mason, 1967) yields a distribution of orbit constants C for which

the mean angle factor was only = 0.67. However. computer simulation of the population

studies using this set of orbit constants (not shown), while resulting in a good mateh of the

experimental points at high shear stress, leads to significantly lower values of the l'metion

ofbreak-ups at the lower shear stress. It is likely. therefore, that to obtain a beller match of

the data a further adjustment of the bond parameters is required.

Since the observed decrease in fraction of break-up of doublets with incrcasing

[Gamma Bind G] (Fig. 2.7) was likely due to an increase in the number of cross-bridges.

we simulated these population studies by changing the average number of bonds, <Nb>'

while keeping the other bond parameters constant. The result shown in Fig. 2.7 indicates

that the observed decrease in break-up due to increasing [Gamma Bind G] corresponds to

an increase in the <Nb> l'rom -3 to -7 bonds.
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2.4.3 Bond parameters

In our computer simulation using Bell's model, the set of bond parameters that best

fitted both type of experiments were found to be c = 9.5 X lOlO N·I, t. = 175 s, tr= 20 s and

<Nb> =3. The main features in both cases were reasonably reproduced and the overall

statistics were weil matched as indicated in Tables 2.1 and 2.7. Based on the bond

parameters obtained from Bell's theory, given above, values ofE. = 0.89 eV (assuming t.

= 10.13 s, from the expression t. = t. exp (EikTK)' and r. = 0.39 nm were obtained. The

latter is consistent with the distance, typically about the size of a water molecule, in which

hydrophobic forces of the protein-protein bond operate (Erickson, 1994). The critical

force, fc' required to instantaneously rupture a single bond (= Eir.) is then - 390 pN. This

value seems reasonable since 63% of the doublets broke up in the force range 180 < Fn <

260 pN in less than 0.5 s aCter the application of force. Based on these parameters, we

have plotted bond Iifetimes as a function of constant applied force as shown in Fig. 2.8,

and compared our data with those obtained in this laboratory for doublets of spheres Iinked

by blood group B antigen-IgM bonds, (Tees and Goldsmith, 1995), and with those for p.

selectin-PSGL-I bonds as obtained from neutrophils rolling on a Iipid bilayer containing P

selectin (Alon et al., 1995). The slope of the line gives the sensitivity of the bond to force,

c. The parameters of blood group B antigen-IgM and P-selectin-PSGL-l bonds, both

entailing carbohydrate-protein interactions, were c =3 X 1010 N· I, t. =25 s , r. =0.12 nm,

and c =1.2 X 1010 N·I, t. =1.05 s (k',= I/t. =0.95 ± 0.17 S·I), r. =0.05 nm, respectively.

The steep decline of the line for Gamma Bind G-IgG bond (a protein-protein interaction)

indicates that the bond Iifetime is very sensitive to force and is said to have low tensile

strength. In contrast, both blood group B antigen-IgM and P-selectin-PSGL-l bonds have

gentle slopes, Le. the bond Iifetimes are much less responsive to force, are said to have

high tensile strength. The high lensile strength of the P-selectin-PSGL bond, together with

the measured high on and off raIes, are thought to be ideal for the maintenance of the

rolling adhesion between the leukocyle and the endothelium.
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3.1 General Conclusion

In the work described in the preceding chapter. break-up of doublets of spheres

eross-linked by receptor-ligand bonds was studied. Individual doublets and population of

doublets were exposed to a given shear stress. corresponding to known periodically

varying hydrodynamic nonnal and shear forces. and the time required for the doublets to

break-up was measured.

A distribution of break-up times when a defined maximum force is applied

instantaneously indicates that there is a force dependence on the lifetime of the bond. This

inherent stochastic nature of the lifetime of reeeptor-ligand bonds was first demonstrated by

Evans et al. (1991) and later confinned by the work in our group (Tees el al.. 1993).

Thus. instead of a "critical force" that is required to rupture a receptor-ligand bond. any

force may rupture a bond given enough time. In order to charaeterize the physical nature of

different types of receptor-ligand bonds, which is an important prerequisite in

understanding cell·œll and cell-surface adhesion. it is therefore important to study the

lifetime of the bond as a function of hydrodynamic force. Using Bell's model (1978) for

break-up of bonds (Eq. 3a, chapter 2), parameters characterizing the properties of a specifie

bond can be obtained and can be used to determine the functions of different receptor

ligand pairs in vivo.

Using two methods of linking the receptor (IgO) to latex spheres. we found that, at

a given shear stress, the degree of break-up of doublets cross-linked by ligand (divalent

Gamma Bind G) was significantly lower with spheres having covalently bound receptors

than spheres having physically adsorbed receptors. This was expected since the force

required to break-up a covalent bond or specifie receptor-ligand bond was considered to he

significantly greater than that required to overcome the non-sj:ecific forces associated with

physical adsorption. Using a computer simulation taking into account the periodicity of the

applied force in a given rotational orbit in shear flow. bond parameters derived from Bell's

theOl'Y (1978) were deterrnined to describe the force dependence of bond lifetime. The
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values of c, the response of the bond to force, and ta' the lifetime at zero force, were found

to 00 9.5 x 1010 N· l and 175 s, from which values of the depth, Ea and the range, ra' of the

energy minimum = 0.89 eV and 0.39 nm, respectively, were computed. The oost fit of the

average numOOr of Poisson distributed bonds, <Nb> = 3. Compared to carbohydrate

protein bonds that have OOen characterized in our laboratory (blood group-B antigen-IgM;

Tees and Goldsmith, 1995), and elsewhere (PSGL-I-P-selectin; Alon et al., 1995), the

protein-protein bond is said to have low tensile strength. Thus, the lifetime of the Gamma

Bind G-lgG bond decreases markedly with increasing applied force, in contrast to the

carbohydrate-protein bonds whose lifetimes only decrease slightly with increasing applied

force and which are said to have high tensile strength. Protein-protein interactions can

provide tight links by single high affinity binding sites. By comparison, it has OOen

suggested that the multiple identical binding sites and clustered presentation of the

carbohydrate-ligand interactions considerably increase the strength of interaction, or

avidity, regardless of the affinity of the bond (Spillman, 1994).

