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Kinetics Analysis of Binding between Melanoma Cells and Neutrophils

Meghan H. Hoskins∗ and Cheng Dong∗,†

Abstract: It has been determined previously that poly-
morphonuclear leukocytes, or PMNs, can facilitate
melanoma cell extravasation through the endothelium
under shear conditions [1,2]. The interactions between
melanoma cells and PMNs are mediated by the β2-
integrins expressed by PMNs and intercellular adhesion
molecules (ICAM-1) expressed on melanoma cells. In
this study, the kinetics of these interactions was stud-
ied using a parallel plate flow chamber. The dissoci-
ation rates were calculated under low force conditions
for ICAM-1 interactions with both β2-integrins, LFA-1
(CD11a/CD18) and Mac-1 (CD11b/CD18), together and
separately by using functional blocking antibodies on
PMNs. The kinetics of PMNs stimulated with IL-8 was
also determined. It was concluded that the small number
of constitutively expressed active β2-integrins on PMNs
are sufficient to bind to ICAM-1 expressed on melanoma
cells and that the intrinsic dissociation rate for these ad-
hesion molecules appear to be more dependent on what
method is used to determine them than on what cells ex-
press them.

keyword: Adhesion, ICAM-1, β2 integrins, Dissocia-
tion rates, Shear flow.

1 Introduction

Cancer is the second leading cause of death in the United
States, causing almost one quarter of the total deaths each
year [3]. Skin cancer is the most common form, account-
ing for approximately half of all occurrences. Although
melanoma comprises only 4% of the skin cancer cases,
it accounts for approximately 73% of skin cancer fatali-
ties. Significantly higher mortality is seen in patients di-
agnosed with metastatic melanomas (16% survival rate),
which are melanomas that have spread from the original
tumor, over those that are localized to an original tumor
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(93% survival rate) [3].

Cancer metastasis is a complex process in which tumor
cells detach from an original tumor site and are carried to
a new site by the bloodstream. This process includes the
attachment to and migration across a blood vessel wall
after a tumor cell enters the bloodstream. Neutrophils, or
PMNs, are a subpopulation of white blood cells that are
also transported through the body by the flow of blood
and have the capacity to migrate through blood vessel
walls. Activated PMNs go through a process called ex-
travasation, in which they first adhere to a vessel wall
then migrate through the cell layers of the blood vessel
and into the surrounding tissue to reach a site of inflam-
mation.

The multi-step process of PMN extravasation has been
extensively researched and many of the mechanisms have
been documented. PMN tethering to an endothelial wall
is initially mediated by selectins expressed on the en-
dothelium binding to ligands on the PMN surface. These
bonds form and break quickly, which results in PMNs
rolling along the blood vessel wall. For shear-resistant
adhesion to occur, the β2-integrins on PMNs bind to in-
tercellular adhesion molecule-1 (ICAM-1) expressed by
the endothelial cells.

In contrast, previous investigation has determined
melanoma cells do not express selectin ligands or
β2-integrins in sufficient concentrations to mediate
these cells rolling on or adhering to the endothelium.
Melanoma cells, however, do express ICAM-1, which
can possibly bind to the integrins expressed by PMNs
[1]. Under static conditions, melanoma cells can mi-
grate through the endothelium, however, when a shear
flow of 4 dyn/cm2 is introduced the migration is signifi-
cantly decreased. When PMNs are introduced under the
same shear stress conditions, 85% of the melanoma cell
migration is recovered [1, 2, 4]. This evidence led to the
suggestion that PMNs may facilitate melanoma cell ad-
hesion to and migration through the endothelium.

Further studies revealed the frequency that PMNs capture
melanoma cells from the free stream to adhere to the en-
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dothelium is significantly decreased when the shear rate
of the flow is increased or the β2-integrins or ICAM-1 are
blocked and is significantly increased when PMNs are
stimulated with stimulatory factors such as interleukin-8
(IL-8) or PMA [1,2,4]. This suggests β2-integrin/ICAM-
1 binding is responsible for the adhesion between PMNs
and melanoma cells, and thus the migration, observed un-
der flow conditions.

