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ABSTRACT A novel method for studying the interaction of biological cells with interfaces (e.g., adsorption monolayers of
antibodies) is developed. The method is called the film trapping technique because the cell is trapped within an aqueous film
of equilibrium thickness smaller than the cell diameter. A liquid film of uneven thickness is formed around the trapped cell.
When observed in reflected monochromatic light, this film exhibits an interference pattern of concentric bright and dark
fringes. From the radii of the fringes one can restore the shape of interfaces and the cell. Furthermore, one can calculate the
adhesive energy between the cell membrane and the aqueous film surface (which is covered by a layer of adsorbed proteins
and/or specific ligands), as well as the disjoining pressure, representing the force of interaction per unit area of the latter film.
The method is applied to two human T cell lines: Jurkat and its T cell receptor negative (TCR ™) derivative. The interaction of
these cells with monolayers of three different monoclonal antibodies adsorbed at a water-air interface is studied. The results
show that the adhesive energy is considerable (above 0.5 mJ/m?) when the adsorption monolayer contains antibodies acting
as specific ligands for the receptors expressed on the cell surface. In contrast, the adhesive energy is close to zero in the
absence of such a specific ligand-receptor interaction. In principle, the method can be applied to the study of the interaction
of a variety of biological cells (B cells, natural killer cells, red blood cells, etc.) with adsorption monolayers of various
biologically active molecules. In particular, film trapping provides a tool for the gentle micromanipulation of cells and for
monitoring of processes (say the activation of a T lymphocyte) occurring at the single-cell level.

INTRODUCTION

The adhesion of biological cells to other cells, to the extra-
cellular matrix, or to nonliving surfaces is of crucial impor-

tance for a variety of biological processes and biomedica®.
applications (Bongrand, 1988; Darnell et al., 1990; Fisher,

1993; Alberts et al., 1994). Typical examples of biological
events in which adhesion is of primary importance are
cell-cell recognition in organism development, cell migra-

the cell shape (Bongrand et al., 1988; Cozens-Roberts et
al., 1990).

Micropipette technique, consisting of sucking a portion
of the cell membrane into a fine pipette and subsequent
micromanipulation. The driving force can be directly
measured (after appropriate calibration) if the cell is
pushed against a thin flexible platinum fiber, whose

deflection is proportional to the applied force. Another
possibility is to measure the micropipette suction pres-

tion, immune responses (such as T cell activation or cellular

cytotoxic activity of natural killer cells), bacterial invasion

of a specific organ, and metastasis of tumor cells. sure and to use it to calculate the driving force (Evans,
To analyze the adhesion process of living cells, one 1988).

should use adequate experimental methods. Several groups Electron microscopy and fluorescence methods. The

of methods are currently used for cell adhesion studies €lectron microscope provides valuable direct informa-
(Bongrand, 1988): tion about the topography of the cell surfaces in the

contact zone (Foa et al., 1988). In most cases the cell
surface is not smooth, and the presence of numerous
microstructures (microvilli) in the zone of intercellular
contact can be observed. The electron microscope and
the fluorescence methods allow us to investigate the
rearrangement of the receptors during the adhesion pro-
cess. The structural information from these methods
complements the results, which are obtained by the other
methods.

1. Methods based on hydrodynamic flows: flow cytometry,
cell detachment from a substrate in a shear flow, etc. In
these methods the force that drives the cell attachment/
detachment process is created by hydrodynamic fluxes
and is usually calculated from the rate of liquid shear and
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surfaces. Detailed models of the combined action of thesiquid layer of uneven thickness) is formed around each cell
forces were developed by Bell (1978, 1988) (see also Bell etsee Fig. 1). By using optical measurements (interferometry
al., 1984; Hammer and Lauffenburger, 1987), and by Evani reflected light; Fig. 1A) and the Laplace equation of
(1985a,b, 1988). The importance of these interactions (keyeapillarity, we can resolve the shapes of the air-water and
lock attraction and nonspecific repulsion) was demonstratedell-water interfaces. As the cell is pressed between the two
in recent experiments by Leckband et al. (1994), based ofilm surfaces, it is sharply deformed (Fig.B). The contact
precise measurements of the interaction between two lipidngle,«, between the air-water and cell-water interfaces is
bilayers containing streptavidin and biotin (used as a modedietermined. The respective film tensiop, and the cell
receptor-ligand pair) performed by means of the surfacenembrane tensiony, are two other parameters that are
force apparatus. A notable contribution of the attractivegptained from these measurements. To avoid misunder-
hydrophobic interactions was detected in that study. Thetandings, let us specify that we will call the air-water-air
much stronger adhesion observed at higher temperaturegm in which the cell is captured the “foam film” (Fig. B),
(above the melting point of the lipid chains) was explainedand we will call the asymmetrical cell-water-air film the
by the enhanced rate of lateral diffusion and molecularce|-Ap film” (Fig. 1 C). From the magnitudes of, oc,
rearrangement of the ligands and receptors throughout thgq owa (see Fig. 1B) one can calculate the adhesive

lipid membrane (Leckband et al., 1994). energy,W, of the cell with the air/water interface covered

Here we describe another method for investigating th&yith an adsorption layer of surface active molecules (e.g.,
adhesion of living cells to fluid or solid interfaces. We call proteins, lipids, glycolipids, etc.) mimicking the surface of

this method the film trapping technique (FTT) because theynqiher cell (Fig. 1C). In this way the specific ligand-

cell is trapped within a liquid film of equilibrium thickness o entor interaction can be studied. In addition, the surface
smaller than the cell diameter. Thus a Plateau border (& nsion of the aqueous solutian,,,», can be independently
measured by means of some of the standard methods.
We apply the FTT to two T cell leukemic lines and
investigate their interaction with adsorption layers contain-
ing monoclonal antibodies (mAbs). The adhesion of T cells
is of particular interest in immunology because 1) the early
stage of T cell activation typically requires an adhesion to

A the antigen presenting cells (APC), and 2) the cytotoxic
activity of the natural killer cells is related to their binding
to the target cells (Mescher, 1992; Weiss, 1993; Abbas et
al., 1994). There are several important properties related to
the receptor-ligand interactions and the T cell activation,

' ' ' ’ which could be studied by the FTT, especially when it is

Euwt:rfes‘:;g:i E . , Ent;;Set of combined with fluorescence microscopy (see below). Such

Fringes i i " i Wikes i meg’;“ are the strengths of the receptor-ligand interaction (energy
| 1 1

per one bond); the role of the accessory molecules (CD2,
CD4, CD8, etc.) present on the cell surface in the T cell
adhesion and activation processes; the relation between

Asymmetric  Plane Parallel kinetics of T cell activation and the cell adhesion, etc. The
Pc.f‘h:;w“te"‘““ Foam Film present study is a first step in that direction, and it is focused
mostly on the energy of cell adhesion to the antibody

D TCR 0 Other Proteins adsorption layers. Some possible developments of the

method are briefly discussed at the end of the paper.