3.2 Suggestions For Future Work

With the discovery and identification of new biomolecules involved in the adhesion

OOtween cells, there is need for the characterization of their biochemical and biophysical

properties. Such information will 00 crucial in the understanding of physiological

processes or abnormalities associated with these adhesion molecules, especially in the

immune system, embryogenesis and cancer metastasis, and will provide the insights

required for the development of drug therapy.

As of now, much of the study of adhesion has concentrated on immune cells and

their interactions with the endolhelium. Molecules such as the integrins, selectins and

memOOrs of the immunoglobulin superfamily have OOen shown to 00 important players in

the adhesion cascade. To fully understand how leukocytes migrate from the lumen of the

vessels to sites of infections, it is important to understand the biophysical contribution of
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each receptor-ligand pair involved. Alon et al. (1995) studied the PSGL-I-P-selectin

interaction in the rolling of neutrophils in the parallel flow chamher and were able to relate

transient tethering to the reverse rate constant, k,. Using Bell's model. bond parameters

(descrihed in the preceding chapter) were obtained. It will he of great interest if the same

receptor-ligand system can he studied by our methods of investigating the lifetime of

receptor-ligand bonds. PSGL-I and P-selectin, if available in sufficient quantity, can he

mobilized onto coloured latex spheres. and the doublets formed by these spheres due 10

crossbridges hetween the receptor and the ligand can he broken up by the application of

hydrodynamic forces. The data can then he used in the computer simulation to determine

the bond parameters, which should he to similar to the values obtained by Alon et al.

(1995). Such work will consolidate the theoretical components of our methodology as weil

as those of Alon et al. Other receptor-ligand pairs of interest include Mac-I-ICAM-I.

responsible for strong adhesion of neutrophils on endothelium and their migration through

the vessel wall, and fibrinogen-GPlIbIIIa. responsible for the aggregation of activated

platelets at low and moderate shear rate, and the formation of thrombi (Frojmovic et al.,

1991; Goldsmith et al., 1994; Phillips and Baughan. 1985).

One of the drawbacks of the methodology descrihed in the preceding chapter for

studying force dependence of bond lifetime is that it is very time intensive. Collection and

analysis of a set of data over a few force ranges or shear stresses for the individual break

up and population studies can take several months of diligent work. An individual break

up experirnent on average takes 30 min per doublet, followed by 15 min of analysis at a

later time. For the population study involving up to 100 doublets, each experiment takes

about 45 min. but must he repeated many times to oblain satisfactory statistics. The

computer simulation is also a time consuming process bccause of the high numher of

computations involved, and the bond parameters oblained must fit bath types of

experiments.
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The study of adhesion has been an area of intense research for rnany years because

its importance in a myriad of physiological processes. Study of the lifetime of receptor

ligand bonds will remain an area of focus in the adhesion communily since it is

fundamental in the understanding of the structure of biomolecules and their physiological

functions.
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• APPENDIX 1

RHEOSCOPE

Ali of the experiments perfonned in Chapter 2 were carried out in the Rheoscope. ln

Fig. A 1.1, the device is shown in operation mounted on the inverted microscope with its

associated electronics. Figure A1.2 shows a close up with the cone and plate opened for

filling.
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FIGURE A1.1 Overall view of the Rheoscope. the inverted microscope and its associaled

electronics. The Rheoscope (A) (shown c1osed) [speed control box (B)] replaces the stage

of a Leitz Diavert inverted microscope (C) [power supply (D)] which rests on a Styrofoarn

pad (E) for vibration isolation. Doublets in the plane of no translation of the Rheoscope

were recorded using a Sony CCD camera with high speed shutter (Fl [power supply (Gl].

Video output was combined with a time signal generated by a digital timer (Hl, recorded on

a Panasonic AG-7300 video cassette recorder (1) [remote controller (J)]. and displayed on a

video screen (K). A doublet is seen at the upper right of the screen with the time display in

the lower left corner. The axes and crosshair were added by a video position analyzer (Ll,

which was used for measuring particle size and doublet orientation. Once a doublet had

been found and a sample of its rotation videotaped at high magnification, the size and

orientation were entered into the HP 9000 model 216 computer (M) together with the

temperature measured using the digitalthermometer (Nl (the temperature sensor was taped

to the Rheoscope housing--see Fig. A1.2). The computer determines the Rheoscope

setting required to produce the chose maximum normal force. The Rheoscope controller

dial (0) is set to this value.
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FIGURE Al.2 Detailed view with t."e Rheoscope, mounted on the Leitz Oiaven invened

microscope. The device has been opened to reveal the transparent cone in its cone holder

(A) and the plate (B) with the plate holder (C). The cone holder is held and driven by pins

(not visible) in the upper drive housing (0). The plate holder has a magnetic ring on il~

underside which couples it to the lower drive housing (E). Both cone and plate drives are

geared to the same electric motor Gust visible, F) which allows them to retate at the same

speed in opposite directions.

The radial position of the cone and plate assembly is adjusted using a micremeter (G)

and the entire Rheoscope can be adjusted venically using the focusing knob (H). The

temperature is measured by the temperature sensor taped to the lower housing (1).
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