Cellular adhesion is mediated by the formation of
receptor-ligand bonds. The combination of a receptor
and a ligand that results in cellular adhesion can be con-
sidered as a chemical reaction. Chemical kinetics is the
study of the rates of chemical reactions and has been
used to study cellular adhesion. The rate of receptor-
ligand binding depends on both the time of receptor-
ligand interaction (governed by the hydrodynamics of
the fluid flow) and the intrinsic kinetic parameters of
the molecules. The adhesion of PMNs to the endothe-
lium has been widely studied and these intrinsic kinetic
parameters of the molecules involved have been docu-
mented. Experimentally determined intrinsic association
and dissociation rates of the selectins and integrins have
been published by several authors [5,6,7] and a review
paper [8] tabulated those previously determined rates for
PMN adhesion molecules. These rates were determined
for not only selectin molecules, but also integrins binding
with ICAM-1 on the endothelium.

Resting PMNs express very few β2-integrins in their high
affinity states. Approximately 1,000 of the 15,000 ex-
pressed Mac-1 molecules and 9,000 of the 50,000 LFA-1
molecules expressed per cell are in a high affinity state
before activation [9]. Previous adhesion studies have
shown that LFA-1 is more important for the initial teth-
ering step of PMN adhesion to ICAM-1, whereas Mac-1
serves to stabilize already formed adhesions [10,11 for
example]. For the interactions of LFA-1 with ICAM-1, a
range of intrinsic dissociation rates have been determined
using different methods. Zhang et al [12] calculated a
dissociation rate of 0.17 s−1 using an LFA-1 expressing
T cell hybridoma line and immobilized ICAM-1 to per-
form atomic force microscopy (AFM) and apply Bell’s
model [13]. A dissociation rate of 0.3 s−1 was estimated
by Vitte et al [14] using a parallel plate flow chamber ex-
periment utilizing Jurkat cells and immobilized ICAM-
1, and Tominaga et al estimated a rate of 0.1 s−1 using
a surface plasmon resonance (SPR) assay using soluble
forms of both ICAM-1 and LFA-1 [15]. There is a higher

variability in the association rates estimated using the dif-
ferent assays and cell types. Association rates were esti-
mated from the SPR assay as 200,000 M−1s−1 [15] and
from the parallel plate flow chamber assay as 82 M−1s−1

[14].

The interactions of PMNs with melanoma cells have not
been studied as extensively and it is unknown whether
the ICAM-1 expressed by melanoma cells has consis-
tent binding properties with the ICAM-1 expressed by
the endothelium. Estimating the kinetic parameters
that describe the interactions of ICAM-1 expressed by
melanoma cells with β2-integrins expressed by PMNs is
the focus of the current study. Comparing these estimates
to previously calculated kinetic parameters for the same
molecules expressed on different cells will give an indi-
cation of whether the cell type or the molecular expres-
sion is more important in determining the binding param-
eters.

2 Materials and Methods

2.1 Cell culture

C8161.c9 cells were prepared and maintained as previ-
ously described [1,16]. The surface expression of ICAM-
1 on C8161 cells was approximately 1625 molecules
per cell, corresponding to approximately 2 molecules
per µm2 (unpublished data). For some experiments, the
C8161 cells were treated with 12 µg ICAM-1 antibody
(R&D Systems, Minneapolis, MN) per 35mm petri dish
for a minimum of 60 minutes before use. This concentra-
tion was determined to be functionally blocking by flow
cytometry.

2.2 PMN isolation and preparation

Fresh blood was obtained from healthy adults follow-
ing protocol approved by the Pennsylvania State Uni-
versity Institutional Review Board. Isolation and en-
riching of the PMN population was completed using
histopaque gradient (Sigma, St. Louis, MO). The PMN
layer was suspended in Dulbecco’s phosphate-buffered
saline (DPBS) with 0.1% human serum albumin (HSA,
Sigma) and washed. ACK lysis buffer (0.15 M NH4Cl,
10.0mM KHCO3, 0.1 mM Na2EDTA in distilled H2O)
was added to lyse the erythrocytes. PMNs were then
washed with DPBS/0.1% HSA, and rocked at 4 ˚ C until
used, no longer than 4 hours. Before use in or treatment
for an experiment, the cells were resuspended in RPMI
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Figure 1 : PMN adhesion with the EC is mediated by
both the selectins on the EC binding to selectin ligands
expressed by PMNs and the ICAM-1 on the EC binding
to β2-integrins on the PMN. Tumor cells may use ICAM-
1 on their surface to bind to the β2-integrins on PMNs,
thus achieving access to the EC.

