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Molecular Accessibility in Relation to Cell Surface Topography and
Compression Against a Flat Substrate
Sandrine A. Hocdé,† Ollivier Hyrien,‡ and Richard E. Waugh†*
†Department of Biomedical Engineering and ‡Department of Biostatistics and Computational Biology, University of Rochester, Rochester,
New York
ABSTRACT The recruitment of cells to the vascular wall in vivo or the capture of cell subpopulations at the surface of a fabricated
device requires the formation of bonds between specific molecular pairs on the cell and the substrate. The ability of a molecule to
form a bond depends critically on its localization relative to the cell surface topography. In this report, we present a framework for the
quantitative assessment of molecular availability that accounts for the deformability of the cell surface and the balance of forces in
the interface, as well as the variability of surface protrusion lengths and the preference for molecules to reside at or away from the
tips of surface projections. We also examined how molecular availability should change with increasing compression of the cell
against the substrate. Finally, we convolved the distribution of molecules at the interface with a decaying evanescent excitation
to predict the fluorescence intensity in total internal reflectance fluorescence microscopy, which can provide a quantitative
measure of the relative availability of different molecules at a cell-substrate interface. Model predictions show good agreement
with measurements of fluorescence intensity of different molecules labeled fluorescently on the surface of a human neutrophil
compressed against a glass surface.
INTRODUCTION
The attachment of leukocytes to a vessel wall during lympho-

cyte homing or neutrophil recruitment during inflammation

involves specific pairs of molecules that must come into close

physical contact and react to form a stable bond (1). The

ability of a molecule to form a bond depends critically on its

position on the cell surface in relation to the cell surface topog-

raphy. Indeed, molecules such as L-selectin that mediate

initial attachment and rolling of cells on the vessel wall tend

to be located near the tips of surface folds, whereas other

molecules, such as the b2 integrins, appear to be distributed

in the valleys between these folds (2). The relative accessi-

bility of molecules may also be affected by mechanical force

between a cell and a substrate. Indeed, we have shown previ-

ously that the probability of forming an adhesive bond between

b2 integrins and their binding partner ICAM-1 increases more

or less linearly with increasing contact stress (the compressive

force per unit area in the contact zone between a cell and the

substrate) (3,4). This is consistent with the idea that deforma-

tion of the microvilli within the contact zone increases the

accessibility of integrins for bond formation. (Note that the

term ‘‘microvilli’’ is commonly used to describe neutrophil

surface topography, although scanning electron micrographs

indicate that the surface projections more resemble folds

than individual projections. In the following sections, we use

the term ‘‘microvilli’’ to represent either folds or projections

from the cell surface.) Such a mechanism could account for the

well-known observation that cell rolling, mediated by selec-

tins, typically precedes firm attachment of cells to a substrate,

via integrins (5). During rolling, the combination of fluid shear
Submitted December 19, 2008, and accepted for publication April 23, 2009.

*Correspondence: richard_waugh@urmc.rochester.edu

Editor: Levi A. Gheber.

� 2009 by the Biophysical Society

0006-3495/09/07/0369/10 $2.00
forces plus adhesive bonds pulling at the rear of the contact

zone creates a compressive force between the cell and its

substrate in the central and forward regions of contact. This

compression should lead to deformation of the microvilli,

increased accessibility of integrins to substrate, and increased

likelihood that stable integrin bonds will form.

Although all of this makes good sense theoretically, quan-

titative assessments of the number of accessible bonds in the

contact zone between a cell and a substrate have not been

reported, to our knowledge. In a companion report in this issue

(15), we present a novel methodology using total internal

reflectance fluorescence microscopy (TIRFM) to obtain a

measure of the relative presence of fluorescently labeled

molecules on the cell surface that are in molecularly close

contact with the substrate. We used that approach to measure

the relative accessibility of four different adhesion molecules

on the surface of a living neutrophil resting on a surface, and to

determine how this accessibility changes with increasing

impingement of the cell onto the substrate. In the following

sections, we present a model of the cell surface deformation

to gain insights into the physical mechanisms that lead to

the behavior we observe. Model predictions are compared

to experimental data obtained on two of the four cell adhesion

molecules, LFA-1 and L-selectin. A sensitivity analysis is per-

formed to evaluate how sensitive model predictions are when

the major parameters are modulated; for instance, when the

distribution of the proteins relative to the cell body is changed.
MODEL

The goal of this model is to establish expectations for how the

accessibility of molecules (as reflected in their intensity in

TIRFM images) should vary depending on the distribution
doi: 10.1016/j.bpj.2009.04.034
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of these molecules relative to the complex microtopography

of the cell surface, and depending on the force between the

cell and the substrate. First, we use cell mechanics and balance

of forces to determine the general shape of the cell contour in

the interface. Then we model the cell surface topography in

the contact region to account for observations that the height

of membrane surface folds is variable. We use a simple linear

spring model to gauge how the height of the microvilli will

change with increasing force, and generate predictions for

the amount of membrane within a certain distance of

the substrate as a function of increasing compression. We

then assume a distribution (not necessarily uniform) for the

position of the molecules relative to the height of a microvillus

and obtain a prediction for the density of molecules on

the membrane as a function of distance from the surface.