In some respects this study is a continuation of our
previous work, where the film trapping technique was used
FIGURE 1 Operation principle of the film trapping techniqud) @ for determination of the three-phase contact angle of mi-
photograph of a leukemic Jurkat cell trapped in a foam (air-water-air) filmcrometer-sized solid spheres (latex, silica) of radius between
containing 10ug/ml antibody RW28C8 and RPMI 1640 medium. The cell 1 gand 10um (Hadjiiski et al., 1996). The investigation of
is observed in reflected monochromatic light; a pattern of alternating darkdeformable particles (such as biological cells) by the FTT
and bright interference fringes appeaB). $ketch of the cell trapped in the . h fined d for d Vsi
film. The fringes are created by the interference of light beams reflected €dUIN€S @ Much more refine Pm‘fe HIESIOR at_a analysis,
from the two film surfaces (see Fig. 4). The inner set of fringes correspond9ecause the shape of the particle is not known in advance
to the region of contact of the cell with the protein adsorption lagr ( and must be determined by calculations based on additional
The outer set of fringes is created by the meniscus outside the contact Zor@xperimental data. From this viewpoint the generalization
From the radii of the interference fringes one can restore the shapes of th L . L ’ .
liquid meniscus and of the cell, and calculate the contact angline cell 8f the FTT to ||V|ng cells is noanIa,I’ a':]d the? anaIySIS IS
membrane tensionr., and the tension of the cell-water-air filng, From ~ Much more CQmpI?X- Another comp!lcatlon arses from the
these quantities, the adhesive energy can be calculated. fact that the biological cells have their own activity, and one

A mav § Glycocalix



Ivanov et al. Adhesion Energy of Human T Cells 547

can expect temporal changes in the cell properties, including z
the energy of adhesion.

The article is organized as follows. The next section
describes the experimental procedures and used materials. vy
The third section presents an outline of the procedure for
data interpretation. The experimental results are presented
and discussed in the fourth section. The derivation of the

B' APW."!\
basic formulas and the numerical algorithm are given as an

FIGURE 3 Schematic cross section of a cell trapped in a foam fim.

Appendix.

ppend denotes the equatorial radius of the deformed drgps the radius of the
contact line R¢ is the radius of curvature of the film, formed between the

EXPERIMENTAL cell membrane and the protein adsorption lay&r) and {(r) are the

generatrices of the air-water and cell-water interfacd®,,, = (P —
The film trapping technique Py) is the capillary pressure across the water meniscus.
The cells are trapped in a horizontal foam film (air-liquid-air) formed in the
middle of a biconcave drop of cell suspension, which is placed in averticahlary pressure were possible before rupturing of the liquid film. The
cylindrical glass capillary (Fig. 2). The film is created by sucking out the 4 ration of such a cycle was typically around a couple of minutes.
liquid through an orifice in the capillary wall (Scheludko and Exerowa,  Tne cells trapped in a liquid film are observed from above (Axioplan
1959). The amount of liquid in the capillary and the capillary pressure ofzejss microscope, 50 LD Epiplan objective) in reflected monochromatic
the Plateau border (biconcave drop) encircling the film can be varied by Fight of wavelengthn, = 546 nm. Under these conditions the image of the
pressure control system. The latter consists of a syringe, connected 10 @| and the surrounding Plateau border contain a number of concentric
micromgtric screw, which allows precise ejection‘or_injection_of liquid into ¢onsecutive bright and dark fringes (see Figy)1Each dark (bright) fringe
the capillary Py, Py, andP¢ denote the pressure inside the air, water, and ig qe to destructive (constructive) interference of the light beams reflected
cell, respectively. During the experiment we control the pressure drogom the upper and lower film surfaces (Born and Wolf, 1993). The
across the water-air interfactPy,;, = (Pa — Pw) (Fig. 3), by sucking out  ansition from one dark to the closest bright fringe (or vice versa) corre-
small amounts of water from the plateau border surrounding the foam f“msponds to a variation in the water layer thickness equaltén,, = 102
(which leads to an increase &Py,;,,) or by injection of water back intothe 1y (s the refractive index of the water solution). One can distinguish
Plateau border (decreasidg®y,»). The liquid (air-water-air) films were 4 gifferent sets of interference fringes: 1) an inner set, which is due to the
rather stable, because of the presence of adsorbed protein layers at the filgn reflected from the lower and upper spherical films that cover the cell
surfaces. Several cycles of consecutive increasing and decreasing of CaRontact zone); 2) an outer set, which is due to the interference of light
reflected from the upper and lower water-air interfaces around the cell
(outside the contact zone). The interference pattern is observed and re-
Objective corded by CCD camera (Panasonic WV BP500) and video recorder. The
video records are later processed to restore the shapes of the film surfaces
and of the cell. The theoretical interpretation of the recorded interference
Pressure Control pattern is described in the next section.
==y System Before the experiments are performed, the cells suspended in RPMI
PJanar Film 1640 (also containing 10% fetal calf serum) are stained withugml
monoclonal antibody on ice for 30 min. The cooled suspension is loaded
into the experimental cell (Fig. 2), and the experiment (the formation of
film by ejection of solution) starts 10—20 min after that moment. During
W this period the suspension warms up to room temperature, and adsorption
_ of surface-active molecules (such as serum proteins, mAbs, etc.) at the
Vertical Glass Air |/ air-water interface takes place.
| P C?-‘B‘vll—m - The surface tensiongy,,,, of the protein solutions (needed for the
i e A —t A/ calculations) was measured by the Wilhelmi plate method (see, e.g.,
Adamson, 1976) on a digital tensiometer K10T (KsuGermany). For our
system we measureg,,, = 56 mN/m. All experiments were performed