1640 medium with 25 mM HEPES (Biosource, Camar-
illo, CA) supplemented with 0.1% bovine serum albumin
(BSA) at a concentration of 106 cells/ml.

In blocking assays, CD11a (from LFA-1) or CD11b
(from Mac-1) on PMNs were functionally blocked by
adding 1 µg/ml or 8 µg/ml of the respective antibody
(CalTag Laboratories) to the PMN suspension for at least
30 minutes prior to use. Antibody was present during all
experiments. To stimulate PMNs, IL-8 (R&D Systems,
Minneapolis, MN; 1ng/ml, 1 hour) was added to the sus-
pension of PMNs. To block CD11a and CD11b when
PMNs were stimulated with IL-8, 15 µg/ml and 40 µg/ml
blocking antibody were added, respectively. Saturating
concentrations of all antibodies were determined by flow
cytometric analysis and IgG isotype controls were com-
pleted for each blocking antibody to verify the specificity
(data not shown).

2.3 Parallel plate flow assay

The flow experiments were performed in a parallel plate
flow chamber (Glycotech; Gaithersburg, MD) mounted
on a microscope with a 10X objective with an additional
1.5X tube factor magnification, giving a total magnifi-
cation of 15X. A CCD camera (pco.1600; Cooke Corp,
Romulus, MI) recorded each experiment to the on-board
camera memory which was subsequently downloaded to
a PC. A confluent monolayer of C8161 cells was cultured

Figure 2 : Illustration of the kinetics experiment method-
ology. Melanoma cells are cultured as a monolayer and
PMNs are perfused over the surface at a very slow flow
rate. PMNs adhere to the melanoma substrate when the
β2-integrins expressed on PMNs binds to the ICAM-1
expressed on the tumor cells.

in 35mm petri dishes (Corning, Acton, MA) and used as
the bottom surface of the flow chamber.

It has been suggested that PMNs may facilitate
melanoma cells adhering to the endothelium. The inter-
actions that may lead to this phenomenon are presented
in Figure 1, in which a tumor cell adheres to a PMN that
has already tethered to the endothelium. In order to deter-
mine the kinetics parameters that govern the binding of
melanoma cells to PMNs, an experimental protocol was
developed based on that described in Vitte et al [14] and
the interactions involved in that setup are represented in
Figure 2.

Media alone was preinfused into the chamber to allow
the monolayer to reach equilibrium under no flow condi-
tions for approximately 1-2 minutes before the cell sus-
pension was perfused through the chamber. Using a sy-
ringe pump (Harvard Apparatus; Holliston, MA), a sus-
pension of PMNs (106 cells/mL) was initially infused at
a higher flow rate (125 /s) for approximately 40 seconds
to get the PMNs into the view screen. After the initial
40 seconds, the flow rate was decreased to a wall shear
rate of 4.96 s−1(0.05 dyn/cm2) and kept constant for the
extent of the experiment, approximately 3 minutes. The
field of view was 418 µm long (direction of flow) and 400
µm wide (resolution of approximately 0.87 µm/pixel) and
the frame rate was approximately 40 frames per second.
Each experimental condition was repeated three to six
times and the digital videos were analyzed offline.
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2.4 Data analysis

Adhesion of the PMNs to the C8161 monolayer was
determined manually from the digital video recordings.
Adhesions were detectable down to approximately 0.1
seconds. The number of PMN adhesions, the length of
each adhesion, the number of cells tracked, and the total
distance the tracked cells traveled were recorded for each
video and compiled with the remaining results for each
condition. Following the method of Vitte et al [14], the
intrinsic dissociation rate, k0

o f f , was calculated. In brief,
each adhesion was assumed to be due to the formation of
an individual bond. Using elementary chemical kinetics
theory, the rate of dissociation of a bond can be deter-
mined using Eq. 1.

