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Abstract—Shear-induced cell aggregation and disaggrega-
tion, governed by specific receptor-ligand binding, play
important roles in many biological and biophysical pro-
cesses. While a lot of studies have focused on elucidating the
shear rate and shear stress dependence of cell aggregation,
the majority of existing models based on population balance
equation (PBE) has rarely dealt with cell aggregation
dynamics upon intrinsic molecular kinetics. Here, a kinetic
model was developed for further understanding cell aggre-
gation and disaggregation in a linear shear flow. The novelty
of the model is that a set of simple equations was constructed
by coupling two-body collision theory with receptor—ligand
binding kinetics. Two cases of study were employed to
validate the model: one is for the homotypic aggregation
dynamics of latex beads cross-linked by protein G-IgG
binding, and the other is for the heterotypic aggregation
dynamics of neutrophils-tumor cells governed by f,-integrin—
ligand interactions. It was found that the model fits the data
well and the obtained kinetic parameters are consistent with
the previous predictions and experimental measurements.
Moreover, the decay factor defined biophysically to account
for the chemokine- and shear-induced regulation of receptor
and/or ligand expression and conformation was compared at
molecular and cellular levels. Our results provided a
universal framework to quantify the molecular kinetics of
receptor—-ligand binding in shear-induced cell aggregation
dynamics.
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LIST OF SYMBOLS

a Bond interaction range (nm)
Ae Contact area between two contact
spheres (um?)

Ammyk, Effective forward rate, value at the

(Acmmk)® moment immediately after PMN
stimulation (s~")

C; Cy, Cip; Concentration of sphere; value of

C,, Cy sphere 1, initial value; value of
sphere 2, initial value (m )

Cr, (Cp Angle factor (= (sin® 0, sin 2¢)max)s
mean value

Co Orbit constant

E, E, Adhesion efficiency, value at the
moment immediately after PMN
stimulation

o feo Two-body collision frequency per
unit volume per sphere 2, initial
value (s 1)

F; FN, Fnmax;  Applied force; normal force,

Fs, Fsmax maximum value; shear force,
maximum value (pN)

G Shear rate (s ')

kg Boltzmann constant
(=138 x 1002 NmK™

ke, kE, KE Forward rate, values from low and

high shear rate, respectively
(um*s™")

Reverse rate, value for dissociation
of n-th bond, value at zero force

0
Jer, 7, K

s
M Number of data points
n, {n) Number of bonds, mean value
N Maximum number of bonds

possibly to link the doublet
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P> Pen Probability of having n bonds,
probability of having n bonds at the
end moment of two-body collision
(n=20,1,2..)

P,, P’ Probability of adhesion, equilibrium

aggregation percentage at 30 min for
latex bead homotypic aggregation
Py Fraction of doublet break-up

I, I, T Radius of sphere, value of sphere 1,
value of sphere 2 (um)

Te Equivalent axis ratio of doublet

t Arbitrary time (s)

T Period of doublet rotation (s)

Tx Absolute temperature (K)

up, Uz, U3 Fluid velocity, u; = u, = 0 and
u; = GXo (um s )

X1, Xo, X3 Cartesian coordinates (um)

Vi, Y(x;) Measurement and prediction values
at x;

Oy O Decay factors at cellular and
molecular level, respectively (s™')

o, O0s Normal and shear force coefficients,
respectively

& Two-body collision capture
efficiency

n Medium viscosity
(cP, = mPas = 10 ° Nsm?)

01, ¢ Polar and azimuthal angles of
doublet major axis with respect to X

0, Polar angle of doublet axis respect
to X2

q’)? Contact angle of two colliding
spheres

o; Standard deviation

T, T Two-body collision duration,
mean value (s)

e Chi-square statistic
INTRODUCTION

Shear-induced aggregation and disaggregation of
interacting cells/beads are fundamental to many sig-
nificant events in biology, immunology, crystallization,
and colloid and polymer science. In human circulation,
blood cells collide with each other under shear flow
and cell aggregation mediated by underlying receptor—
ligand pairs frequently occurs under various physio-
logical and pathological conditions. For example,
platelet activation and homotypic aggregation induced
by high shear stress or by chemical agonists (e.g., ADP,
collagen, or thrombin) are involved in the pathogenesis
of many diseases such as the development of athero-
sclerosis and accompanying thrombosis.® Aggregation