Water Pool at room temperature, 24* 1°C.
Materials
‘ ,,,,, " Cell fizz Two T cell lines were used: 1) human T cell leukemic line Jurkat, and 2)

T cell receptor negative (TCR variant of Jurkat named 31.13 (Alcover et
al., 1988). The cell lines were grown in RPMI 1640 medium, supplemented
with 10% fetal calf serum, 4 mM-glutamine, 50 units/ml penicillin G, 50
ng/ml streptomycin, and 10 mM HEPES buffer. The cells were cultured at
FIGURE 2 Scheme of the experimental set-up. A planar foam film is37°C in humidified atmosphere containing 5% £eénd 95% air. Typi-
formed in a vertical glass capillary by sucking out liquid through an orifice cally, the suspensions reach a confluent stagé ¢&bs/ml) in 3 days, and

in the capillary wall. By changing the amount of liquid in the capillary one afterward the cells should be diluted into a new medium. We studied the
controls the film radius, the shape of the meniscus surrounding the filmjnteraction of these cells with adsorption layers containing three different
and the capillary pressurdP,,,,. The trapped cells are observed with a mAbs: 5Rex9H5, which is a specific mAb against the Jurkat BGRcuto
microscope in reflected light. The capillary is enclosed in a glass containeet al., 1983); RW28C8, specific for the CB3ubunit and thus also binding

to prevent water evaporation from the film; a water pool ensuring saturato TCR (Meuer et al., 1983); anchdF2, a negative control (Hussey et al.,
tion of the vapor covers the bottom of the container. 1993).

Plane Parallel
Foam Film
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THEORETICAL INTERPRETATION OF THE
INTERFERENCE PATTERN

In this section we briefly describe the procedure for data
interpretation. Only the main steps of the procedure are
outlined here; the complete theoretical analysis of the inter-
ference pattern is presented in the Appendix.

As mentioned above, the fringes (FigAl are due to the
interference of the light beams reflected from the two film
surfaces (Fig. 4). The condition for destructive or ConStrUC'FIGURE 5 Reconstructed profile of the interfaces from the image shown
tive interference of these two beams is related to the differi Fig. 1 A. The experimental points correspond to the positions of the
ence in their optical paths, i.e. to the local film thicknessmaxima eémpty circle} and minima black dot3 in the intensity of the
(see the Appendix for details). From the recorded image onégeflected light, as measured from the digitized image (cf. Eqg. A.1).
can determine the radial coordinatg, of each fringe of
orderk, which corresponds to a given local film thickness,

Z (F|g. 5). . . Shape of the meniscus around the cell (outer set

To find the shape of the air-water interface, we have toof fringes)
interpolate these points by the respective theoretical func-
tion. In our case this theoretical function has to be a solutiorDetails of the numerical procedure used to restore the me-
of the Laplace equation of capillarity: niscus profile are described in the Appendix. As a final

output of this procedure, we obtain the value of the capillary
1 n 1 APya 1 pressureAP,,, ., and a theoretical function that interpolates
RR R owa @ the coordinates of the outer set of fringagr,), as deter-
mined from the digitized images (see FigAL The exper-
(along with the respective boundary conditions). Hereimental data and the best fit for one of the cells are pre-
APy, = (Pa — Py) is the capillary pressure drop between sented in Fig. 5.
the aqueous and the gaseous phasgg, is the surface  The three-phase contact line (of diametey, 2= 18.38

tension of the aqueous solution, aRgdandR, are the two |, m in Fig. 5) represents the line of intersection of the outer
principal radii of curvature of the interface (Princen, 1969; eniscus with the cell membrane.

Kralchevsky et al., 1997). In gener8, andR, are different
(R, = R, for spherical surface only) and may vary through-
out the interface.
The inner and outer sets of fringes, distinguishable in FigShape of the cell-Ab film (inner set of fringes)

1 A, correspond to two different solutions of the LaplaceThe real thickness of the cell-Ab films (the aré#\ and

equation of capillarity—the inner set corresponds to theBB, in Fig. 3: see also Fig. €) is expected to be-20-50

region of contact of the cell with the foam film surface, . - .

. . nm, because these films are stabilized by the protein ad-
whereas the outer set corresponds to the air-water interface, ' . .
which is outside the contact zone sorption layer at the air-water interface and by the glyco-
' calix covering the cell membrane. To describe these films
we use the so-called membrane approach to the thermody-
namics of thin liquid films (see, e.g., Ivanov and Kralchev-
sky, 1988). The membrane approach formally treats the
liquid film as a mathematical surface of zero thickness. At
the contact liner = r, this surface AA’ or BB") meets the
cell-water surface{(r), and the outer water-air meniscus,

Z(r) (Fig. 3). The solution of the Laplace equation of cap-

% 2.24um

Objective

Air illarity for each of the two capsAA’ or BB’ in Fig. 3), at
220) \/ T negligible gravity, represents a portion of a sphgre (Pri_ncen,
1969). Its radius of curvaturdy-, and the position of its
Air geometrical center can be determined from the inner set of
interference fringes in Fig. 1A (see the Appendix for
details).