B(t) = B(t = 0)exp(−k0
o f f t) (1)

Figure 3 : Histogram of the length of PMN adhesions to
the C8161 monolayer.

In this equation, k0
o f f is the dissociation rate constant for

a bond breakage, tis time, and B(t)is the number of bonds
at time, t. Since the number of bonds at zero time is
known and the number of bonds at some later time can
be determined, the rate constant can be calculated. Zero
time was defined for each adhesion as the time of for-
mation, so B(t = 0) is the total number of PMNs that
adhered, or 100%. The number of PMN adhesions at
any later time, B(t), is then the number of adhesions that
lasted longer than that time. An unbinding plot can be
formed by plotting ln[B(t)] versus time to visualize the

trend of PMN dissociation. The data can alternatively
be illustrated by the histogram, shown in Figure 3, of
the length of PMN adhesions. The unbinding plot is in
essence the result of starting with one hundred percent at
zero time and at each subsequent time point subtracting
the histogram value at that point.

For these studies, k0
o f f was determined directly from Eq.

2, achieved by rearranging Eq. 1.

k0
o f f = − ln[B(t)]− ln[B(t = 0)]

Δt
(2)

The standard deviation of the k0
o f f can be calculated us-

ing the following statistically derived equation: SDk =
[(B(t1)−B(t2))/B(t2)/B(t1)]0.5/(t2− t1) [14].

The tethering frequency can be determined by dividing
the total number of adhesions counted by the total dis-
tance all the tracked cells traversed. The standard devi-
ation of this calculation can be estimated using N0.5/L,
which was derived using known Poisson relations [14].

The estimated standard deviations were used in the stu-
dent’s t-test in order to determine statistical significance
of the results.

3 Results

3.1 Calculation of off-rates

Under the flow conditions of the parallel plate chamber
experiments discussed here, PMNs were seen to arrest on
the melanoma cell monolayer. ICAM-1 bonds with β2-
integrins could withstand the small fluid forces applied
to them in the system for varying timeframes. When
ICAM-1 was blocked on the monolayer, the tethering fre-
quency decreased by approximately 50%, illustrating the
specificity of the binding (203 cells).

A sample unbinding plot is shown in Figure 4, which il-
lustrates the trend of the lifetimes of individual bonds.
The unbinding plots for all cases appear to have three
regions that are approximately linear. From zero to one
second and from one to two seconds appear linear, and
then the remaining eight seconds also appear to show a
linear trend. The off-rates for each condition were cal-
culated for those three ranges. A steep unbinding plot
results in a high off-rate, meaning cells detach quickly
due to weak binding. A flatter unbinding plot results in a
lower off-rate, which corresponds to slower cell detach-
ment due to either stronger binding or the formation of
more than one bond.
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Figure 4 : Unbinding plot of interactions between unstimulated PMNs and a C8161 cell monolayer.

Table 1 : Detachment rates for three time ranges (shown +/- standard error).

Cell Treatment koff
0

(0, 1)s koff
0

(1, 2)s koff
0

(2, 10)s 

Untreated 0.306 +/- 0.097 0.154 +/- 0.077 0.067 +/- 0.022 

Anti-CD11a (PMN) 0.315 +/- 0.10 0.16 +/- 0.08 0.031 +/- 0.014 

Anti-CD11b (PMN) 0.288 +/- 0.096 0.3 +/- 0.12 0.064 +/- 0.023 

IL-8 stimulated (PMN) 0.495 +/- 0.13 0.128 +/- 0.074 0.099 +/- 0.29 

IL-8 + Anti-CD11a&b (PMN) 0.651 +/- 0.14 0.406 +/- 0.14 0.087 +/- 0.031 

3.2 Kinetic off-rates of untreated PMNs binding to
C8161 cells

The intrinsic dissociation rates for the binding between
untreated PMNs and C8161 melanoma cells were esti-
mated. CD11a and CD11b were blocked on the PMNs
in order to isolate the kinetics of each integrin with the
ICAM-1 expressed by melanoma cells. Table 1 com-
pares the estimated dissociation rate constants, k0

o f f , cal-
culated for the three linear ranges for these cases. The
off-rates for these cases fall at the lower end of the spec-
trum of previously calculated off-rates, consistent with a
low-affinity form of the β2-integrins [8].

