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Abstract
The parallel-plate flow chamber is applied in immunological studies to quantify the adhesivity of cells (e.g. leukocytes) onto
ligand-bearing substrates (e.g. endothelial cells) under fluid-flow conditions that mimic the human vasculature. It is also applied
to quantify platelet adhesion in vascular injury models, and tumor cell adhesion in models of cancer metastasis. Typical
measures of cell adhesion in this setup include the rolling and adherent cell density. These measures are functions of not only
the cellular adhesivity, but also of the physical features of the experimental system (e.g. inlet cell concentration) and observation
time. Here, we present a mathematical model to better analyze experimental data on cell rolling, firm-arrest and transmigration.
The overall goal is to quantify the biological adhesivity of cells independent of the physical parameters that control the rate of
cell – substrate and cell – cell collision. This analysis yields four independent parameters: Primary capture frequency quantifies
the rate at which cells in the free stream initiate rolling. Firm-arrest frequency is a measure of the transition from rolling to firmbinding. These two frequency parameters are inversely proportional to the distance the average cell convects in the free stream
adjacent to the substrate before tethering, or rolls on the substrate before firm-adhesion, respectively. Rolling-release frequency
is introduced to quantify the reversible release of cells from rolling back into the free stream. Finally, cell – cell capture
probability quantifies the fraction of collisions between cells in free stream and recruited substrate-bound cells that result in
tethering. The proposed analysis methodology may find application in studies of inflammation, thrombosis and cancer research.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
The parallel-plate flow chamber has a defined flow
profile that simulates the features of hydrodynamic
Abbreviations: hfr, primary capture frequency; hra, firm-arrest
frequency; hcc, cell – cell capture probability; hrf, rolling-release
frequency; PSGL-1, P-selectin glycoprotein ligand-1; ICAM-1,
intercellular adhesion molecule-1.
* Corresponding author. Tel.: +1-716-645-2911x2220; fax: +1716-645-3822.
E-mail address: neel@eng.buffalo.edu (S. Neelamegham).

forces found in the vasculature. It is commonly used
in immunological studies, especially to simulate
inflammatory ailments where leukocytes adhere onto
the vascular endothelium under flow (Gopalan et al.,
1997). It has also been used to study the rate of
platelet adhesion and thrombus formation in models
of vascular injury (Kroll et al., 1996). Recent studies
also quantify the rate of tumor cell attachment to
platelets in a model of hematogeneous metastasis
(Felding-Habermann et al., 1996). While some of
the studies aim to identify the molecules involved in

0022-1759/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0022-1759(03)00082-6

306

Y. Zhang, S. Neelamegham / Journal of Immunological Methods 278 (2003) 305–317

cell adhesion under shear conditions, others quantify
the biophysics of receptor– ligand interaction (Alon et
al., 1995). The emphasis of the latter work is on
understanding the structure – function relationships
guiding adhesion molecule affinities upon application
of mechanical forces. Overall, this device is commonly applied in studies of various families of cellsurface adhesion molecules including members of the
selectin, integrin and immunoglobulin families.
Three parameters, the density of rolling cells, the
density of adherent cells and the time for cell transmigration or diapedesis, are quantified in typical flow
chamber experiments. While these parameters are
measures of the biological properties of cells/adhesion
molecules, they are also dependent on the physical
features of the system that control the rate of cell
collision with the ligand-bearing substrate and with
surface-bound cells. These physical features include
the cell and fluid density, cell size, flow chamber size
and applied shear rate (Munn et al., 1994; Zhang and
Neelamegham, 2002). Further, the number of rolling
cells directly influences the number of adherent cells,
which in turn alters the rate of cell transmigration.
Since the aim of flow chamber studies is to quantify
the adhesivity of cells and receptors over a range of
fluid shear conditions independent of the physical
features of the flow system, we recently proposed an
analysis strategy to quantify the biological adhesivity
of cells (Zhang and Neelamegham, 2002).
In the current manuscript, we present a major
simplification of our previous work (Zhang and Neelamegham, 2002). Specifically, instead of solving a
series of complex partial differential equations to
calculate the number of cell –substrate collisions as
in the previous paper, we demonstrate that nearly
identical results can be obtained by using a simpler
trajectory/collision-analysis approach. This simplification leads to reduction in model computational time
by f 50 times. Depending on the choice of parameters, it now takes f 10– 15 s to simulate a 10-min
flow chamber run on a 366-MHz Pentium PC. The
new version also eliminates some of the finite-difference approximations that were present in the previous
work. Finally, while the previous paper only considered cell rolling and firm-arrest, we have included cell
transmigration in the current version. We feel that this
is important since leukocyte transmigration is
observed in studies where the substrate is composed

of human umbilical vein endothelial cells (HUVEC)
(Tsang et al., 1997). Rapid cell transmigration may
also reduce the contribution of secondary cell – cell
capture in adhesion studies. Overall, we anticipate
that these model changes and simplifications along
with the availability of the code in public domain (at
the journal website and at www.eng.buffalo.edu/
~neel/pplate) will appeal to biological and immunological laboratories (Zhang and Neelamegham,
2003).