FIGURE 4 Light beams reflected from the upper and lower surfaces of Having found the value oR: and the shape of the outer
athin water layer interfere to create the pattern in Fig. Constructive or  meniscus (previous subsection), we can calculate the coor-

destructive interference is observed, depending on the difference in thg. . . .
optical paths of the two beams, i.e., on the film thickne&¢)2In our case amates’rc andZC, of the point of intersection of these two

the angle of incidence of the illuminating beamuis= 0, and the positions surfaces,'as well as the slope angles at the contactifine,
of the fringes are determined by Eq. A.1 (see, e.g., Born and Wolf, 1993)and 6 (Fig. 3).
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Shape of the cell membrane outside the
contact zone

r
Because of the axial symmetry of the system, the shape c}bg

the cell-water interface is described by the generafix
(Fig. 3). The functior(r) is also a solution to the Laplace
equation of capillarity. As shown in the Appendix, from the
available experimental data, one can determi(r®, the
pressure difference across the cell membrak®,,, =
(Pc — Pw), and the membrane tensian. The final result
for {(r) reads

[}
£(r)=RJ

= RE®, m — 1 - mKH®, m]

whereR is the equatorial radius of the deformed cell (Fig.
3), whereas(®, m) andE(d, m) are elliptic integrals of the

1—bmsin®d
b1 — msird
2

first and second kind, respectively, defined as follows

(Abramowitz and Stegun, 1964):

(]

dx
F(®, m) EL V1 — msir’x

0<m<1 3

]
E(P, m) EJ y1 — msirx dx

0

The constantb andm and the variablé are defined by the
expressions

AP wWR
- 2?: @
r2
msird =1 — R (5)
2b—-1
m="" )

The volume of the cell can be found by integration of the

profile, {(r):

dZ
r2 a dl’ + 2VSC1 (7)

fc
VZZW[
R
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whered®. = O(ro) (Eqg. 5).

The expressions, describing the shape of the cell mem-
ane, contain three unknown parameters: the equatorial
dius of the deformed celR; the membrane tensiow;

and the capillary pressure drop across the cell membrane,
AP¢,- In principle, one can measure directly the equatorial
radius,R, by microscope, and use it as an input parameter
for determination of the membrane shape and of the values
of the other quantities. However, our numerical calculations
showed that the accuracy of the optical measuremeRti®f
insufficient for that purpose. A very small variation in the
value ofR (within =100 nm, which is below the resolution

of the optical microscope) leads to a large variation in the
calculated values of all other parameters, or even to the
absence of a solution of the Laplace equation that satisfies
the requirement for intersection of the water-air interface
with the cell surface at the contact line (see Eq. A.11 in the
Appendix).

To overcome this problem, we used a more complex (but
more accurate) procedure. We formulated a set of several
equations that must be solved numerically to calcutaed
to describe completely the geometry of the system (see the
Appendix). As a final output of the numerical procedure, we
determine the values of the membrane tensiqn the
tension of the spherical capsg, the capillary pressure,
AP, the equatorial radiusR, and the membrane slope
angle at the contact ling, (Fig. 3). It always turns out that
the calculated values @ agree very well with the experi-
mentally measured ones. The contact angléormed at the
contact line is equal to

©)

Thus the geometrical configuration of the system is com-
pletely resolved, and the membrane tensiopsand y are
determined.

a= @c— Yic

ADHESION ENERGY: RESULTS
AND DISCUSSION

Determination of the adhesion energy and the
disjoining pressure

The interaction of the cell with the protein adsorption layer
can be characterized by two thermodynamic quantities: the
adhesion energy per unit area of the cell-Ab fil,(see
Fig. 1 C), and the force per unit area of this filrhl. The

whereVq is the volume of one of the spherical caps of thelatter is usually called “disjoining pressure” (Derjaguin,

cell (above and below the planéds\' and BB’ in Fig. 3).
Using EQ. 2, one obtains

2R

\% T[(4 —2m— 31— mE(dc, m)

— (1= mF(de, m) + (M2)sin2d¢) |1 — msirfd]

2
+ SRR R-D-2R-1Z  ©

1989; de Feijter, 1988).
By definition, the energy (work) of adhesion is (Adam-
son, 1976; Israelachvili, 1992)

W= own + oc— v (10)

Note thatW does not coincide with the interaction free
energy of the filmAf, which is another quantity used in the
thermodynamics of thin liquid films (Ivanov and Toshev,
1975; de Feijter, 1988; Kralchevsky et al., 1995). The
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relationship betweellV and Af is given by the expression A AP,=25Pa

* D 2.6 um
W= —(Af+ITh);  Af= f O(hdh (1) ——
h 24.6 um

whereh is the thermodynamic thickness of the film. The B AP. —110Pa
term ITh on the right side of Eq. 11 is usually negligible " v

compared ta\f, and hencéV ~ —Af. \d:A 2.5 um
On the other hand, the disjoining pressure (surface force
28.3 um

per unit area) that stabilizes the cell-Ab films at the caps of [«
the cell (Fig. 1C) can be found from the pressure balance at
the upper film surface: C AP,=170Pa D AP,,=180Pa

20 20 a=0.1°

SII’] OC + APW/A (12) o= 48°

C
Equation 12 results from the definition &f as the excess 1Y [\
pressure in the cell-Ab film, with respect to the pressure in —_— e T S
the Plateau border around the cell (Derjaguin, 1989; Ivanov
and Kralchevsky, 1988). All parameters appearing in Eq. 1FIGURE 6 Reconstructed geometry of leukocytes trapped in liquid
are determined by means of the numerical procedure ddilms. Cross section of a cell (the one shown in Figh)lat two different

. . . . values of the capillary pressur@d)(AP,,,» = 25 Pa; B) AP,y,, = 110 Pa.
scribed in the Appendix. Note that in our systems theThe shapes of two different cells at the same capillary presalg,, ~

disjoin_ing pressurell, is pO_Sitive (i.e., it corresponds t0 175 pg, in the presence of a binding antibody RW28CB4nd in the
repulsion between the two film surfaces), and consequentlypresence of a nonbinding antibody4F2, which is a negative contrdDj,

it stabilizes the cell-Ab film in Fig. IC. Thus we calculate are also shown.

the basic parametergy andIl, characterizing the adhesion

of the T cell to the antibody adsorption layer. which is probably due to an additional unruffling of the cell
membrane. This trend is illustrated in Fig. 7, where the area
of the cell is plotted as a function of the capillary pressure.
The circles are experimental data, and the straight line is
As explained in the second section, we could perform sevplotted by the least-squares method. Note th80% of the

eral consecutive cycles of increasing and decreasing theell membrane is in contact with the adsorption monolayer
capillary pressureAP,,», With a given film before its at the air-water interface (cf. the third and fourth columns in
rupture. Higher values of the capillary pressure mean thatable 1). Furthermore, the area of the deformed cell is about
the captured cell is pressed harder between the film sutwo times larger than the apparent surface area of a sphere
faces. In Fig. 6 A and B, we plot the resolved shape of a of the same volume. A similar result (about a twofold
Jurkat cell (this is the same cell, which is shown in Fig)1 increase in the apparent membrane area) was obtained pre-
trapped in a liquid film containing 1@g/ml RW28C8, at viously with neutrophils and other leukocytes, by using
two different capillary pressureaP,,,» = 25 and 110 Pa. rapid osmotic swelling and the micropipette technique
One sees in Fig. 6 that the cell is flattened to a greater exterfChien et al., 1987).