Previous studies have shown that when LFA-1 is blocked
on PMNs a larger decrease in adhesion is observed than
when Mac-1 is blocked [10,17]. Therefore it was ex-
pected that the CD11b blocked case would be little differ-
ent than the untreated case. When CD11b was blocked,
the off-rate remained constant during the first 2 seconds

then dropped for the remaining 8 seconds to match the
unstimulated case. When CD11a was blocked, the off-
rate decreased after 1 second, indicating the binding was
stronger in this case over the remaining nine seconds than
in either the unstimulated or anti-CD11b cases.

3.3 Effect of IL-8 stimulation on off-rates of PMNs
binding to C8161 cells

Interleukin-8, or IL-8, is an inflammatory cytokine that
has been detected after melanoma cells and PMNs have
been in contact [4]. Endothelial cells near a site of in-
flammation secrete the cytokine into the vasculature in
vivo to attract PMNs to that location. When PMNs are
exposed to IL-8, the initial result is an upregulation of
high-affinity β2-integrins on the PMN surface to mediate
firm adhesion to the endothelium. After the initial upreg-
ulation of integrins, the number of receptors returns to the
base expression level. However, the binding ability of the
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PMNs remains increased. It has been previously reported
that, in the concentration and time-frame of IL-8 stimu-
lation used for this study, the surface density of neither
β2-integrin is increased, however, the binding activity
of PMNs increases regardless of the molecular expres-
sion [18,19]. Detmers et al [19] suggested this was due
to colocalization of molecules or an increase in affinity.
Lum et al [20] imaged CD11a, CD11b, and active CD18
using fluorescently labeled antibodies and determined af-
ter stimulation, approximately 75% of the CD11a and
about 35% of the CD11b colocalizes with active CD18,
however this effect was only investigated after a short
stimulation time. Seo et al [21] also found both LFA-
1 and Mac-1 localized to different regions of activated
PMNs when stimulated. Either the receptor aggregation
or the affinity change may explain the increased binding
activity of PMNs due to stimulation. In migration cham-
ber experiments, a significant increase in melanoma ex-
travasation through the endothelium was observed when
PMNs were stimulated with IL-8 and the extravasation
significantly decreased when soluble IL-8 was neutral-
ized [2,4].

In order to determine what affect stimulation with IL-8
has on the kinetics of integrins binding to ICAM-1, IL-
8 was added to the PMN suspension as in the migration
experiments. Table 1 compares the dissociation rates cal-
culated for PMNs stimulated with IL-8 to those on which
both CD11a and CD11b were blocked. Both CD11a and
CD11b were blocked on the IL-8 stimulated cells in order
to determine the amount of non-specific binding that was
present. Since the result is a significantly higher dissoci-
ation rate than the untreated case (p<0.1), there is very
little non-specific binding present.

The unbinding trends for the initial one second of the IL-
8 stimulated cases are consistent with each other and dif-
ferent from the unstimulated cases. After that time, the
IL-8 case and unstimulated cases are again similar (data
not shown). The IL-8 stimulation appears to increase the
dissociation rate over the unstimulated case, which is in-
consistent with previous studies indicating that IL-8 in-
creases tumor cell binding to PMNs. This suggests that a
mechanism other than the molecular kinetics is responsi-
ble for the increased binding.

3.4 PMNs are stimulated by melanoma cells

To investigate what affect the close contact of PMNs and
melanoma cells has on PMNs at short exposure times, a

flow cytometry study was completed. A slight increase
in Mac-1 expression was observed after PMNs were in
contact with a melanoma cell monolayer for short time
periods, as evidenced by the over 1.8 times increase in
mean fluorescence after one minute of exposure (data not
shown). No change was seen in the LFA-1 expression
for up to 5 minutes of contact. This suggests that the
untreated PMNs were stimulated by the melanoma cell
monolayer during the experiments, possibly to a greater
extent than were the PMNs that were stimulated with
IL-8 before the start of the experiment. The faster dis-
sociation rate for the first one second of adhesion for
IL-8 stimulated PMNs than the unstimulated PMNs sug-
gests contact with the melanoma monolayer stimulates
a higher affinity form of β2-integrins to be expressed by
PMNs than the recombinant IL-8 alone.