2. Data analysis methodology
The parallel-plate flow chamber consists of two
parallel plates of length L separated by a distance 2b
(Fig. 1). In this schematic, the origin of the (x,y) axis
is set at the bottom left-hand corner. The bottom plate
of the chamber, corresponding to y = 0, bears a substrate composed of either ligand-bearing cells or
isolated adhesion molecules. In typical experiments,
a syringe pump draws a dilute cell suspension into this
device at a constant flow rate Q in the x-direction. The
wall shear rate (cw) at the bottom substrate is related to
the flow rate, chamber height, and flow section width
(w) by the relation cw = 3Q/2b2w. The wall shear stress
sw for a Newtonian fluid with viscosity l is then
defined as sw = lcw.
2.1. Cell trajectory
Cells entering the flow chamber are modeled to be
spheres of radius a with microvilli protrusions of
length k. These cells both settle onto the bottom
substrate due to gravity at a velocity vset and simultaneously convect in the free stream with velocity uf
(Fig. 1). The settling velocity at any point is given by
(Davis and Giddings, 1985):
vset c

v0set
1 þ a=ðy  aÞ

ð1Þ

0
Here, the numerator v set
is the free settling velocity far
from the chamber substrate. It is described by Stokes
0
equation (vset
= 2Dqga2/(9l)) where Dq is the difference between media and cell density (qc  qm). As the
cell approaches the substrate, its settling velocity is
reduced due to a balance between two opposing
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Fig. 1. (A) Flow chamber. Figure depicts a parallel-plate flow chamber of height 2b and length L. Cells entering the chamber are modeled as
spheres of radius a and microvilli length k. These cells settle at a velocity vset and convect at a velocity uf. Dashed lines near the substrate depict
cell settling profile under conditions listed in Table 1. As seen, only cells entering close to the substrate make contact with the flow chamber.
Expanded insets also depict trajectory of cells. Zcs and Zcc are the frequency of cell – substrate and cell – cell collisions, respectively. (B) Model
equations. Model equations are set up for regions R1 (3a + k>y>a + k), R2(a + kzy z a) and R3 ( y < a) near the substrate. Cell flux in these three
regions is depicted in schematic form. vset, uf and ur are used to depict the flux of cells due to cell settling, free-convection and rolling,
respectively. RP and R 1 are the rate at which cells either initiate rolling following primary capture, or the rate at which rolling cells are released
from the substrate. RS1 and RS2 depict secondary capture in regions R1 and R2, respectively. R is the total capture rate (R = RP + RS1 + RS2). A
denotes the firm-arrest rate.

forces: the forces of gravity that drive the particle to
the surface, and the lubrication layer between the
particle and the substrate that resists this motion.
The denominator of Eq. (1) accounts for this lubrication effect. As seen, close to the plate surface when
the separation distance ( y  a) is small, the settling

velocity vset tends to 0. Far from the substrate, the
denominator is approximately 1.
The convection velocity of the cells in the free
stream far from the surface varies quadratically with
height from the substrate as described below (Eq.
(2a)). Here, umax ( = 3Q/(4bw)) is the maximum con-
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vection velocity at the center of the flow chamber.
Close to the plate surface (at approximately y < 4a),
the convection velocity is reduced by hydrodynamic
wall effects (Goldman et al., 1967). Exact results for
uf at y < 4a are well approximated by Eq. (2b):
uf ¼

umax
ð2by  y2 Þ
b2

uf ¼ fycw

5
1
16

ð2aÞ

yz4a

 3 !
a
y

y < 4a

ð2bÞ

The equations of settling (Eq. (1)) and convection
(either Eq. (2a) or (2b) depending on the y-coordinate)
can be combined to yield an equation that describes
the (x,y) trajectory of a cell (either Eq. (3a) or (3b)). In
this equation, given the coordinate of the cell at any
instant say (x1,y1), it is possible to determine both the
coordinate at which the cell enters the flow chamber
(by setting x to zero and solving for y) and the position
where it touches the substrate (by setting y to equal
a + k and solving for x).
umax
x  x1 ¼ 2 0
b vset



y3  y31 ða  2bÞðy2  y21 Þ
þ
2
3

þ ða2  2abÞðy  y1 Þ þ ða3  2a2 bÞ

ya
 ln
yz4a
y1  a

x  x1 ¼

ð3aÞ


2umax
ðy2  y2 Þ
5
y1
þ a2 ln
aðy1  yÞ þ 1
0
2
16
y
bvset

11
y1  a
þ a2 ln
y < 4a
ð3bÞ
16
ya

The dashed lines in Fig. 1A depict cell trajectories
based on Eqs. (3a) and (3b) above at a wall shear
stress of 0.2 Pa.
2.2. Rationale for model simplification
Recently, we performed a detailed finite difference
analysis of the cell concentration in various regions of
the flow chamber (Zhang and Neelamegham, 2002).
In that model, the entire volume of the flow chamber