at the higher capillary pressurdP,,,». The radius of the At first glance, it can be surprising that the calculated
contact region also increases. volume of the cell also increases slightly with the capillary

In Fig. 6, C and D, we compare the shapes of two pressure (Table 1). One could expect that the stronger
different cells in the presence and in the absence of @ressing of the cell between the surfaces of the liquid film
binding antibody at the same capillary pressutB,,,, =~  would act to squeeze out some amount of water from the
175 Pa. There is a pronounced difference in the region of theell cytoplasm into the surrounding aqueous solution. The
contact line: the contact angle;,, is much larger in the cell is probably able to actively control the transport of
presence of a binding antibody. Moreover, the cell defordiquid through the cytoplasmic membrane to resist the in-
mation is larger (the cell is more flattened) in the latter casecreased pressure.

In Table 1 we show a more complete set of results for the The radius of the contact ling., and the equatorial
cell shown in Fig. 1A. These results are obtained from the radius of the cellR, increase (although slightly) with the
analysis of 11 images taken at different moments within onéncrease in the capillary pressuteR,,,», as expected (see
cycle of the pressure change. The results are shown ifable 1). On the other hand, there is no detectable system-
chronological order. One sees in the first column of Table Jatic variation in the radius of the spherical caRs, of the
that the capillary pressuré\P,,,», initially increases and contact angleg, of the cell membrane tensioa, or of the
then decreases. As seen from the table, the geometrical aradhesive energyyV, with AP,,» in the framework of ex-
of the cell increases with the compressing presshRy,,»,  perimental accuracy (Table 1). The dependence of the cap-

Numerical results
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TABLE 1 Parameters characterizing a trapped Jurkat cell at different values of the compressing capillary pressure, APy, in a
film from RPMI 1640 medium, containing 10 ng/ml antibody RW28C8

APy,s (Pa) Volume (m®) Area (um?) Caps areagm?) rc (um) R (um) Rz (um) APcny (Pa) IT (Pa) oc (MN/M) « (deg) W (mJ/n?)

61.5 981 1082 968 12.40 12.52 131 924 914 1.68 68.1 1.03
110.4 1165 1353 1243 14.05 14.14 152 853 847 1.57 72.2 1.07
110.1 1177 1376 1267 1419  14.27 154 842 836 1.54 72.3 1.05

914 1137 1243 1130 13.39  13.49 131 954 945 1.87 711 1.24

69.5 1042 1126 1009 12.66  12.78 129 948 938 1.69 67.6 1.03

67.6 1071 1178 1061 12.98  13.09 140 876 868 1.71 70.2 111

33.6 1018 1109 990 12.54 12.66 141 836 827 1.69 69.4 1.07

335 984 1075 955 12.32 12.45 143 828 819 1.62 68.4 1.00

33.0 954 1042 921 12.10 12.24 143 825 816 1.54 67.0 0.92

24.7 953 1052 934 12.18 12.30 142 820 811 1.75 70.4 1.14

29.5 947 1044 926 12.13 12.25 142 825 816 1.67 69.4 1.06

The surface tension of the aqueous solutiomjg, = 56 mN/m. The data are presented in chronological order.

illary and disjoining pressuredPc,y andlIl, on AP IS The calculated tension of the cell membraneois =

also complicated (see Table 1), which might be related td..67 = 0.10 mN/m. This relatively high value could be
the biological activity of the cell. We have not noticed an explained by the substantial deformation of a cell trapped in
appreciable tendency such as hysteresis in the variation ofie film. The flattening of the cell leads to unruffling and
the calculated parameters in the consecutive cycles and witstretching of the cell surface and to a corresponding increase
the direction of the capillary pressure variation (increase oin the membrane tension. At the highest values of the

decrease iM\Py,). capillary pressureAP,,,», we sometimes observed disrup-
In Fig. 8 the adhesive energy (calculated from Eq. 10), tion of the cytoplasmic membrane and lysis of the cells.
is shown as a function of the capillary pressutB,,,». The One should note that the variation in the capillary pres-

solid line is plotted according to the least-squares methodsure, AP, IS in a relatively wide range, typically between
As seen from the figure, there is a very slight trend toward20 and 150 Pa. However, the disjoining pressiikewhich

an increase iW with the capillary pressure, but this effect stabilizes the cell-Ab film, varies in a relatively narrow
is practically in the limits of experimental accuracy. The range for a given cell (see Table 1). Indeed, the disjoining
adhesive energy is relatively high(= 1.07 = 0.08 mJ/  pressure depends mainly on the curvature of the cell-Ab
m?), which is most probably due to the high affinity of the film (see Eq. 12, where the tersP,,,, turns out to be an

T cell receptors (TCR) for the RW28C8 mAbs adsorbed abrder of magnitude smaller than the other term); conse-
the air-water interface. As known, RW28C8 is a specificquently,

ligand for Jurkat TCR, because it binds to GD3The

energy per one ligand-receptor borie;, can be roughly n Oci
estimated if one divide®/ by the surface density of TCR(

5 X 10" m~?). The result of this estimate By ~ 2 X
107*° J (30 kcal/mol or 50T, wherekgT is the thermal ~ The calculations show that in our experimerRgs varies in

energy, andg is the Boltzmann constant). The reproduc- @ relatively narrow range for a given cell, and heri¢e
ibility of the mean values ofV from measurements with changes slightly. The same is true for the capillary pressure
different cells of the same line is typically within30%.  APcpy (note thatll ~ AP¢,,; Table 1). On the other hand,

1500 1.4
500 2 o 6 °
@)
~ o ae T O ©
= 1200 = S
g 1100 o © 2 08
£ 1000 ¥ 0.6
900 0.4
800 0.2
700
20 40 60 80 100 120 0
APw/a, Pa 20 40 60 80 100 120

APwa. Pa

FIGURE 7 Area of the surface of a Jurkat cell as a function of the

applied capillary pressurdP,,,» (the data are for the cell shown in Fig. 1 FIGURE 8 Energy of adhesioWy, as a function of the capillary pres-

A). The circles are obtained from the analysis of recorded images, and thsure,AP,,,, for the cell shown in Fig. AA. The circles are obtained from
straight line is plotted by the least-squares method. image analysis, and the straight line is plotted by the least-squares method.
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the disjoining pressure is substantially different for cells ofthe procedure of data interpretation to further improve (if
different size—the larger the cells, the lower the disjoiningpossible) the accuracy of the determined adhesive energy
pressure. For instance, in an experiment with a larger Jurkgsee also Accuracy of the Numerical Procedure Used for
cell (compared to that discussed above) at similar compres®ata Interpretation, below).
ing pressureAP,,, ~ 60 Pa, we determine ~ 17 um,
IT =~ AP, =~ 600 Pa.