between platelets and neutrophils (PMNs) is relevant
to the progression of thrombosis,*® acute myocardial
infarction,* or unstable angina.*® Tumor cells also
interact with platelets or leukocytes in blood flow to
form emboli®'>** and facilitate tumor metastasis
between neutrophil-melanoma cell,>*?*43!  neutro-
phil-colon carcinoma cell,'”*'® or tumor-platelet.'®*
Moreover, the aggregation between ligand-conjugated
beads and blood cells or circulating tumor cells is
crucial to drug delivery. Evidently, the dynamics of
cell/bead aggregation under shear flow are required to
quantify the aforementioned processes.

Homotypic or heterotypic aggregation of cells/
beads has been studied extensively using annular,
tubular or parallel plate flow chambers,” flow
cytometry test tube with a small magnetic stir bar,**->*
or cone-plate viscometer.'” Among these approaches,
the cone-plate viscometer consisting of a stationary
plate beneath a rotating cone with a low angle (<2°)
offers a uniform shear field (Couette flow) to the entire
sample and is extensively applied in the study of shear-
induced cell aggregation.'” The cone-plate viscometry
assay was later combined with a two-color flow
cytometry technique®**’ to elucidate the cellular and
molecular mechanisms of blood cell aggregation. For
example, a series of reports on shear-induced aggre-
gation between neutrophils and ICAM-1 (intercellular
adhesive molecule-1)-transfected cells revealed the
cooperative and sequential roles of f5,-integrin in initial
capture of neutrophils by o > and following stabil-
ization by oyf, under chemotactic stimulation.'®!
Moreover, theoretical models based on population
balance equation (PBE)** have been developed to
estimate the size distribution of cell aggregates and
predict the aggregation and disaggregation dynamics
in a uniform shear field for the homotypic aggregation
of human blood platelets,12 14 neutrophils,32 as well as
for the heterotypic aggregation of platelets and neu-
trophils*® or platelets and tumor cells.”® While these
experimental and theoretical studies provided a better
understanding in cell aggregation under distinct
mechanical and chemotactic conditions, it is still hard
to correlate the predicted aggregation dynamics at
cellular level with the intrinsic molecular kinetics of
underlying interacting molecules.

Cell aggregation is usually governed by two-dimen-
sional (2D) kinetics of interacting molecules anchored
on two opposed cell surfaces.”*>* In those pioneering
work, a deterministic kinetic model was proposed, by
setting a critical number of bonds to support stable
formation of cell aggregates, to predict the collision
efficiency and reverse rate of GPIIb/IIla-fibrinogen
binding for platelet aggregation,” or f,-integrin—
ICAM-3 and L-selectin-PSGL-1 (P-selectin glycopro-
tein ligand 1) binding for neutrophil aggregation.*®
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Recent evidence indicated that 2D receptor—ligand
binding mediated by a small number of bonds is no
longer a deterministic but a stochastic process.>’*>* To
extract the molecular kinetic parameters from the
time-dependent cell aggregation and disaggregation,
we previously developed a probabilistic kinetic model
to predict shear-induced doublet formations and
breakages of red blood cells and of latex beads cros-
sed-linked by antigen—antibody bonds.”” An assump-
tion, where a doublet breakage was neglected at low
shear rate and/or a doublet formation was ignored at
high shear rate, was applied to simplify the process
when estimating the intrinsic forward and reverse
rates.”” However, these simplifications confined the
application of the model. In this study, we further
developed a universal framework by introducing the
transition probabilities of zero-bond to n (n>1)
bonds based on Smoluchowski two-body collision
theory** and a well-developed probabilistic model of
small system kinetics.” A set of master equations were
formulated following McQuarrie’s theorem® and then
applied to quantify the cell aggregation dynamics and
the molecular binding kinetics in different cases of
homotypic and heterotypic aggregations.

THEORETICAL MODELING

We considered two unequal-sized cells (or beads)
with radii r; and r, (r; > r;) that were assumed to behave
as rigid spheres. The cells were evenly distributed in a
uniform shear flow with initial concentrations C;y and
C5o, respectively. Two-body collision and hydrody-
namic interactions are described, respectively, in the
Cartesian and spherical-polar coordinates (Fig. 1a).