(2b>y>0) was divided by a two-dimensional 39  11
grid, and the cell concentration in each of the grid
elements was monitored. Our calculations revealed
that the cell concentration in the free stream above the
chamber substrate, that is, at y>3a + k, reaches steady
state within f 10 s of initiation of shear. However,
the time to reach steady rolling density is much larger,
on the order of several minutes. The difference in
times required to reach steady cell densities in these
two regions is due to the much larger convective
velocity compared to the cell rolling velocity. From
a practical perspective, since the free-stream cell
concentration reaches steady state rapidly and since
typical experimental data is recorded only after the
first minute of introduction of cells, time-resolved
solution of cell concentration in the free stream
( y>3a + k) is not necessary. Numerical and computational simplification of the model is hence possible. In
other words, detailed solution of cell concentration
changes with time is only required for regions close to
the substrate (at y V 3a + k). These regions include
Region 1 or R1 (3a + k>y>a + k), Region 2 or R2
(a + k z yza) and Region 3 or R3 (a>y) shown in Fig.
1 inset. Each of the three regions is divided into m
equal-sized sections along the length of the flow
chamber. For the results presented here, m is set to
11. Thus, instead of solving 39  11 partial differential equations as in the previous version (Zhang and
Neelamegham, 2002), the current model only requires
solution of 3  11 equations. This simplification
reduces model computation time by f 50-fold.
A brief description of regions R1, R2 and R3
follows. R1 is a region of height 2a. As shown in
Fig. 1B, while convection and settling are prominent
features regulating the cell concentration in this region,
the capture of cells in R1 by surface-bound cells may
also be important. This phenomenon where cell – cell
collision results in capture is termed ‘‘secondary capture’’. The rate of secondary capture in R1 is denoted
RS1 (cell capture/area/time). C1 denotes the cell concentration in R1 and uf1 (equal to uf at y = 2a + k) is the
mean cell free-stream velocity. R2 is a region of height
equal to the cell microvilli length, k (Fig. 1B). Cells in
this region are flowing in the free stream while in
contact with the chamber substrate. C2 and uf2 denote
the cell concentration and cell free-stream velocity in
this region. The majority of cells captured onto the
substrate in R2 are recruited via ‘‘primary capture’’
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mechanism. The rate of this process is denoted by RP
(cell capture/area/time). A small fraction of cells in R2
also undergoes secondary capture at a rate RS2 (cell
capture/area/time). Cells captured from R1 and R2 onto
the substrate via both primary and secondary mechanisms initiate rolling (i.e. R = RP + RS1 + RS2). In R3, at
any instant of time, there is Cr rolling cells per unit area.
The rolling velocity is denoted ur. Some rolling cells
may be released into the free stream at a rate denoted
R 1. Rolling cells may also undergo firm-arrest in R3
at a rate A (firm-arrest/area/time). CA (cells/area)
denotes the density of firmly adherent cells on the flow
chamber substrate at any time. The total number of
substrate-bound cells (Nb, cells/area) includes both
rolling and adherent cells, that is, Nb = Cr + CA. Methods for computing C1, C2, Cr and CA are discussed
below.
2.3. Definition of model frequency and probability
parameters
2.3.1. Primary capture frequency
The rate of cell –substrate collision, Zcs (collisions/
area/time), equals the rate at which cells settle from
R1 into R2. This type of collision controls the cell
concentration in R2, C2. Mathematically,
Zcs ¼ C1 vset jat

y¼aþk

ð4Þ

A parameter ‘‘primary capture frequency’’, hfr (unit
of length 1) is introduced to provide a measure of cell
adhesivity. This parameter is analogous to the adhesion efficiency, which is used to quantify the rate of
cell aggregation in suspension (Neelamegham et al.,
1997). According to Eq. (5), the primary capture rate
RP increases in proportion to hfr and C2. By this
definition, the average cell traverses a distance ln(2)/
hfr in region R2 before primary capture (Zhang and
Neelamegham, 2002). The average time taken to
travel this distance (t1/2) is thus ln(2)/(hfruf2).