The arithmetic mean values (averaging over various stud-
ied cells) of the adhesive energly, for each of the two cell CONCLUSIONS AND PROSPECTS FOR

lines and for adsorption layers containing various mAbs ar§ UTURE WORK

listed in Table 2. As seen, measurable interaction energy |$he main conclusions from the present Study can be sum-
observed only when Jurkat cells are in contact with adsorpmarized as follows:

tion layers of SRex9HS and RW28C8 Abs. The cells from A novel method for investigation of the adhesion of
the TCR deprived line (31.13) do not interact specifically higlogical cells to protein monolayers, adsorbed at an air-
with any of the Abs (the last column of Table 2). Similarly, \ater interface, is proposed (Figs. 1 and 2). The method is
the In4F2 Ab, which is a negative control, does not showcg|led the film trapping technique, because the cells are
measurable adhesion energy with any of the cell lines (Seﬁapped in a liquid film of equilibrium thickness smaller

the last row in Table 2). than the cell diameter. The shape of the cell and the adhe-
The fact that the adhesion energy depends so strongly Af)e energy are determined from analysis of the interference
the type of Ab used demonstrates that a sufficiently large,rern, which appears when a captured cell is observed in

portion of the Ab molecules do not loose their binding yefiected monochromatic light (Figs. 4 and 5). The basic
activity upon adsorption at the water-air interface (see I:'gformulas describing the system are derived; numerical al-
1 C). In fact, the detailed structure of the adsorption layer

- . ) orithms and computer programs for analysis of the inter-
(containing serum proteins and Ab molecules) is not clear a? P prog y

i — erence pattern are developed (see the Appendix).
present. Thg structure shown in Fig Climplies thgt the The method allows us to determine the thermodynamic
serum proteins and the Ab molecules are both in contac

. . . . ntiti har rizing the micr ic film, which ap-
with the air phase. It is possible that the serum moleculeéua tities characte g the microscopic ' ¢h ap

. ; . . t th tact of th Il with the Ab- I
adsorb first at the air-water interface (because of theif cars & Ihe contact of the cell Wi e Ab-monolayer

. . e . adsorbed at the water surface (Fig.C); these are the
higher concentration and faster diffusion), thus forming a . C . .
) . adhesive energy, disjoining pressure, film tension, contact
relatively dense adsorption layer, whereas the Ab molecules ; .
: angle cell-meniscus, etc. An important feature of our

form a second adsorption layer beneath that of the serum

proteins. Further studies by other methods (e.g. eIIipsom':nethOd is the ability to manipulate the captured cell by

etry or specular reflectivity of neutrons) could be of Sub_cgntrolll_ng the folrce thit pres..T,Ies the celilxggalns:;hthe Ab

stantial help in clarifying the real structure of the adsorptiona sorpt|o_n monolayer (the capillary pressukBy,). us

layer. changes in the cell volume, area, and membrane tension can
We should note that the reproducibility of the determinedbe determined as functions of the applied capillary pressure

adhesive energy from the experiment with a given cell wad TaPle 1 and Fig. 9). _ _ _
typically between+0.1 and+0.4 mJ/n? (see Tables 1 and A comparative study of the interaction of two cell lines
2). The reproducibility of the mean value from measure-With three types of adsorption monolayers of monoclonal

ments with different cells interacting with a monolayer of a @ntibodies is performed (Table 2). The results show that
given Ab was approximately the same. Furthermore, in théPpreciable adhesive energy is obtained when the cells
cases in which the adhesive energy was relatively smalfteract with the adsorption monolayers containing antibod-
(below ~0.2 mJ/m), the calculated mean value was within ies specific for the cell receptors. Otherwise, the interaction
the limits of the experimental error. The latter cases arénergy is zero in the framework of experimental accuracy.

indicated in Table 2 a&/~ 0. We are currently elaborating ~ The method can be further developed to perform obser-
vations of biological cells in fluorescent light. For example,

this would allow us to investigate the early events of T cell

TABLE 2 Energy of adhesion, W, of the cells from two cell activation by recording the & mobilization in real time at
lines to adsorption layers containing different mAbs the single-cell level. Another possibility is to examine
Average adhesive energy (mJ/nf) whether and how reorganization of the receptors takes place

in the region of contact during the cell activation (for this

Abs Jurkat 31.13 )
purpose fluorescinated mAbs should be used). Alterna-
RW28C8 0.85+ 0.25 (2/32) ~0(2220)  tjyely, the receptor distribution along the cell surface can be
5Rex9H5 0.77+ 0.40 (2/46) ~ 0 (3/30)

1n4F2 ~ 0 (1/16) ~ 0 (2/20) studleq by combining the FTT with the method of cryoelec-

The f - 0 — ber of cells studied and thtron microscopy. As recently shown (Denkov et al., 1996),
e Tigures In parentheses show the number or cells stuaied an . . . .