Finally, we convolve this with an exponentially decaying

evanescent wave to predict the magnitude of intensity in

TIRFM images.
FIGURE 1 Schematic representing a vertical section of the lower part of

a neutrophil that is resting above a flat substrate. The value q is the angle

between the cell surface normal n! and the axis of symmetry passing through

the center of the contact zone, r is the radial coordinate measured perpendic-

ular to the axis, s is the arc length or the distance along the (smooth) surface

contour, ‘(r)¼ ‘0þ z(r), where ‘(r) is the axial separation distance at position

r between the spherical contour of the cell and the substrate, ‘0 is the separa-

tion distance at the center of the contact zone, and z(r) is the axial distance

between the surface at the center of the contact zone and the surface location

at position r. L represents the length of the microvilli at rest. D and Dc are the

distances of the protein relative to the cell body when the microvillus is not

compressed and when the microvillus is compressed, respectively.
Force balance for distributed microvillus lengths

We assume that the cell is in a state of static equilibrium

when the TIRFM images are captured and we treat the

cell as a viscous liquid drop with a constant uniform cortical

tension Tcort and a uniform internal pressure. This model

was first proposed by Evans and Kukan (6). Although

subsequent refinements have been made, particularly in

characterizing the dynamics of neutrophil deformation,

this basic model of a viscous droplet with a constant cortical

tension provides a robust description of the cell in its

passive state under static conditions (7,8). The microvilli

are approximated as simple springs and we model the

cell/glass interface such that it is the force of the microvilli

that transmits force from the substrate to the cell surface.

Details of this development are supplied in Supporting

Material. The shape of the cell surface contour is deter-

mined by integration of three simultaneous first-order differ-

ential equations,

dq

ds
¼ 2

Rc

� sinq

r
� nvhf ð‘0 þ zÞi

Tcort

; (1)

dr

ds
¼ cosq; (2)

dz

ds
¼ sinq; (3)

where q and s are the angle of the surface normal with the

axis of symmetry and the distance along the surface, respec-

tively (Fig. 1), Rc is the spherical radius of the cell, r is the

radial coordinate, nv is the density of microvilli on the sur-

face, Tcort is the cortical tension in the cell, and hf(‘0 þ z)i
is the mean force per microvillus. This force is assumed to

follow the behavior of a simple spring (9),
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f ¼ kvðL� ‘ðrÞÞ ‘ < L

f ¼ 0 ‘R L
;

(
(4)

where L is the length of the resting microvillus, and ‘(r) ¼
‘0 þ z (r) is the distance between the cell body and the

substrate. Experimental measurements of microvillus lengths

indicate that they are distributed according to a gamma distri-

bution. Thus, the probability density function (pdf) for L is

gðL; a; bÞ ¼
1

baGðaÞ L
a�1e�L=b if L > 0

0 otherwise

;

(
(5)

where G(a) is the gamma function. Fig. 2 shows the pdfs of

gamma distributions we used in this study. Taking into

consideration the distribution of microvillus lengths, the

average force per microvillus hfi becomes

hf i ¼ kn½abf1� Gð‘ðrÞ; a þ 1; bÞg
� ‘ðrÞf1� Gð‘ðrÞ; a; bÞg�;

(6)



FIGURE 2 Probability density function of the gamma distributions repre-

senting the distribution of the microvilli length (in micrometers). Gamma

distribution parameters of a ¼ 2.58 and b ¼ 0.103 correspond to a mean

microvilli length of 265 nm and a standard deviation of 165 nm (dotted
line). This gamma distribution fits the neutrophil microvilli lengths measured

by Bruehl et al. (14) and represented by the shaded bars. Also displayed are the

gamma distributions that we used in the sensitivity analysis and that fit the

measured values reported by Shao et al. (9). Parameters {a ¼ 6.25, b ¼
0.048} and {a¼ 7.25, b¼ 0.048} correspond to the measured values {300 5

120 nm (solid line)} and {350 5 130 nm (dashed line)}, respectively.

ITIRF
u:a: ð‘0Þ ¼

2n0f030i0

R2

ZR

0

ZN

0

ZL

0

e�½‘ðrÞ�Dc �=dp

� bðD=L; c; dÞgðL; a; bÞr dDdLdr:

(12)
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where GðL; a; bÞ ¼
R L

0
gðL; a; bÞdL denotes the cumulative

distribution function of the above-defined gamma distribu-

tion with parameters a and b. (See Supporting Material for

additional details.) The contact stress is the product of the

average force per microvillus and the number of microvilli

per unit area, s ¼ nv hfi. Integrating the contact stress over

the whole area of contact of radius R (assuming axis-

symmetry) leads to the total force exerted by the microvilli

for a given contact area or a given compression of the cell:

Total force ¼
Z R

0

s2pr dr: (7)

The radius of the contact zone R is taken as the point where

the separation distance ‘(r) reaches a value of 615 nm. (See

Supporting Material for justification.)