pa2 Nb
RP ¼ hfr kuf 2 C2 1 
ð5Þ
fmax
In the above expression, the term in parentheses is
introduced to account for the fact that it is never
possible to completely pack the ligand-bearing substrate with rolling cells under real experimental conditions. Thus, at the later time points when a
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substantial fraction of the substrate area is occupied
by rolling and adherent cells, RP is reduced due to a
reduction in free-substrate area available for cell
capture. In the above equation, pa2Nb and fmax are
the fraction of the substrate area occupied by rolling
and adherent cells at any time, and at maximum
substrate coverage, respectively. Also, a linear relationship is assumed between capture rate RP and the
substrate area available for cell recruitment. fmax is a
function of the fluid-flow profile close to the substrate
and the receptor and ligand concentration. Because of
the effect of local fluid flow, we anticipate that this
parameter may be different when cells bind reconstituted purified ligand-bearing substrates in comparison
to a monolayer of ligand-bearing cells.
We consider the physical meaning of fmax. This
parameter can be determined experimentally by performing experiments at high inlet cell concentration
and determining the maximum substrate surface area
occupied at large times at a given shear rate. Based on
such experiments, we estimate fmax to be 0.025 when
neutrophils bind substrates bearing E-selectin and
intercellular adhesion molecule-1 (ICAM-1) cotransfected cells at 0.2 Pa (Zhang and Neelamegham,
2002). The minimum distance of separation between
the centers of any two cells of radius r bound on the
substrate is one cell diameter ( = 2  r). This implies
that a cell of radius r excludes a region of size (p(2r)2)
around it. By the same token, a fmax value of 0.025
implies that 10% ( = 2.5  22) of the substrate-area is
excluded for the binding of another cell.
2.3.2. Cell – cell capture probability
Cell –cell collisions occur in both R1 and R2. We
estimate the number of collisions in each of these
regions by applying the concept of ‘‘collision sphere’’.
According to this, any cell that is bound on the
substrate (either rolling or adherent cell) is surrounded
by an imaginary ‘‘collision sphere’’ with radius = 2a.
If the center of any other cell in suspension enters this
collision sphere, the distance between the two cells
equals one cell diameter, and cell – cell collision is said
to occur. Thus, in R1, the frequency of cell – cell
collision Zcc1 (collisions/area/time) is mathematically
expressed as:
ZZ
Zcc1 ¼ Nb C1
uf dA
ð6Þ
s
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where dA denotes any area element on the collision
sphere and uf is the free-stream velocity at that point.
As seen in Fig. 1B, a small portion of the collision
sphere also lies in R2. Mathematically, the number of
cell –cell collisions in R2, Zcc2 (collisions/area/time)
can be derived similarly as Zcc1 (Eq. (7)). However,
since the height of this region is small and the
convective velocity is much greater than cell settling
velocity, this expression simplifies to:
Zcc2 ¼ 4akuf 2 C2 Nb

ð7Þ

The total number of cell – cell collisions (Zcc) taking
place in the flow chamber is thus given by the sum of
the above, that is, Zcc = Zcc1 + Zcc2.
In our model, we define a dimensionless parameter
‘‘cell –cell capture probability’’ hcc to quantify the rate
of secondary tethering. By definition, hcc equals the
fraction of cell – cell collisions that result in secondary
tethering, and it is always less than 1. The secondary
tethering rate (cells captured/area/time) in R1 (RS1)
and R2 (RS2), are proportional to both hcc and the
frequency of cell – cell collision in that region (Eqs.
(8) and (9)). The fmax factor is again introduced in
these equations based on arguments above.
RS1



pa2 Nb
¼ hcc Zcc1 1 
fmax

ð8Þ

RS2



pa2 Nb
¼ hcc Zcc2 1 
fmax

ð9Þ

2.3.3. Rolling-release frequency
The rolling-release rate (R 1) is used to quantify
the release of cells from rolling back into the free
stream. This may occur either when the off-rate of
ligands bound on the flow-chamber substrate is high
or when the ligand density is sparse. R 1 is linearly
related to the concentration of rolling cells and the
‘‘rolling-release frequency’’, hrf (unit of length 1)
(Eq. (10)). From a physical standpoint, the average
cell can be thought to roll a distance equal to ln(2)/hrf
before being released back into the free stream.
R1 ¼ hrf ur Cr

ð10Þ

2.3.4. Firm-arrest frequency
A denotes the adhesion rate (number of cells
adhering/area/time). This rate is directly dependent

on the number of rolling cells and a parameter ‘‘firmarrest frequency’’, hra (unit of length 1) (Eq. (11)).
hra is introduced to quantify the frequency with which
rolling cells transition to firm-adhesion. Analogous to
the primary capture frequency above, ln(2)/hra is the
average distance that the cell rolls before it switches
to firm-arrest on the substrate. The time taken for
such a transition for an average cell equals ln(2)/
(hraur).
A ¼ hra ur Cr

ð11Þ

2.4. Model mass balance equations
Mass balance equations are written for Regions 1–
3 as follows.
2.4.1. Region 1 or R1 (3a+k>yza+k)
R1 represents the region where secondary capture,
but no primary capture, takes place. The number of
settling cells in this region is estimated by applying
trajectory equation (Eqs. (3a) and (3b)). According to
this equation, given the coordinate at which a cell
settles into R1, that is, given (x1, 3a + k), by retracing
the particle trajectory, it is possible to determine the
point at which this cell entered the flow chamber, that
is, we can determine the entry coordinate (0, y2),
where y2 V 2b. It follows that all cells that enter the
flow chamber with y-coordinate between y2 and 3a + k
settle into R1 in the region between the entrance of the
flow chamber and the point (x1, 3a + k). Mathematically, the number of such collisions (Ncol, collisions/
time) is given by:
Z y2
Ncol ðx1 ; 3a þ k j 0; y2 Þ ¼
Cb uf wdy
ð12Þ
y¼3aþk