Two-Body Collision of Unequal-Sized Cells
in Shear Flow

Cell collision occurs in a shear field due to the
velocity gradient. Based on Smoluchowski two-body
collision theory,** the total number of collisions
depends on cell concentrations, applied shear rate,
and cell radii. In the case of two unequal-sized cells
presenting at a shear rate G, the heterotypic colli-
sion frequency per unit volume was given by
4(r +r2)3GC1C2/3, where C; and C, are instanta-
neous cell concentrations in suspension. By dividing
the cell concentration C,, the two-body collision fre-
quency per unit volume per cell 2 would be,

fo=4(n + )G /3. (1)

The two-body collision brings the cells into contact
and hence provides the opportunities for the surface

(a)

FIGURE 1. Schematic of two-body collisions between
un-equal sized spheres in Couette flow. (a) Two spheres are
placed in Cartesian (X;, X,, X3) and spherical-polar (64, ¢1)
coordinates where fluid velocity has a non-zero component
along the X; direction with u; = GX,. Transient (b) and non-
separating (c) doublets were formed under shear flow by
taking the center of large sphere as reference. Supposing two
spheres collide and make apparent contact at ¢, = —¢9J, spe-
cific receptor-ligand bonds will form or dissociate due to their
stochastic nature. If there is no bonds linking the spheres at
the end moment of contact duration, the two separate at
¢ = ¢‘1’ in a mirror-image pattern, so-called transient doublet
(b). Non-separating doublets are denoted as those spheres
linked by receptor-ligand bonds at angle ¢? and remain at-
tached under applied force for numerous rotations (c).

receptors and ligands to encounter each other. Sup-
posing two cells collide and make apparent contact at
¢, = —¢), the specific receptor—ligand bonds will
form or break-up during one cycle of the contact. If
there is no bond linking the cells at the end moment of
a prescribed contact period, the two cells will separate
at ¢; = ¢} in a mirror-image manner,>® which is
so-called a transient doublet (Fig. 1b). Otherwise, the
doublet will remain attached under hydrodynamic



430 Fu et al.

force until all the bonds break-up, which is then called
non-separating doublet (Fig. 1c¢).

For a transient doublet rotating from —¢? to ¢,
the corresponding contact duration was given by
o(@Y) = 2(re 4 1/re) tan~! (tan ¢9/r.)/G.> Here r. is
the equivalent ellipsoidal axis ratio of doublet that
behaves like an ellipsoid in shear flow, e.g., r. = 1.56
for ri/ry, = 2 or 1.98 for ri/r, = 1." By assuming a
rectilinear approach of the colliding cells, the mean
value of the encounter duration of all transient dou-
blets could be integrated as’:

n(re + 1/re)
G(re+1)

f:

(2)

Hydrodynamic Forces Acting on the Doublet
in Shear Flow

The normal force (Fyn) acting along and the shear
force (Fs) acting normal to the major axis of a doublet
in a shear flow were given by

Fy = oanGr% sin” 6, sin 2¢,, (3a)
Fs = ocsnGrf sin 04 [cos2 0, sin’ 2¢, + cos’ 2¢1] 1/2,
(3b)

where on and og are force coefficients as a function of
the dumbbell geometry, and # is the medium viscosity.
For non-separating doublet, the hydrodynamic forces
are periodic functions with periods of 7/2 for Fy and
T/4 for Fg, respectively, where T(= 2n(r. + 1/re)/G) is
the period of doublet rotation.