Protein distribution on the cell surface

The relative location of a molecule along the length of

a microvillus is conveniently described by a beta distribution.

Thus, we express the distance of a protein to the cell body as

D (see Fig. 1) such that the ratio Q ¼ D/L is a random vari-

able that follows a beta distribution with parameters c and d:

bðQ; c; dÞ ¼
Gðc þ dÞ
GðcÞGðdÞ Qc�1ð1� QÞd�1

if Q˛½0; 1�

0 otherwise

:

8<
:

(8)

This probability distribution is flexible enough to cover a wide

range of situations. For instance, when c> d, proteins are more
concentrated toward the tip of the microvilli. Conversely,

when c > d, they segregate toward the cell body between the

microvilli. When c¼ d¼ 1, they are uniformly spread between

the tip of the microvilli and the cell body. Example distribu-

tions are shown in Results (see also Fig. 5).

When a microvillus is compressed, we assume that the

molecular separation distance changes in proportion to the

compression of the microvillus. Thus, the molecular distance

to the surface on a compressed microvillus Dc is given by

Dc ¼ DcðD; LÞ ¼
D if L < ‘ðrÞ

‘ðrÞD=L otherwise
:

(
(9)

TIRF/EPI-intensity ratio

To calculate the intensity of fluorescence in TIRF, we

assume that all the proteins are homogeneously fluorescently

labeled and that the quantum efficiency f0 and the molar

extinction coefficient 30 of the fluorophores are independent

of the distance from and the orientation to the glass interface.

This assumption is reasonable in light of the fact that the

characteristic dimension of surface irregularities (~100 nm)

is much larger than the size of the antibodies used to label

the surface proteins (~10 nm). The fluorescence intensity

measured at the interface and emitted by any fluorophore

bound to a protein on a microvillus of initial length L and

located at distance Dc from the cell body can be expressed as

iTIRFð‘ðrÞ; D; LÞ ¼ f030i0e�½‘ðrÞ�Dcð‘ðrÞ;D;LÞ�=dp ; (10)

where i0 stands for the fluorescence intensity of the fluorophore

at distance zero from the interface, and the parameter dp is the

characteristic penetration depth of the evanescent wave,

dp ¼
l

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

1 sin2q1 � n2
2

p ; (11)

where l is the wavelength of the illumination, n1 and n2 are

the refractive indices of the cover glass and of the cell,

respectively, and q1 denotes the angle of incidence of the

excitation light (10). Integrating over the distributions for

D and L, and accounting for the radial dependence of sepa-

ration distance beneath the surface contour in the contact

zone results in the following expression for the TIRF inten-

sity (see Supporting Material for details):
The mean epi-fluorescence intensity per unit area can be

expressed as

IEPI
u:a: ¼ n0f030i0x; (13)
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RMod
TIRF=EPIð‘0Þ ¼

ITIRF
u:a: ð‘0Þ

IEPI
u:a:

¼ 2

xR2

ZR

0

ZN

0

ZL

0

e�½‘ðrÞ�Dc�=dp

� bðD=L; c; dÞgðL; a; bÞr dDdLdr;

(14)
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where x denotes an unknown constant (identical for all fluo-

rescent molecules, regardless of their distribution relative to

surface topography) that both depends on the depth of focus

and reflects the difference in amplitude of the incident

epi-illumination compared to the TIRF illumination at the

interface. Dividing Eq. 12 by Eq. 13, the ratio of ITIRF
u:a: ð‘0Þ

versus IEPI
u:a: for a given compression of the cell can therefore

be expressed as

which can be determined up to the constant x.
RESULTS

Model constants

In accordance with our experimental setup and observed data

(refer to companion report), a few parameters, gathered in

Table 1, were kept constant throughout this analysis. We

used a diode laser of wavelength l ¼ 532 nm, cover glasses

of refractive indices n1 ¼ 1.516, and an angle of incidence

q1 ¼ 69� for the TIRF illumination. Reichert and Truskey

(11) showed that the refractive index of the cell membrane

can be neglected, so we used n2 ¼ 1.37, which corresponds

to the refractive index of the cell cytoplasm (10). The pene-

tration depth of the evanescent wave dp was then calculated

as 119 nm using Eq. 11. According to our observations on

neutrophils, we set nv, the number of microvilli on the

surface, to 1.5 mm�2, and Rc, the radius of the cell, to 4.1 mm.

We chose an average value of 20 pN/mm for the cortical

tension of the cell Tcort (8,12,13).

As an aside, Eqs. 12 and 13 involve n0, the average

number of proteins per unit area of the cell membrane.