3.5 Tethering Frequencies

The tethering frequencies were also calculated from the
experimental data, as discussed in Materials and Meth-
ods, and are compared in Table 2. All bond formations
were considered tethers for this calculation, regardless of
the length of time the cells were bound. In this case, a
higher tethering frequency corresponds to cells adhering
more often per distance and lower tethering frequencies
correspond to cells adhering less frequently.

All the cases shown here except the ICAM-1 blocked
cases were not significantly different from the unstim-
ulated case (p>0.2). However, the portion of those ad-
hesions that remain longer than 2 seconds ranges be-
tween cases. For example, 35% are longer than 2 sec-
onds in the IL-8 stimulated plus CD11a and CD11b
blocked case whereas 63% of the adhesions in the un-
stimulated/unblocked case lasted longer than 2 seconds.

4 Discussion

The purpose of this study was to determine the intrin-
sic association and dissociation rates for melanoma cells
binding to PMNs under a zero force condition, k0

on and
k0

o f f . These experimentally determined rates can be used
to calculate the probability that PMNs and melanoma
cells will bind when an external flow exists using the
equations developed by Bell [13] and Dembo [22]. The
main conclusions of this study are that melanoma cells
and PMNs adhere via a β2-integrin/ICAM-1 binding
mechanism with an intrinsic dissociation rate of approx-
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Table 2 : Attachment rate for PMN interactions with C8161 cells (shown +/- standard error).

Cell Treatment Cell number Arrest Number Attachment rate (mm
-1

)

Untreated 756 38 0.135 +/- 0.022 

Anti-CD11a (PMN) 766 37 0.125 +/- 0.021 

Anti-CD11b (PMN) 777 36 0.137 +/- 0.023 

Anti-ICAM-1 

(c8161) 
203 6 0.079 +/- 0.032 

IL-8 stimulated 

(PMN) 
848 49 0.144 +/- 0.023 

IL-8 + Anti-

CD11a&b (PMN) 
769 46 0.164 +/- 0.024 

imately 0.3 s−1, that under all conditions the binding ex-
hibits a time-dependent strengthening, that close contact
with melanoma cells may stimulate PMNs, and that the
intrinsic dissociation rates of the involved molecules ap-
pear to be more dependent on the method used to calcu-
late them than on the cell type that expresses them.

In general, the kinetics analysis presented here assumes
each adhesion of a PMN to the monolayer is mediated
by a single bond. The alternate possibility would be that
each adhesion is mediated by the minimum number of
bonds necessary to adhere the PMN to a melanoma cell.
Under physiologic flow conditions, this minimum num-
ber will govern the probability of the two cell types ad-
hering to each other, so the kinetic constants derived if
this were the case would also be useful. However, fol-
lowing the arguments of Vitte et al [14], this is highly un-
likely. In the unstimulated, as well as CD11a and CD11b
blocked PMN cases reported here, the initial binding
has a consistent k0

o f f of approximately 0.3 s−1, suggest-
ing the availability of Mac-1 or LFA-1 does not affect
this initial detachment rate. The approximate force on
a formed bond would also be less than 1.5 pN, which
is less than the unbinding force previously reported for
single LFA-1/ICAM-1 interactions. These observations
together with the low surface expression of adhesion
molecules on both cell types indicate single bonds are
indeed detected using this method.

The results show if a melanoma cell adheres to an un-
stimulated PMN for 2 seconds under the low force con-
ditions, it is likely that it will remain bound for at least 10
seconds. The same trend is seen when PMNs are stimu-
lated with IL-8, regardless of the faster dissociation rate
exhibited in first 2 seconds.

The dissociation rates for β2-integrin/ICAM-1 interac-

tions appear to be more dependent on the method used
to calculate them than on the cells that express the
molecule. The dissociation rate calculated in this study
for the anti-CD11b case (∼0.29) match almost exactly
those determined by Vitte et al [14], who perfused Ju-
rkat cells over an endothelial monolayer to determine
the intrinsic dissociatin rate of LFA-1/ICAM-1 binding
(∼0.32). The dissociation rates presented here are within
the range of those previously reported using different
methods; however each method used to calculate the rate
under zero force resulted in a different value.