Since shear force has little impact on doublet
breakage, only normal force was taken into account
for forced dissociation of formed bonds linking the two
cells.?” Also, the compressive part of the normal force
was assumed to be carried by the solid spheres instead
of the receptor-ligand bonds. By substituting the
relationship between the polar (0,) and azimuthal (¢,)
angles in each orbit, tan 0; = Core/(r? cos® ¢+
sin’ 1) 1 2,2 where Cg is the orbit constant, to eliminate
(0,) from Eq. (3a), the force acting on the bonds gave:

2 C2r2sin 2¢),
OCNJ’]GI lrg(CéJré)osz ¢1)+sin® ¢,
F¢,) = in< ¢, <(i+1/2)n
0 (i+1/2n< ¢, <(i+D)r
4)

Doublet Formation by Two-Body Collision

A well-developed probabilistic kinetics model was
adapted here to describe the binding kinetics of a small

number of receptor—ligand bonds for two contacted
cells™"2?:

dpn/d[ = Acmrmlkfpnfl - (Acmrmlkf + nkgn))pn
+ (o DR py (%)

Here, p, is the probability of having n bonds at time
t; A is the contact area of two cells; m, and my are the
respective site densities of receptor and ligand; k¢ is the
forward rate of receptor-ligand pair; and £\ is the
reverse rate for the dissociation of n-th bond.
Mechanical force applied to the formed doublets is
likely to accelerate the dissociation of existing bonds
and the reverse rate was described by Bell Model®:

k" = ki exp(aF(1)/ (nksTx)), (6)

where k? is the zero-force reverse rate; « is the inter-
action range; F(¢) is the force shared among n bonds;
kg is the Boltzmann constant; and Tk is the absolute
temperature.

With the initial condition that no bond exists at the
beginning of two-body collision, the probability of
having n bonds at the end moment of the collision
was described by a probability vector {pc,pel,---,
Dens - - - s Pen }- The subscript N, defined as the maximum
number of bonds possibly to mediate the doublet,
depends on the product of the contact areca and the
minimum value of m, and my. The collision capture
efficiency, denoted as the probability of cell-cell colli-
sion to form non-separating doublets, was given as:

&= 1—pe. (7)

In the case of applied force F =0 (i.e., k" ~ k?),
Eq. (5) was able to be solved analytically using
the approach of probability-generating function and
the solution results in the Poisson distribution: p., ~
(Acmemiket)" exp(—Acmemket) /n!. 27 With a  short
contact duration (7, ~0.01-0.1 s), the doublet formed
by two-body collision is most likely linked by one
bond, ie. &~ A.mmk.?*?’ When a constant F is
applied to accelerate the reverse rate, Eq. (5) was able
to be simplified to single bond case:

dpy/dt = Acmemke(1 — py) — kp)p]. (8)

The solution of Eq. (8) gives p; = Acmmky

{1—exp|—(Aemembke + k") } / (Aempmike + kM), from
which the collision capture efficiency yielded:

e~ A.mmiksT. 9)

Interestingly, ¢ is only governed by the forward rate
but not the reverse rate. This is because the time for
both doublet formation (1/4mamks ~1-100 s) and
breakage (1/kg, ~1-100 s) is much higher than the
two-body collision duration 7, indicating that the bond
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formation and breakage is extremely rare during the
collision. Once the bond forms, it is unlikely to break-
up. In this regard, even when the force is not a con-
stant, the collision capture efficiency was able to be
estimated by Eq. (9).

Master Equations for Cell Aggregation
and Disaggregation

Doublet formation and breakage described above
continue to occur throughout the entire duration on
shear-induced cell—cell collision. Once a doublet forms,
the existing bonds may break up or more bonds may
form, due to the stochastic nature of receptor—ligand
interaction (cf. Eq. 5). When the last bond linking the
cells breaks up, the doublet separates into two singlets
and will not be in contact anymore. Thus, there are two
subgroups of the cells presenting in the suspension: the
first is singlet ensemble having zero-bond probability,
Do, and the second is doublet ensemble having n-bond
probability vector, {p1,p2,...,Pn,...,pn}. The transi-
tion probability from zero-bond to n-th bond by two-
body collision (i.e., from singlet to doublet) yields f.pc,
following McQuarrie’s theorem.”” Master equations
for cell aggregation dynamics were then written as:

d
T8 —feapo + K p,
d
L= fopapo — (A + K )py +2k()ps
d
% :fcpcnPO + Acmrmlkfpnfl
— (Aememike + nk("\p, + (n + 1)k Vp,
d
% = fopenpo + Aememikipy_ — NEWN py

(10)

Here C, = Cy9 — Cyo(l — py). Specially, if the two
cells have same concentration (i.e., Ci9 = Cs), the
first term on the right-hand side (f.pc,po) was simplified
to fewpepy by substituting f. with fypo, where
Jeo =4(r1 + 1‘2)3GC10/3.