This parameter was assumed to be constant and independent

of the length of the microvilli. This assumption was based on

the report by Bruehl et al. (14), who quantified L-selectin

distribution on human leukocyte microvilli by immunogold

labeling and transmission electron microscopy. The average
TABLE 1 Optical and cellular constants

Optical constants

Wavelength of the excitation light l 532 nm

Refractive index of the glass n1 1.516

Refractive index of the cell cytoplasm n2 1.37

TIRF angle of incidence q1 69�

Penetration depth of the evanescent wave dp 119 nm

Cell constants

Cell radius Rc 4.1 mm

Microvilli density nv 1.5 /mm2

Cortical tension Tcort 20 pN/mm
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number of gold particles per microvillus was found to be

independent of the microvillus length.
Microvilli length

Using transmission electron microscopy, Bruehl et al. (14)

measured the lengths of human neutrophils’ microvilli and

provided a histogram of their distribution. This histogram is

reproduced in Fig. 2, and it is well represented by a gamma

distribution with shape and scale parameters a ¼ 2.58 and

b¼ 0.103. These parameters correspond to a mean microvilli

length of 265 nm and a standard deviation of 165 nm. Using

two alternative techniques, scanning electron microscopy

and a micropipette manipulation system, Shao et al. (9) esti-

mated the mean and standard deviation of L as 350 5 130 nm

and 300 5 120 nm, respectively. The parameters of the

gamma distributions corresponding to such means and stan-

dard deviations were estimated as a ¼ 7.25 and b ¼ 0.048,

and a¼ 6.25 and b¼ 0.048, respectively. Fig. 2 shows the re-

sulting pdfs comparing how the length of the microvilli is

distributed under these three sets of parameter estimates.

Our primary investigations were based on the parameter esti-

mates obtained from the data of Bruehl et al. (14), because

they provided results in better agreement with our own exper-

imental data. Parameter estimates resulting from Shao et al.

(9) reported values were considered in a sensitivity analysis,

however. The parameters of the gamma distribution, a, b, mL,

and sL, both the typical values and the range of values explored

in this sensitivity analysis, are summarized in Table 2.
Cell surface contour

The cell surface contour is calculated numerically by inte-

grating simultaneously the three first-order differential equa-

tions given by Eqs. 1–3, where hfi is replaced by Eq. 6. Besides

the parameters a¼ 2.58 and b¼ 0.103 of the gamma distribu-

tion of the microvillus lengths, we had to choose a typical

value for kv, the microvillus spring constant. Shao et al. (9)

published an estimated value of 43 pN/mm. The values

obtained by adjusting the model to the data from our four

donors ranged between 28 and 38 pN/mm (see companion

article in this issue, (15)). For the calculations here, we use

a compromise value of 38 pN/mm, as reported in Table 2.

Fig. 3 shows a series of surface contours that were obtained

for these typical values by using different starting values for

the center spacing ‘0: from top to bottom, 500, 300, 200,

150, 125, and 110 nanometers. As the force of compression

increases (or ‘0 decreases), the curvature of the cell surface

gradually decreases before becoming almost flat in an

increasing area at the center of the contact zone. For the values

of the parameters used here, the value ‘0 for which the

maximum compression of the microvilli is reached and the

cell surface becomes completely flat is 96.86 nm. This

suggests that a microvillus of average length 265 nm could

be compressed down to almost a third of its initial length.



TABLE 2 Model parameters

Parameters Primary values Alternative values

Gamma distribution (microvilli length) mL 5 sL (nm) 265 5 165 300 5 120 and 350 5 130

(a, b) (2.58, 0.103) (6.25, 0.048) and (7.25, 0.048)

Beta distribution (protein localization) (c, d)

Uniform (1, 1)

Microvilli tips (3, 1) (10, 1) and (1, 0.33)

Cell body (1, 3) (1, 10) and (0.33, 1)

Microvillus spring constant kv (pN/mm) 38 or 31.9 25, 43, and 75

Vertical distance to the cell body,

defines the contact area pR2

‘(R) (nm) 615 550 and 680

Experimental constant x 1.6 1.2 and 2.0

Molecular Accessibility and Topography 373
Total force

The total force exerted by the microvilli over the whole

cell-substrate contact area can be calculated as a function of

increasing impingement using Eq. 7 and with the impinge-

ment force expressed as a function of contact areas. Fig. 4

displays the resulting curves for three different microvillus

spring constant values (from bottom to top: kn ¼ 25, 43, and

75 pN/mm) using the typical values of microvillus lengths

(265 5 165 nm). The force required to produce a given

contact area increases with the spring constant because it takes

more force to compress the microvilli to the prespecified sepa-

ration distance that marks the boundary of the contact zone. In

the study described in a companion report (15), contact areas

ranged up to 20–25 mm2, corresponding to predicted forces in

the range of 50–100 pN.