The kinetics theory governing association is more com-
plicated than that governing dissociation and it is also
more difficult to determine k0

onexperimentally. Several
approximation methods using data from experiments
similar to those completed and described above have
been reported in the literature. For example, a confine-
ment region analysis was completed by Vitte et al [14]
to calculate the intrinsic association rate by converting
the surface density of ligands to a volume-density. A
method was also suggested by Zhang and Neelamegham
[23] for selectin binding which lumped several parame-
ters together that are not explicitly known, such as num-
ber of ligands bound, to estimate the effective association
rate. Both of these methods were attempted and intrinsic
association rates of 3000 M−1s−1 and 200 s−1 were cal-
culated.

A similar study of β2-integrin/ICAM-1 adhesion was
completed by Lomakina and Waugh [24], who studied
adhesion of neutrophils to immobilized ICAM-1 using
a micropipette technique. They determined the adhe-
sion probability after neutrophils were in contact with
the ICAM-1 molecules for 2 seconds, which can be com-
pared to the probability of PMNs to remain adhered for
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longer than 10 seconds if they initially tethered for 2 sec-
onds in the current experiments. Lomakina and Waugh
[24] estimated an adhesion probability of about 66% for
the 2 second case and in the present study the comparable
adhesion probability for unstimulated PMNs was approx-
imately 58%. The lower percentage in the current study
may be attributed to the density of ICAM-1 molecules on
the surfaces used. In the micropipette study, the ICAM-1
was immobilized in a much higher concentration (∼360
sites/µm2) than is estimated to be expressed by C8161
cells (∼2 sites/µm2). Regardless, the similarity is notable
and the zero force condition association rates calculated
here are in the low range of values previously reported
by other researchers [8].

Compared to association and dissociation rates calcu-
lated using alternative methods, the rates estimated in
this study suggest the interactions between PMNs and
melanoma cells under the experimental conditions used
here are mediated by low-affinity binding of β2-integrins
to ICAM-1. This could be due to both the location
of the expressed molecules and the media used. Inte-
grins are expressed on the body of PMNs, not on mi-
crovilli, which limits the availability of the molecules
to ICAM-1. In contrast, experimental methods that use
soluble molecules, such as SPR or AFM, may show a
higher affinity due to the molecules being more likely to
interact with a surface expressed molecule or with an-
other soluble molecule than are two surface expressed
molecules. The media in which the PMNs were sus-
pended was not supplemented with additional ions such
as Mg2+ or Mn2+, which have been shown to stimulate
β2-integrin adhesion activity by either locking them in an
active state or increasing the affinity for their ligand [25].

The roles of LFA-1 and Mac-1 in adhesion of PMNs to
ICAM-1 were investigated by using CD11a and CD11b
monoclonal antibodies. Ding et al [17] studied the over-
lapping roles of CD18, LFA-1 (CD11a/CD18) and Mac-
1 (CD11b/CD18) in the immune response by developing
CD-18-deficient mice as well as LFA-1 and Mac-1 defi-
cient mice. Their results suggest that the contribution of
Mac-1 in adhesion is overshadowed by LFA-1 if both are
expressed. Lub et al [26] also reported LFA-1 and Mac-
1 compete for binding with ICAM-1 if both molecules
are present in similar concentrations. This may partially
explain the lack of significant differences between the as-
sociation and dissociation rates calculated for untreated,
anti-CD11a, and anti-CD11b cases that we observed in

the present study.

In conclusion, the method was successfully used to esti-
mate the intrinsic association and dissociation rates un-
der a zero force condition for melanoma cells binding to
PMNs in a parallel plate flow chamber. It has been previ-
ously suggested that β2-integrin/ICAM-1 binding cannot
support rolling interactions between PMNs and the en-
dothelium under physiologic flow conditions. However,
melanoma cell adhesion to PMNs in parallel plate and
migration chamber experiments has been suggested to
be mediated by these molecules. Therefore, the results
presented here will be integrated into a computational
fluid dynamics model of the interactions shown in Fig.
2, which is currently under development, to determine
how these bonds mediate PMN-melanoma cell adhesion
while exposed to external fluid forces.
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