Note that, in contrast to Eq. (5) for two cells
keeping in contact all the time, Eq. (10) developed in
the current work is for two cells only in contact when
they collide or have bonds linking them. As compared
to the previous model,?’ the major difference lies in the
feepo term on the right-hand side in the first equation
(dpo/dt) and the f.p.,po term on the right-hand side in
the following equations (dp,/dt, n>0), which takes

into consideration of the transition from singlet to
n-bond doublet upon cell—cell collision. Combined
with the aforementioned issue that new-born doublets
are most likely linked by only one bond initially, the
master equations are simplified by setting p.; = ¢ and
Pen =0 (n=2,3,...):

dpo
= ~feepo + kWpy
dp n—1 dp
d_tn = — Acmymukep, + (n + 1)k£”+l)pn+1 - i=0 7;
dow_
dt = dt
(1)

Application of the Model to the Measurements

The above model was developed for heterotypic
aggregation dynamics between two unequal-sized
spheres and is able to apply in different cases of aggre-
gation between tumor cells and neutrophils.'®-'7-18:24:31
In some cases of homotypic aggregation with same-sized
population of spheres such as neutrophil aggrega-
tion,>**” the collision frequency per unit volume is
simplified by 16/°GC?/3 (where r and C are the sphere
radius and concentration, respectively) and the transi-
tion probability from zero-bond to n-th bond yields
32r°GC¢/3. By comparing with the formulation for
heterotypic aggregation (f.&¢ = 4(r; + r)*GC, ¢/3), the
model is applicable to simulate the homotypic aggre-
gation just by replacing r; and r» to r as well as C; to C.

For experimental measurements of shear-induced
cell aggregation and disaggregation performed in a
cone-plate viscometer, the time course of percentage
of cell aggregation was determined either from
microscopic observations directly?’*** or by a two-
color flow cytometry technique':!'7-!8:24.28.31.32.47.51,
% aggregation = (number of cells/beads in aggregates)/
(total number of cells/beads in suspension) x 100. The
resulted data were compared with the adhesion fraction
P,(1) x 100 =[1 — po(7)] x 100 predicted from the
above model and the intrinsic kinetic parameters of
interacting molecules are able to be determined from the
best-fit of the data.

Numerical Calculations and Data Analysis

A Runge—Kutta numerical scheme and a modified
Levenberg—Marquart method were used to fit the
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TABLE 1. Parameters used in the model.

Values and references

Parameters Homotypic® Heterotypic® PMN-WMQ°
Radius of cell/lbead 1, r; (um) 2.38% 6.00°" 8.00%*
Radius of cell/bead 2, r, (um) N/A 3.75°" 4.00%*
Concentration of cell/lbead 1, Cyo (x10'2 m~3) 8.0%7 5.0 or 6.0%' 1.0%4
Concentration of cell/bead 2, Cop (x 102 m~3) N/A 3.0% 1.0%*
Mean value of angle factor, (C;) 0.950%" 0.967%" 0.967%"
Equivalent axis ratio of doublet, r. 1.98' 1.73" 1.56"
Normal force coefficient, oy 19.33% 12.0%° 8.5%
Shear force coefficient, os 7.02%° 6.0%° 4.0%

20nly one type of bead was used in homotypic aggregation.?’
PIn heterotypic aggregation, cell/bead 1 is referred to E3-ICAM cell and cell/bead 2 is denoted as PMN.®'
°In heterotypic aggregation, cell/bead 1 is referred to WM9 melanoma cell and cell/bead 2 is denoted as PMN.2*

probabilistic model. The parameter values used in the
calculation are listed in Table 1. The master equations
(Egs. 5, 11) were then solved numerically by trans-
forming the independent variable from time ¢ to polar
angle ¢, using the relationship®®:

dd)liG Vg—l
7§<1+r§+10082¢1

(r2 cos® ¢y +sin® ¢;). (12)

:r§+l

To calculate the bond formation upon a single col-
lision event (i.e., p.,) with no bond initially, Eq. (5) was
first calculated from ¢, =271 — ¢" to ¢, = 27 + ¢,
where ¢} = tan'[r. tan(0.57/(r. + 1))]. For the time
course of cell aggregation dynamics under shear flow,
Eq. (11) was then calculated over the entire duration
with the initial values of po = 1 and p, = 0 (n = 1,
2,..)atr = 0 (¢, = 0). Best-fit of numerical calcu-
lations to measured data was obtained by adjusting a
set of kinetic parameters that minimized the error (7)
between the data and the predictions.®” The y° statistic,
or weighted sum of square of errors, is defined by
72 =M v —y(x)]* /o2, where y;, y(x;), and o; are
the measurement, prediction, and standard deviation
at x;, respectively, and M is the number of data points.