Protein distribution on the cell surface

Multiple studies using immunoelectron microscopy have

been completed to quantitatively determine the spatial distri-

bution of cell adhesion molecules relative to the cell surface

topography (14,16–18). These studies indicate that the cell

adhesion molecules under study tend to be systematically

positioned preferentially on the microvilli (L-selectin) or on

the planar cell body (LFA-1 and Mac-1) of leukocytes. The

percentage of molecules in one region or the other ranged
FIGURE 3 Cell surface contour given by the radial coordinate r and the

vertical distance from the cell body to the substrate ‘(r) ¼ ‘0 þ z(r) for

several impingement forces illustrated by their corresponding distances ‘0.

From top to bottom, ‘0 is equal to 500, 300, 200, 150, 125, and 110 nm.

These curves were generated using a microvillus spring constant of 38

pN/mm, and correspond to compressive loads of 1.4, 11.6, 33.8, 68.5,

113.9, and 183.5 pN for the ‘0 parameter values used in the calculations.
from 70 to 90%. The beta distributions that produce the best

agreement with our data (refer to companion report (15))

are in very good agreement with these observations. For

example, if the parameter d is taken to be 1.0, the values for

the parameter c for L-selectin ranged from 2.2 to 3.3, corre-

sponding to 78–90% of the molecules being located in the

top half of the microvillus. Values for the parameter d (c¼ 1)

that matched data for the integrins LFA-1 and Mac 1 appeared

to vary more, from 1.5 to 15.5, corresponding to 60–99% or

greater of the molecules in the bottom half of the microvilli.

The pdfs for several different molecular distributions are

shown in Fig. 5, A and B.
Effects of protein localization on the
TIRF/EPI-intensity ratio

A critical test of the usefulness of the model is to predict

behavior observed experimentally. In Fig. 5 C are shown

data for two different molecules, one that tends to be distrib-

uted at the tips of microvilli (L-selectin) and one that tends to
FIGURE 4 Total force exerted by the microvilli calculated over the

contact area as a function of increasing impingement for three different

microvillus spring constant values (from bottom to top: kn ¼ 25, 43, and

75 pN/mm). To calculate the contact areas, we used a value of 615 nm for

‘(R), the vertical distance between the cell body and the substrate at the

edge radii R of the contact areas.
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FIGURE 5 (A and B) Probability density function of the

beta distribution illustrating the localization of the proteins

along the microvilli. (A) When the parameters of the beta-

distribution c and d are such that c < d, the proteins are

predominantly localized on the planar cell body. (B)

When c > d, they are concentrated around the tips of the

microvilli. For comparison, the distribution corresponding

to c ¼ d ¼ 1 is also displayed. In that case, proteins are

uniformly distributed along the microvillus length. (C)

TIRF/EPI-intensity ratio as a function of the contact area.

The symbols represent measurements obtained from one

donor. Stars represent data for L-selectin and circles repre-

sent data for LFA-1. The two solid lines correspond to the

model curves adjusted to these experimental data. The

corresponding values for the distribution parameters c and

d are given in parentheses. For comparison, the model

prediction for the uniform protein distribution (shaded

line) is displayed. (D) TIRF/EPI-intensity ratios predicted

by the model for the beta distributions displayed in panels

A and B.
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be distributed on the cell body (LFA-1). Each point represents

a measurement obtained from one TIRF image for one cell

under a certain force of impingement. There were seven-to-

nine cells tested per protein (refer to companion report

(15)). Fig. 5 C also shows the RMod
TIRF=EPI

calculated from

Eq. 14 as a function of pR2 for three characteristic protein

distributions: one for molecules distributed preferentially at

the microvilli tips (3,1); one with preferential distribution to

the cell body (1,3); and one with a uniform distribution

(1,1). Other model parameters took on typical values, except

for kv, for which a value equal to 31.9 pN/mm was found to

provide a good match between prediction and measurement.

The model agrees well with experimental observation that

the more the distribution of proteins tends toward the tips of

the microvilli, the higher the ratios of fluorescence intensities

(TIRF over EPI) and the faster they increase with the contact

area. As expected, ratios obtained for the case where proteins

are uniformly spread on the cell surface are intermediate

between ratios obtained for proteins located on the tips of

the microvilli and proteins concentrated on the cell body.

Overall, as shown in Fig. 5 C, the RMod
TIRF=EPI

varies substan-

tially by changing the values of either c or d. Thus, as

expected, proteins that are dissimilarly localized on the micro-

villi result in dissimilar ratios of TIRF/EPI-intensity.

The values for c and d in the beta distribution can be varied

over a wide range, and different pairs of values may produce

similar distributions. Nevertheless, a few general trends as to

how changing the molecular distribution is predicted to affect

the TIRF/EPI ratio, are evident. When c> d, the proteins will

segregate more toward the tips of the microvilli. As a conse-

quence, the ratio RMod
TIRF=EPI

will
Biophysical Journal 97(1) 369–378
1. Have a higher initial value.