number of analyzed images, respectively. With~ 0, we indicate the ﬁ1acroscop|c foam films, like those used in the FTT, can be

cases in which the interaction energy was belew.2 mJ/rd, and the  Vitrified by ultrarapid freezing and then investigated by
calculated average value was within the limits of the experimental error.Cryoelectron microscopy.
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Input: oy, Z(1,) gravigl in the calculations W_ithout any Ioss of accuracy. Moreover, we can
consider the system as being symmetrical with respect to the horizontal
midplane of the large foam film in which the cell is trapped. The Laplace

equation of capillarity, which describes the shape of the water-air outside

Calculateséf’;,ﬁrfﬁ)m the outer the contact zone interface (at negligible gravity), can be written in the form
nges (see, e.g., Princen, 1969; Kralchevsky et al., 1997)
Calculate R,, from the inner dsinygs  sing APy
i + = A.2
set of fringes dr r Twin ( )
Find r¢, Z, Wy, O, from the dz
intersection point of the two profiles = —tany (A.3)
dr '
R Choice of R: HereZ is the local distance from the film surface to the horizontal midplane
g R>r; D(R)20 of the foam film, ¢ is the running slope angle of the meniscuss the
radial coordinateAP,,» = (P» — Py) is the capillary pressure drop
between the aqueous and the gaseous phasesggpdis the surface
Calculate G, Y, APqyw,Cc tension of the aqueous phase (FigB)L The two terms in the left side of

Eq. A.2 correspond to the two principal curvatures of the air-water inter-
face (1R, and 1R,, respectively) (see Eq. 1).

The set of Egs. A.2 and A.3 for the two unknown functiog§;) and
Y(r), contains one unknown parameta&R,,,». We determin&(r) andys(r)
by numerical integration of Egs. A.2 and A.3, starting from the last outer
bright fringe of radiusr,, which corresponds to a film thicknesZ,2=
(Ad/4ny,) = 102 nm (see Eg. A.1). The boundary conditions at this fringe
can be written in the form

Z(ry) = Zy; P(ry) = (A.4)

Note that in the boundary conditions AZ, is known exactly (Eq. A.1),
) ] whereas; andys, are unknown values that must be determined (along with
FIGURE 9 Block scheme of the numerical procedure for data interpre-op, ) from comparison of the calculated meniscus profile with the

No

Yes

Calculate @, o, IT, .

tation. measured positions of the interference fringes. A fourth-order Runge-Kutta
method (Press et al., 1992) is used to solve Eqgs. A.2 and A.3. The merit
function
APPENDIX: INTERPRETATION OF THE X1, Py, APwa) = 2 [Z™M(ry, T, 1, APya) — ZEXPP
INTERFERENCE PATTERN k>1
(A.5)

The bright and dark fringes seen in FigAlare created by the interference
of the light beams reflected from the two foam film surfaces (Fig. 4). Thejs minimized for determination of,, ¥,, and AP,,,,. Here Z™ is the
extrema in the intensity of the reflected light correspond to the conditiontheoretically calculated function, argf*” andr, are determined experi-

(Born and Wolf, 1993) mentally from the interference fringes. Summation is carried out over all
fringes (outside the contact region) whose radius can be precisely mea-
Z = kﬂ k=0.1.2. ... (A.1) sured. The three adjustable parameters are simultaneously varied by the
8ny,’ T Marquardt-Levenberg nonlinear least-squares method (Press et al., 1992).

Having found the three parametefs®,,,, r1, andis,), one can restore
whereZ, is half of the local thickness of the water film. Hetés the order  the shape of the air-water interfacg(r), outside the contact region by
of interference K is odd for the bright fringes and even for the dark integration of Eqs. A.2 and A.3, along with the boundary conditions in Eq.
fringes); n,, denotes the refractive index of the aqueous phase. From the 4. Note that the solutio@(r) thus obtained has an asymptotic character;

recorded images one can determine the radial coordinatrresponding it describes the shape of the Plateau border around the trapped cell.
to each fringe of ordek. We developed an image analysis computer

program, which calculated the intensity of the reflected light averaged over

a circumference, centered at the axis of symmetry of the interferencshape of the contact zone (cell-Ab film)

pattern. In this way a precise determination of the radii of the interference

minima and maxima is accomplished, i.e. the coordin&gsndr,, of a The solution of the Laplace equation of capillarity for the two caps of the

number of points from the meniscus surface are found. cell in the contact zoneAA’" andBB' in Fig. 3) represents a portion of a
sphere. Its radius of curvaturigg, can be determined from the inner set of
interference fringes by using Eq. A.1 and the equation describing the

Shape of the meniscus around the cell (outer set spherical caps,

of fringes)

(Z—pP+r’=R (A.6)
The numerical calculations (see Table 1) showed that in our experiments,
the capillary pressureé\P,,,,, is typically on the order of 100 Pa. On the whereZ(r) denotes half of the distance between the two opposite spherical
other hand, the pressure difference across the air-water interface, createdps (Fig. 1)p is the displacement of the center of the sphere with respect
by gravity, is on the order oApy,,0Zc ~ 10 2 Pa, i.e., four orders of to the midplane of the foam filmz = 0. R- and p are determined as
magnitude lower 4 is the height of the contact line with respect to the adjustable parameters by fitting the data from the inner set of interference
midplane of the foam film; Fig. 3). Therefore, we can neglect the effect offringes (Fig. 1A).
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The point of intersection of the spherical caps with the air-water The viscous effects can also be neglected in our case, because the
meniscus surrounding the cell gives the coordinates of the contactdine, typical time scale in our experiments-60 s) is much longer than the
andZ., and the slope angles at the contact lifig,and 6 (Fig. 3). The typical relaxation time of the cell deformatior0.001-1 s; see Evans and
values of the latter four parameters are obtained numerically. Skalak, 1980; Chien et al., 1987). One can estimate that the viscous forces

can be neglected in comparison with the capillary force, which deforms the
cells in our experiments.

Shape of the cell-water interface

The shape of the cell membrangy), that is not in contact with the Formulation of the set of equations used for
air-water interface (see Fig. 3), is also governed by the Laplace equation ¢jetermination of the equatorial radius of the
capillarity. For the following consideration, it is more convenient to write cell. R

Eqgs. A.2 and A.3 in their equivalent forms: ’

, , As mentioned at the end of the third section, the accuracy of the optical
d( { ) 4 . APcpy (A7) measurement oR is insufficient for precise calculation of the other

dr \/1 + {,2 I‘\//l + §r2 o oc quant?ties. To overcome this problem, we formulated a set of ;everal
equations that must be solved numerically to calcuR&nd to describe
¢ completely the geometry of the system. Moreover, the values of the cell
= ar (A.8) membrane tensiom, the tension of the asymmetrical cell-water-air film,

v, and the capillary pressurdP.,,, are also to be calculated.