Here, Cb is the inlet cell concentration. Based on the
above approach, the number of cells settling into R1
between positions x1 and x1 + Dx in the flow chamber
is given by Eq. (13). Here, SR denotes the settling rate
in (cells settling/area/time). Particles entering the flow
chamber at (0, y2W) enter R1 at (x1 + Dx, 3a + k).
Similarly, particles entering the flow chamber at (0,
y2V) enter R1 at (x1, 3a + k).
SR ¼ tNcol ðx1 þ Dx; 3a þ k j 0; y2WÞ
 Ncol ðx1 ; 3a þ k j 0; y2VÞb=ðwDxÞ

ð13Þ
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Eq. (14a) below mathematically summarizes the
various physical processes controlling the cell concentration in a grid element of R1, located between
points x and x + Dx. The first two terms of this
equation quantify cell convection in and out of the
grid element. The third and fourth terms denote cell
settling rates. Following this is the secondary tethering
rate in R1 quantified by RS1 (from Eq. (8)). The final
term on the right hand side (RHS) represent the timedependent evolution of cell concentration in R1.
2auf 1 wC1 Aat x  2auf 1 wC1 Aat xþDx þ SRwDx
d
 Zcs wDx  RS1 wDx ¼ ð2aC1 wDxÞ
dt

ð14aÞ

0
Introducing parameters x* = x/L, t*=(tvset
)/(2b), C1* =
0
C1/Cb and R*S1 = RS1/(Cbvset), we can rewrite Eq. (14a)
along with appropriate initial (I.C.) and boundary
conditions (B.C.) in dimensionless form:

BC1* bðSR  Zcs Þ b * 2buf 1 BC1*
¼
 RS1 0
a
Bt*
av0set Cb
vset L Ax*
I:C:: C1* ¼ 0; at t* ¼ 0

ð14bÞ

B:C:: C1* ¼ 1; at x* ¼ 0
2.4.2. Region 2 or R2 (a+k z y z a)
R2 is the region with height equal to cell microvilli length, k. All cells in this region are in contact
with the substrate. Since several families of leukocyte adhesion molecules including the selectins and
their ligands are found localized at the tips of
microvilli, primary capture may occur in R2. Eq.
(15a) describes the processes regulating the cell
concentration in any grid element of R2 located
between x and x + Dx. The first two terms describe
the rate of cell convection in and out of R2. The
third term denotes the rate of cell settling into R2.
Following this are expressions that describe the rate
of primary capture (RP), secondary capture (RS2) and
rolling release (R 1). Detailed expressions for RP,
RS2 and R 1 are described in Eqs. (5), (9) and (10).
The final term on the RHS of Eq. (15a) describes the
accumulation of cells in R2.
uf 2 kwC2 Aat x  uf 2 kwC2 Aat

þ Zcs wDx
d
 ðRP þ RS2  R1 ÞwDx ¼ ðC2 kwDxÞ
dt
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Eq. (15a) is written in dimensionless form along with
initial and boundary conditions as:
BC2*
2buf 2 BC2* 2b
2bZ
*  R1
* Þ þ 0 cs
¼ 0
 ðR*P þRS2
Bt*
vset L Bx* k
kvset Cb
I:C:: C2* ¼ 0; at t* ¼ 0

ð15bÞ

B:C:: C2* ¼ 1; at x* ¼ 0
0
0
where C2* = C2/Cb, R*P = RP/(Cbvset
), R*S2 = RS2/(Cbvset
)
0
*
and R 1 = R 1/(Cbvset).

2.4.3. Region 3 or R3 (a> y > 0)
Cells enter R3 via both primary tethering and
secondary capture. Thus, the total rate of cell capture
(R) is
R ¼ RP þ RS1 þ RS2

ð16Þ

Analogous to Eqs. (14a) and (15a), Eq. (17a)
describes the overall balance for rolling cell density
(Cr, cells/area) in R3. Expressions for R, R 1 and A
are described in Eqs. (16), (10) and (11), respectively.
ur wCr Aat x  ur wCr Aat
d
¼ ðCr wDxÞ
dt

xþDx

þ ðR  R1  AÞwDx
ð17aÞ

Upon defining dimensionless parameters C *r = Cr/
0
0
(aCb), R* = R/(Cbvset
) and A* = A/(Cbvset
), Eq. (17a)
can be written in dimensionless form along with
boundary and initial conditions as:
BCr*
2bur BCr* 2b
¼ 0
þ ðR*  R*1  A*Þ
a
Bt*
vset L Bx*
I:C:: Cr* ¼ 0; at t* ¼ 0

ð17bÞ

B:C:: Cr* ¼ 0; at x* ¼ 0
The density of adherent cells at any time CA (cells/
area) is based on the cumulative adhesion of cells over
the time course of the experiment. At any time t, it is
mathematically expressed as:
t
X
CA ¼
ðA  TMÞ
ð18Þ
time¼0

xþDx

ð15aÞ

Here, TM is the transmigration rate (cells transmigrated/area/time), which we define below based on the
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average time taken for cell transmigration (tTM, unit of
time):
TM ¼ lnð2Þ  CA =tTM