2. Increase faster with the surface of contact.

3. Reach higher values for the largest contact area.

This is illustrated in Fig. 5 D when c increases from 3 to 10,

with the value of d remaining equal to one. When d > c, the

proteins will segregate more toward the cell body, and the

ratio RMod
TIRF=EPI

will

1. Have a lower initial value.

2. Increase more slowly as a function of the contact area.

3. Reach smaller values for the largest contact areas.

Again, this is illustrated in Fig. 5 D when d is increased from

3 to 10, with c equal to one. In summary, the ratios TIRF

over EPI will drift farther apart from the uniform distribution

as the proteins concentrate more toward the extremities of

the microvilli (that is, either their tip or the cell body).

All pairs of values (c, d) satisfying c > d would describe

a situation where proteins tend to segregate closer to the tip

of the microvilli than to the body of the cell. By selecting

appropriate values for these parameters, one can modulate

not only how close to the tip of the microvilli the proteins

are located, but also the shape of the distribution. For instance,

beta distributions with parameters (3, 1) and (1, 0.33) would

both distribute 70% of the proteins on the upper third of the

microvillus length (see Fig. 5 B). However, the proteins would

be distributed quite differently over the length of the microvilli

under these two scenarios. Although the resultant values for

the TIRF/EPI ratio predicted by our model are different in

these two cases (see Fig. 5 D), these predictions do not differ

substantially. Conversely, whenever d> c, proteins tend to be

distributed toward the cell body, and different values of these
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constants can produce different protein distributions but they

would still provide similar predictions for the TIRF/EPI ratio

(Fig. 5, A and D). To limit the range of possibilities when

comparing model predictions to the data, we have arbitrarily

chosen the smaller of the two parameters (c and d) to be

1.0. To adjust the model predictions to the observations, we

varied the value of the other parameter.
SENSITIVITY ANALYSIS

Gamma distribution for the microvilli lengths

Although we have done our best to match the distribution of

microvilli lengths to published measurements, we recognize

the potential for measurement error in determining these

distributions. Indeed, different studies have produced

different means and variances for the distribution of micro-

villi lengths. Therefore, understanding how changes in the

distribution might affect model predictions is of interest.

This is illustrated in Fig. 6 A, where the three gamma

distributions shown in Fig. 2 are used to generate different

model predictions. All RMod
TIRF=EPI were calculated using the

primary parameters listed in Table 2 (kv ¼ 38 pN/mm). Inter-

estingly, the model predictions remain similar when using

any of the three gamma distributions resulting from literature

reports. Although the effect of changing the distribution of

the length is more pronounced for molecules concentrated

around the tip of the microvilli than for those sequestered

near the cell body, in all cases, the changes are not as

dramatic as when altering the distribution of proteins along

the microvilli. The importance of having a distribution of

microvilli lengths is demonstrated by considering the case
A B

DC
where all microvilli are assumed to have the same length

of 300 nm. As observed in Fig. 6 A, when microvilli have

a constant length instead of variable lengths, the predictions

of the ratio RMod
TIRF=EPI as a function of area exhibit a distinct,

steplike behavior that is less consistent with experimental

observations. The ratio RMod
TIRF=EPI

becomes a smoother func-

tion of the contact area when the variance of the length of

the microvilli increases.

Microvillus spring constant

The choice of the microvillus spring constant kv can have

significant effects on the predicted dependence of the TIRF/

EPI ratio as a function of contact area (See Fig. 6 B). The range

of possible values for kv has a lower bound that is determined

by the cortical tension of the cell and the density of microvilli

on the surface. According to Eq. S4 (found in Supporting

Material), the smallest feasible value of the microvillus spring

constant kv is 24.54 pN/mm for the primary parameters

reported in Table 2. The effect of kv on the ratios RMod
TIRF=EPI

as

a function of the contact area for three values in the allowable

range are shown in Fig. 6 B (from top to bottom, kv ¼ 25, 43,

and 75 pN/mm). The remaining model parameters were set to

the typical values given in Table 2. As one can see in Fig. 6 B,

changing kv primarily alters the slope of the model predictions.

For each protein distribution (microvilli tips or cell body), the

three ratios RMod
TIRF=EPI

start around the same value before drift-

ing apart with increasing contact area. The smaller the kv, the

faster the ratio increases with increasing contact area. The

sensitivity of the model predictions to kv makes this an impor-

tant parameter when searching for agreement between model

predictions and experimental observations.
FIGURE 6 Effect of (A) the gamma distribution of the

microvillus length; (B) the microvillus spring constant kv;

(C) the vertical distance ‘(R) from the substrate to the cell

body at radial position R; and (D) the coefficient x on the

TIRF/EPI-intensity ratio predictions as a function of the

contact area. All four panels show model predictions for

the two typical beta distributions with parameters (c, d) ¼
(3,1) and (1,3). When not specified, model parameters

are given primary values. Three of the four gamma-

distributions studied in panel A are represented in Fig. 2.