The requirement for intersection of the water-air interface with the cell
where((r) is the generatrix of the cell membraneR,, = (Pc — Py) is surface at the contact line reads:

the capillary pressure drop across the cell membrane, @nds the

membrane tension. Because of the symmetry of the system with respect to (Zo)wia = ¢ (A.12)

the planez = 0, we can consider only the upper half of the célf> 0.

Equations A.7 and A.8 can be analytically integrated by using the boundaryvhere Zc)w,a is the height of the water-air interface at the contact line,

condition obtained from the analysis of the outer set of interference fringes; asd
{(ro) is the height of the cell surface at the contact line. From Eg. 2 we
(= —» atr =R (A.9)  obtain
The result reads: (Zowia = {c=RE(®c, m) — (1 - mHP;, m]  (A.12)
d¢ b(1-riR) —1 Another relationship can be found from the Laplace equation of capillarity

- = A.lO) (Eg. A.7), which describes the shape of the cell membrane outside the
2 2 2 ( ’

dr \/1 — R \/Qb -1-D (1 - r /RZ) contact zone. Equation A.7 can be written in the equivalent form,
whereb is defined by Eq. 4. An additional integration of Eq. A.10 along 1d )
with the boundary conditiog(r = R) = 0 leads to an explicit expression 9%y ar (rsing) = APcw (A.7")
for the shape of the cell membrane, that is, Eq. 2.

T_he mechanical properties of_ the membrane are characterized by th1ahe integration of Eq. A’7overr in the range fronR to r.. yields the
tension of the leukocyte cellrc, in Eq. A.7. For red blood cells other expression
characteristics, like the bending elasticity modulks, and the shearing
elasticity modulusy, were found to make some contribution to the total ] 1
energy of cell deformation (Evans, 1985a,b, 1988). A generalization of the oc(rcsinge — R) = 5 APon(rc? — R (A.13)
Laplace equation of capillarity, including two additional terms related to
the bending and shearing elasticiky, and e, was recently obtained by a
rigorous thermodynamic approach (see equation 4.20 in Kralchevsky et al
1994). For an axisymmetrical surface, this equation reads:

where ¢ is the slope angle of the cell membrane at the contact line (see
Fig. 3). The capillary pressure drop across the membraRg,,, can be
expressed through the capillary pressures at the water-air inteABgg, ,

and across the asymmetrical cell-water-air fil\R: = 2y/Re:

dsing sing
(Tc< dr + ) = APCI\N

r 2
APC/W - APF + APW/A == l + APW/A (A14)
d 1d , Re
+ T COS¢ ar I cos¢e arlrar (rsing) wherey is the film tension of the cell-Ab film (Fig. 3). EliminatingPe,y
from Egs. A.13 and A.14, one obtains the following expression:
dsing sing 2
_ _ ’ R rZ — R 2
"C( dr : ) (A7) odsinge — —) =5 (£ 4 APws)  (A15)
re 2rc \Re

i i i ~ —19 ~ . . . . . . .
Taflzng typical values for I:hle I::Iastu: .constarkgp 107 J andme hwh|ch is used below in the derivation of the final set of equations.
10"“ mN/m (Evans and Skalak, 1980; Evans, 1988), one can estimate that Two other relations stem from the interfacial tension vectorial balance

the last two terms are at least two orders of magnitude smaller comparegt the three-phase contact line (Ivanov and Kralchevsky, 1988):
to the other terms (see the values @f and AP, in Table 1). This ' '

estimate proves that the effects of bending and shearing elasticity can be OwaCOSYic + 0cCOS@pc = 7y COSO: (A.16)
neglected in the Laplace equation of capillarity for our system. They could
affect the membrane mechanics only in a narrow vicinity of the contact line OwiaSin Pic + acSin e = 7y sin O (A.17)

(where the membrane is strongly curved), thus contributing to the appear-

ance of line tension acting along the contact line. As discussed after Eqsvhereyi. and 6. are the slope angles of the water-air interface and of the
A.16-A.17 below, we have found that the effect of the line tension iscell caps, respectively, at the contact line (see Fig. 3). In principle, this
negligible in the framework of experimental accuracy. balance could include a term accounting for the line tension. This effect can
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be taken into account in our consideration, but it was found with otherlarger scattering of the calculated values (see Table 1). This means that the
systems to be relatively small (lvanov et al., 1992). Furthermore, thescattering in the results is due mainly to real changes in the living
presence of a detectable line tension should lead to a variation in theiological cell and/or its interaction with the adsorption layer.

contact angleg, with the radius of the contact line;. Because we did not Systematic errors could arise from several sources: from imprecise
find such a dependence (see Table 1), it seems self-consistent to neglect thalues of the surface tensiaonr,,», light wavelength, refractive index of
line tension effect. the film and the cell, from the slope of the two film surfaces (Eq. A.1 used

The set of four equations A.12, A.15-A.17 contains four unknown for analysis of the interference pattern is derived for a plane-parallel film),
quantities:y, o¢, ¢c, andR. It was further modified in the following way. and some others. All of these systematic errors were estimated to be within

From Egs. A.15 and A.17, and the geometrical relationship the limits of experimental reproducibility.
In conclusion, the accuracy of the optical determination is, in principle,
. lc high enough. However, as seen from the values quoted in Tables 1 and 2,
Sin 6c = R (A.18)  there s a substantial scattering of the results, which is due to real changes
in the interaction of the biological cell with the adsorption layer. Therefore,
one can derive an expression for the film tensign, the data reported in Table 1 and the confidence intervals in Table 2 are
representative of the reproducibility and accuracy of the determined
v = a(oc +d) (A.19) quantities.

where, by definition,
) Dr. G. Altankov and his collaborators kindly performed the culturing of the
. RF . lc . R — re cell lines, and their help is gratefully acknowledged. The authors are
a=g; d= R TwiaSIN Yic — APy a 2re indebted to Miss R. Dimova and Mrs. S. Cholakova for their help in the

(A.20) numerical analysis of part of the data.

On the other hand, one can expressfrom Egs. A.16 and A.17:
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