ð19Þ

The total number of transmigrated cells (CTM, cells/
area) at time t is calculated by summing the number of
transmigrated cells over each time interval:
CTM ¼

t
X

TM

ð20Þ

Table 1
Reference values for calculations
Model parameter

Variable, symbol

Reference value

Flow chamber
dimensions
Cell properties

Half chamber height, b
Chamber length, L
Cell radius, a
Cell microvilli length, k
Cell density, qc
Inlet cell
concentration, Cb
Fluid viscosity, l
Media density, qm
Wall shear stress, sw
Rolling velocity, ur
Fraction of substrate
area occupied at
maximum cell
density, fmax
Transmigration time,
tTM
Primary capture
frequency, hfr
Firm-arrest frequency,
hra
Rolling-release
frequency, hrf
Cell – cell capture
probability, hcc

1.27  10 4 m
0.02 m
3.75  10 6 m
0.4  10 6 m
1.086  103 kg/m3
0.2  1012 cells/m3

Media and
flow properties

time¼0

Other properties

3. Model solution and application
The model essentially involves solution of three
differential equations (Eqs. (14b), (15b) and (17b)).
This is performed by writing a program in FORTRAN
and applying the subroutine DDASPG in the IMSL
library (Visual Numerics, San Ramon, CA) to solve
the equations. DDASPG is a standard subroutine
applied to solve sets of first-order differential algebraic equations using the Petzold –Gear BDF method.
Documented computer code for this work along with
readily usable executable program (PC version) is
available from the journal website and http://www.
eng.buffalo.edu/~neel/pplate.
The input and output for the program has been
tailored for use by typical experimenters. All model
parameters along with default simulation values are
listed in Table 1. As seen, while the first nine variables
can be readily determined for any experimental system, the next three parameters (ur, fmax, tTM) can be
determined directly from independent experiments
that quantify cell rolling velocity, maximum substrate
occupancy and the average transmigration time. The
final four variables are frequency and probability
parameters (hfr, hra, hrf, hcc) that define the biology
of the receptor –ligand interactions. These are determined by fitting experimental data on number of
rolling, adherent and transmigrated cells with the
model as explained below. Although a large number
of combinations of the four parameters are possible,
we note that in most experimental situations, one or
more of the parameters can be set to zero. For
example, if secondary capture does not take place or
is blocked by specific cell – cell adhesion blocking
antibody, hcc will be set to zero. In the context of

Frequencies and
probability

7  10 4 kg/m/s
1.0233  103 kg/m3
0.2 Pa
4.0  10 6 m/s
0.025

l
250/m
500/m
0/m
0.035

studies of leukocyte – endothelium binding, such a
scenario takes place when anti-P-selectin glycoprotein
ligand-1 (anti-PSGL-1) or anti-L-selectin antibodies
are used to block leukocyte – leukocyte interactions
(Walcheck et al., 1996). Also, if only cell rolling takes
place in the experiment in the absence of firm-arrest,
hra is zero. This would be expected in studies of
selectin-mediated interaction in the absence of integrin/ICAM binding (Puri et al., 1997). Finally, if the
release of rolling cells back into the flow is not
observed, hrf may be set to zero.
Overall, our program has two variables (time t and
dimensionless position x*) and four parameters (hfr,
hra, hrf and hcc). Depending on the nature of the
experimental data, the user must choose any two of
these six features to vary over a range of values and
set all others to fixed values. As an example, consider
the case where rolling cell density data is available
over the time course of an experiment that examines
neutrophil binding to an E-selectin-coated substrate at
the center of the flow chamber. Also, suppose that
there is no secondary capture or reversible release of
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rolling cells under the experimental condition. Now, if
the objective of the analysis is to determine hfr under
the experimental conditions, the user may choose to
perform model calculation by varying time (from say
60 to 600 s) and hfr (from say 100 to 500/m) while
setting hra, hrf and hcc to zero, and fixing x* to 0.5.
The output data file, which can be opened using Excel
software, would then provide data on the number of
rolling and adherent cells with time for a range of hfr
values. By comparing simulation results with real
experimental data, hfr can then be determined for Eselectin-mediated adhesion under the experimental
conditions. Knowledge of hfr can be used to estimate
the primary tethering rate, RP, from Eq. (5) and the
time required for tethering (t1/2 = ln(2)/(hfruf2)). Such
experiments along with data fitting can also be performed over a range of shear rates and receptors
densities to further define the adhesive features of
E-selectin ligand binding under shear.

4. Results
Selected results are presented here with the objective of illustrating the usage of the model. Reference
values for the parameters used in these calculations
are given in Table 1. This corresponds to the case of
neutrophils flowing and adhering on substrates composed of mouse L-cells cotransfected with human Eselectin and ICAM-1. More extensive discussion on
the nature of cell adhesion in the flow chamber is
provided elsewhere (Zhang and Neelamegham,
2002).