The dotted, solid, and dashed curves stand for the microvilli

length distributions 265 5 165 nm, 300 5 120 nm, and

350 5 130 nm, respectively. The dotted-dashed curve

corresponds to the case when the microvillus length is

given a single value of 300 nm.
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Vertical distance ‘ at radial position R

The contact area pR2 over which RMod
TIRF=EPI

is calculated,

depends on the vertical distance ‘ from the glass surface to

the cell body at radial position R. We selected a value of

615 nm based on observations made on resting neutrophils.

To explore the influence of the value chosen for ‘(R) on the

ratios, we calculated them for two other values of ‘(R), specif-

ically 550 and 680 nm. Fig. 6 C shows that the ratio RMod
TIRF=EPI

decreases with increasing ‘(R). For a given distribution of the

protein, the value of the decrease in RMod
TIRF=EPI

is very similar

for all contact areas. Thus, the main effect of varying ‘(R) is

to change the effective intercept of the model predictions.

The reason for this decrease lies in the way RMod
TIRF=EPI

is calcu-

lated. Even though RMod
TIRF=EPI

corresponds to the ratio of the

intensities per unit area, it is calculated by integrating the

TIRF intensity over the whole contact area, divided by

the surface area. Therefore, the higher the ‘(R), the higher

the radius R, and the bigger the contact area. In such circum-

stances, the TIRF intensity per unit area is reduced. Experi-

mentally, we have endeavored to be consistent in the way in

which we choose the contact area for measurement. There-

fore, the value of ‘(R) is held constant for all donors and all

different types of molecules.

Experimental constant x

The coefficient x is a physical parameter that depends on the

depth of focus, and reflects the difference in intensity of the

incident epi-illumination compared to the TIRF illumination

at the interface. This coefficient could be affected by several

factors, especially the experimental setup (microscope, objec-

tive, illuminations, etc.). From a practical standpoint, x cannot

be smaller than one. We found that coefficients x ranging from

1.24 to 2.33 provided the best agreement between model

predictions and experimental results. Fig. 6 D illustrates

how changing x affects the ratios. Increasing x lowers the

RMod
TIRF=EPI

values for all values of the contact area. In addition,

for a given distribution of the protein, the decrease in the

value of RMod
TIRF=EPI

becomes more and more significant with

increasing contact area. Thus, x acts as a scaling factor that

depends principally on the physical setup of the microscope.
DISCUSSION

The accessibility of adhesion molecules to their binding part-

ners is a critical factor in bond formation during leukocyte

adhesion. The distribution of molecules relative to the cell

surface topography can have a substantial effect on the kinetics

of bond formation between cells and substrates. The model

described here provides a framework for the quantitative

assessment of molecular availability that accounts for a number

of important physical features of the cell surface and the distri-

bution of molecules on the surface. Specifically, we have

accounted for the deformability of the cell surface and the

balance of forces in the interface, as well as the variability of
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surface protrusion lengths and the preference for molecules

to reside at or away from the tips of surface projections. We

have also convolved the distribution of molecules at the inter-

face with a decaying evanescent excitation illumination to

predict the fluorescence intensity in TIRF microscopy, and

shown good fidelity between the model predictions and exper-

imental observations. Although the model is complex, and

includes a number of parameters that can be adjusted to obtain

agreement between theory and experiment, simpler modeling

approaches provided a poor match to experimental observa-

tion. Bruehl et al. (14) and Shao et al. (9) have established

that microvilli have dissimilar lengths, and that their length

can vary dramatically, even among microvilli of the same

cell. Failure to account for this characteristic of the cell surface

results in a too-abrupt change in fluorescence intensity as the

cell is compressed onto a surface. An even simpler model in

which the contact zone was regarded as a uniform layer with

a molecular concentration that varied with distance from the

cell surface resulted in an even poorer match to the data (not

shown). In this case, although molecules located near the

tips, far from the cell surface, gave higher intensities than

molecules located near the cell surface, there was little change

in signal as the layer was compressed, and there was no

apparent difference in how much the intensity increased with

compression for the different molecular distributions. This was

in sharp disagreement with experimental observation. Thus,

both the distribution of microvillus lengths and an accurate

accounting of the mechanics of the cell-substrate interaction,

including changes in surface contour and compression of the

microvilli in the interface, are critical elements of the model.

An early finding in the investigation of leukocyte adhesion

to endothelial ligands in shear flow was that firm attachment of

cells via integrin bonding was greatly facilitated by prior roll-

ing interactions mediated by selectins (19). Our interest in the

change in the concentration of molecules at the interface with

compression was motivated by the question: How much was

this enhancement simply due to an increase in the accessibility

of integrins to the substrate from the compression of the cell

onto the substrate during rolling? The forces of interaction

produced during cell rolling are comparable to those estimated

from our model analysis. Based on the work of Goldman et al.

(20), and as previously discussed in Spillmann et al. (21),

a shear force of 2.0 dyn/cm2 (0.2 N/m2) should produce a tor-

que on a spherical cell of radius 4.0 mm of ~4 � 10�16 Nm.

This would be balanced by a reaction force of ~125 pN and

a contact area z35 mm2. If the enhancement of integrin

binding as a result of cell rolling were simply due to a mechan-

ical effect, we expected to see a substantial increase in the

presence of integrins at the interface at this level of force.

Consistent with this expectation, there is an increase of five-

to 10-fold in the presence of integrins at the interface at this

level of force and contact area compared to cells resting lightly

on the surface. Interestingly, the increase in surface accessi-

bility for molecules located at the tips of microvilli also

increased substantially, similar on a fractional basis, but
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much larger in absolute terms. This indicates that rolling inter-

actions should be self-reinforcing, in that once rolling starts,

substantially more molecules become available at the inter-

face for further bond formation. Consideration of the model

features that lead to this prediction indicates that the primary

mechanism for increasing molecular presence at the interface

with compression is that more and more microvilli are brought

into contact with the surface, rather than the alternative aspect

that the cell surface is drawing closer to the substrate. The

increase in microvillus contact is not simply the result of

increasing the macroscopic contact area, as the predictions

are already normalized for contact area. Rather, as the longest

microvilli are compressed, shorter microvilli, previously not

reaching the surface, begin to come into contact.

The fact that the number of molecules per unit area at the

interface increases so substantially with increasing contact

area may at first seem to contradict a prior report from our

laboratory that the probability of adhesion increases linearly

with contact area. (See Figs. 3 and 4 in (21).) Bimolecular

reaction theory indicates that the formation of a bond at the

interface should depend on the product of the density of adhe-

sion molecules at the interface and the contact area. Thus, if

both the number per unit area and the area are increasing, as

our current study indicates, the dependence of bond formation

on contact area should increase more than linearly. In consid-

ering this apparent contradiction, we note that the contact

stress s in the two experiments was markedly different

because of the curvature of the substrate. A model of the

cell as a fluid droplet leads to (21)

s ¼ Tcort

�
1

Rc

þ 1

Rs

�
; (15)

where Rs is the radius of curvature of the substrate. In this study,

1/ Rs ¼ 0, whereas previously, 1/ Rs ¼ 0.44. Thus the contact

stress was ~3� as large in the previous study as in this one,

which should have caused more complete compression of

microvilli in the interface. Note that although the compression

of an individual microvillus is assumed to be linear, the com-

pression of the interface is expected to be nonlinear because

of the increasing numbers of microvilli engaged at the surface

as the longest microvilli are compressed. At higher contact

stress, the resistance to compression becomes larger, leading

to a slower increase in the concentration of molecules at the

interface with further compression. It is worthy of note that

some nonlinearity in behavior was observed in our prior study,

but only at the lowest contact areas tested. We originally

attributed this to measurement error, but it is possible that

this was a reflection of the higher than linear dependence of

bond formation on area predicted from our current model.

An important distinction between this analysis and cell

rolling in vivo is the assumption that the cell has reached

a mechanical equilibrium with the substrate. This approach

neglects potential contributions to the forces of interaction

from the viscous resistance of the cell to rate of deformation.
In a previous report, we examined the rate of change of

contact area between a cell and a stationary surface under

a constant load (7). Theory and measurement both showed

that an equilibrium contact area was approached rapidly,

such that the contact area was within 10–20% of the equilib-

rium value within 1.0 s. This rapid rate of relaxation indi-

cates that the assumption of equilibrium is a good one for

the experiments described in a companion report, where

the cell is stationary on the glass for several seconds before

measurement. It would also be reasonable when the rate of

cell rolling in vivo is low, such that the portion of the cell

membrane in contact with substrate remains so for periods

of a few seconds. However, this would require rolling veloc-

ities of ~1.0 mm/s, 10–100 times slower than rolling veloci-

ties typically measured in vivo (22). The consequence of this

is that the contact area in vivo is likely to be smaller than pre-

dicted by our analysis, but the contact stress is likely to be

larger, as the same forces are distributed over a smaller

area. The former effect would tend to reduce the likelihood

of bond formation, but the latter would tend to increase

(significantly) the number of molecules in the interface avail-

able for binding, as the greater contact stress would lead to

greater compression of the microvilli in the interface.
CONCLUSIONS

A model of the cell interface during cell compression

accounts for observed changes in the relative fluorescence

obtained in TIRF microscopy for molecules with different

distributions relative to the cell surface topography. Critical

elements of the modeling include a nonuniform distribution

of microvillus lengths from the cell surface, compressible

microvilli, and calculation of the global surface curvature

from mechanical force balance. The model is applied in a

companion report (15) to examine the surface accessibility

of four principal adhesion molecules on neutrophils and

changes in their accessibility with compression.
SUPPORTING MATERIAL

Nineteen equations are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(09)00899-6.
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