Fig. 2. Collision frequency. Cell – substrate (Zcs, left y-axis) and
cell – cell (Zcc, right y-axis) collision frequencies were compared for
varying times (panel A) and positions along the length of the flow
chamber (panel B). In panel A, the position corresponds to the
center of the flow chamber (x*= 0.5), and the data in panel B
correspond to the 600-s time point. Model parameters for these
calculations are listed in Table 1.

4.1. Cell –cell and cell – substrate collision frequency
The primary objective of this model is to clearly
distinguish between the effects of the physical features
of the system that control the rate of cell –cell and cell –
substrate collision, and the biological factors that
influence cellular adhesivity. In Fig. 2, we compare
and contrast the relative contributions of cell – cell and
cell – substrate collision in the flow chamber at 0.2 Pa.
As seen in Fig. 2A, while the number of cell – substrate
collisions varies by f 20% over 10 min, the number of
cell – cell collisions increases continuously with time.
Cell – cell collision numbers increase with time since
the rate of this event is directly related to the number of

substrate-bound cells, Nb, which also increase during
the course of the experiment (Eq. (6)). The frequency of
cell –cell collision is up to f 100 times greater than the
frequency of cell –substrate collision. This is because,
while cell –substrate collisions are only counted once
when the cell enters R2, the same cell may collide
multiple times with substrate-bound cells in any given
run. In Fig. 2B, it is seen that positional variations in the
number of cell –substrate collisions are only observed
in the first f 20% of the flow chamber while variations
in cell –cell collisions are prominent up to x* = 0.4.
Overall, the data suggest that secondary tethering is
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likely to be more important at larger time points and in
experiments with higher inlet cell concentrations. This
feature may also contribute to variations in cell rolling
and adhesion density with position in the flow chamber.
4.2. Rolling and adherent cell density
Fig. 3 illustrates the evolution of rolling and
adherent cell density in the flow chamber. As seen,
the density of rolling and adherent cells increase with
time and steady state is not achieved even at the 600-s
time point (Fig. 3A). At this time, f 1% of the

Fig. 3. Cell density. Rolling and adherent cell densities were
compared for varying times (panel A) and positions along the length
of the flow chamber (panel B). In panel A, the position corresponds
to the center of the flow chamber (x*= 0.5), and the data in panel B
correspond to the 600s time point. Model parameters for these
calculations are listed in Table 1.

substrate area is occupied by the rolling and adherent
cells. Also, while positional variations in rolling cell
density are more pronounced in the first half of the
flow chamber, there is less than a 10% change in cell
rolling density between the center and exit of the flow
chamber (Fig. 3B). Simulation results, as presented in
Fig. 3A, can be used to fit time-resolved experimental
rolling and adherent cell density data obtained from
flow chamber runs.
4.3. Fitting primary capture and firm-arrest frequency to experimental data
In typical experiments, rolling and adherent cell
density data are measured at a fixed time for different
treatments (e.g. varying antibody treatments or ligand
densities). Our data analysis strategy can be applied to
estimate the binding frequencies under each of these
treatments. For such estimations, a 3-D plot such as
Fig. 4A and B can be constructed by providing a range
of primary capture (hfr) and firm-arrest (hra) frequencies in a single program run. While Fig. 4A presents
data on cell rolling density as a function of hfr and hra,
Fig. 4B presents the corresponding data for adherent
cell density. Data on cell transmigration are not presented here since the cell transmigration time, tTM, is
set to infinite for these simulations. As seen in this
figure, since cell capture and adhesion are sequential
events, increasing the capture frequency both augments
the cell rolling and adhesion density. Similarly, increasing firm-arrest frequency both increases the number of
adherent cells and decreases the rolling cell density.
Upon comparison of experimental rolling and
adherent cell density data with the plot in Fig. 4A
and B, it is possible to estimate the frequency parameters, hfr and hra, for a given experimental condition.
Fig. 4C and D presents the data in Fig. 4A and B in an
alternate form, as contour plots. In a given example
run, if the rolling density is 1.6  108 cells/m2 and
adherent density is 0.9  108 cells/m2, the intersection
of the dashed lines of equal rolling and adherent cell
density in Fig. 4C and D can provide estimates of hfr
(250/m) and hra (500/m) for this experiment. This
solution can also be derived from the 3-D plots (Fig.
4A and B) as illustrated by the vertical arrows in these
panels. Under these conditions, the average cell
remains in contact with the substrate (in R2) for
2.97 s (t1/2 = ln(2)/(hfruf)) before tethering, and the
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Fig. 4. 3-D and contour plots. The rolling and adherent cell densities were determined at the 600-s time point at the center of the flow chamber
for a range of primary capture (hfr) and firm-arrest (hra) frequencies. Values of all other parameters are same as in Table 1. The same set of data is
presented both in the form of 3-D plots (panels A and B) and contour plots (panels C and D). In plots C and D, dashed lines depict
‘‘experimental’’ data where the rolling cell density was 1.6  108 cells/m2 (panel C) and the adherent cell density was 0.9  108 cells/m2 (panel
D) at the 600-s time point at the center of the flow chamber. As illustrated, the bullet point (hfr = 250/m and hrf = 500/m) is common to both the
dashed lines in panels C and D. Vertical arrows mark this point (hfr = 250/m and hrf = 500/m) in panels A and B. This corresponds to the value of
hfr and hra for this experiment.

cell rolls for 346.57 s (t1/2 = ln(2)/(hraur)) before transitioning to firm-arrest.

5. Discussion
In the current manuscript, we have discussed a
strategy to quantify cell adhesion rates in the flow
chamber in terms of frequency and probability parameters. These parameters are independent of each other
and they aim to describe the average behavior of the
cell. They are introduced with the objective of quantifying the biological adhesivity of the cells independent of the physical features of the system. Features
that influence the adhesion frequency and probability
parameters include the number of receptors and
ligands, their affinity, topography, activation levels

and their response to applied fluid forces. Of the
parameters, the primary capture frequency is a measure of the ability of cell adhesion molecules to capture
cells from the free stream onto the substrate to initiate
rolling. Thus, in typical studies of leukocyte –endothelium binding (Puri et al., 1997), this parameter is a
measure of the function of adhesion molecules
belonging to the selectin family. Similarly, firm-arrest
frequency is a measure of the rates at which rolling
cells transition to firm-arrest. This is thus a measure of
the adhesivity of the integrins and ICAMs, along with
the rate at which cells are activated by chemokines
expressed on the activated endothelium. The parameter cell –cell capture probability is also introduced to
distinguish between primary and secondary tethering
rates. Rolling-release frequency accounts for the
release of cells from rolling back into the free stream.
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A list of the physical features that affect cell
adhesion rates in the flow chamber are provided in
Table 1. All of these parameters influence the rolling
or adherent cell densities. Of these, the cell and media
properties influence the rate of cell settling (Eq. (1)).
Together with the applied shear rate, these properties
control the trajectory of cells. Among these parameters, we note that the difference between cell and
media density (qc  qm), the cell size (a) and the
microvilli length (k) are likely to be important in
controlling the rate of cell – substrate collision. Since
these features vary among various cell types, the
pattern of cell rolling and adhesion may also vary in
studies that compare the binding function of two
different cell types (e.g. neutrophils versus monocytes) to identical substrates, even if the adhesion
molecules involved are identical. The contribution of
secondary capture to cell adhesion is also dependent
on the rate of primary capture, the transmigration time
and the inlet cell concentration. By quantifying secondary capture in terms of hcc, the current analysis
methodology allows us to identify the effects of
secondary capture independent of the features that
affect primary capture and transmigration rates. The
model can handle phenomena like cell skipping if a
nonzero value is provided for the rolling-release
frequency (hrf). Thus, while there is capture of cells
onto the flow chamber via the primary capture frequency (hfr), there is also simultaneous release of the
cells via hrf.
The objective of the model is to infer the effects of
different conditions/treatments on receptor– ligand or
cellular adhesivity under fluid shear. Such treatments
may include assessment of the effect of adhesion
molecule mutations or studies with blocking antibodies. This goal is achieved by fitting experimental
data by varying model parameters, especially primary
capture and firm-arrest frequency. Once these parameters are determined, it is possible to further analyze
these parameters to determine molecular rate constants as discussed elsewhere (Zhang and Neelamegham, 2002).
It is important to note the differences between the
practical application of the flow chamber and theoretical assumptions made here. An important consideration is the flow pattern at the entrance and exit of the
device. While we assume that the flow is fully
developed at the entrance and exit of the flow cham-

ber, this is not the case in real experiments where the
flow is typically not at steady state in these regions.
Cell concentration determination in these regions is
also often difficult due to flow abnormalities. We note,
however, that this is not a flaw in the model and such
flow effects are likely to influence each experimental
treatment in a systematic manner. Thus, regardless of
these edge effects, fitting the data for a range of
treatments at a fixed point (say the center of the flow
chamber) will still provide a measure of the biological
adhesivity of cells.
We have recently provided partial validation of a
more computationally intensive version of this model
(Zhang and Neelamegham, 2002). For this validation,
experiments were performed where the rolling, activation and firm-arrest of isolated human blood neutrophils was studied on E-selectin- and ICAM-1bearing substrates. In the previous work, experimental
data fit the mathematical model well over a range of
inlet cell concentrations and shear rates. While we
have not presented similar validation in the current
paper, we wish to state that this verification has been
performed with the current version also (data not
shown). Overall, the work presented here is consistent
with the previous work.
In summary, we present a general data analysis
methodology that can be used to analyze cell adhesion
data in the parallel-plate flow chamber. While our
interest is in studies of cell adhesion in the context of
vascular inflammation, we note that this analysis
strategy may also be applied to studies of tumor cell
metastasis, neutrophil-platelet binding, or platelet
thrombosis in models of vascular injury. Similar
approaches can also be extended to other flow chambers with alternate geometries.
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