RESULTS

Application in Homotypic Aggregation

A kinetic model?” has been developed previously to
predict shear-induced homotypic doublet formation
and breakage of latex beads (or red blood cells) and to
estimate the intrinsic forward and reverse rates of
interacting molecular pair by fitting the data with the
model, where doublets were first allowed to form at a
low shear rate and then were subjected to a high shear

rate to break up.”'****’ The limitations of the previous
model lie in: (1) doublet breakage at low shear rate and
the subsequent doublet formation at high shear rate
were neglected; (2) contact duration between two
singlets might be over-estimated by keeping the singlets
in contact all the time; and (3) the model, even sim-
plified, was still complicated to the exact process de-
scribed above (i.e., low shear induces doublet
formation first and then high shear enforces doublet
breakage). Here we first validated the current model by
fitting it to the same data set of latex beads cross-linked
by protein G-IgG bonds?' and then compared the
predictions with those previously described.?’

Model Validation and Fitted Kinetic Parameters

Global fittings were performed for all data points at
high shear rates (Fnmax = 85 and 185 pN) to estimate
a set of three parameters [k?, a, and Acmmikg|. Using
the systematically varied initial values, it was found
that the model (/ines) fits the data (points) well (Fig. 2),
indicating that the model is feasible and reliable.
Two sets of kinetic parameters were obtained from
the model by best-fitting the data. With the first set
of parameters (k) = 1.35s"', « = 0.046 nm and
Aanmky = 6.12 s7" with y* = 1.39), doublet forma-
tion induced by low shear rate reached the equilibrium
quickly (~60 s) and the doublet so formed dissociated
very fast (Fig. 2a). With the second set of parameters
(k2 = 8.73 x 1072 s, @ = 0.30 nm and Ammk; =
531 x 107" s with 4* = 4.23), by contrast, the
percentage of aggregation increased very slowly even
without saturating the equilibrium at 30 min and the
doublet break-up was quite slow under high shear
(Fig. 2b).

While no kinetic parameters for protein G-IgG
bond have been reported to our knowledge, only the
breakage of protein A-IgG bond was studied in the
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redictions (solid lines) by best-fitted parameters: (a) k& = 1.35 s,
=8.73 x 1073 s ', 2= 0.30 nm and Acm,mk = 5.31 x 10~" s~! with

y? = 4.23. Data were adopted from the population study of doublet of latex beads cross-linked by protein G-lgG bonds?' by
converting the fraction of doublet break-up (P,) to the aggregation percentage (P.) by P, = P2 x (1 — P,) for numerical calcula-
tions, where P2 is the equilibrium aggregation percentage at 30 min (= 19.2 * 4.85%).%"

literatures using a biomembrane force probe approach
with the estimated values of reverse rate k2 ~ 0.12 s~
and interaction range a ~ 0.74 nm.*> More generally,
the value of ¢ was found to be in the order of 0.3 nm
for most of protein—protein bond (e.g., streptavidin—
biotin, antibody—antigen) and in the order of 0.05 nm
for protein—carbohydrate bond (e.g., selectin—ligand,
integrin-ligand).*** In this regard, although the
goodness-of-fit in Fig. 2a was better than that in
Fig. 2b (4> = 1.39 and 4.23, respectively), the values
obtained from latter one seemed to be more reasonable,
which are also comparable to those described previ-
ously (k2 = 8.05 x 107 ¥ s, a = 0.31 nm, Aummkl =
346 x 102 s and Aimumkt = 523 x 1073 7).
Furthermore, the prediction in Fig. 2b was in excellent
agreement with the measurement that it takes ~30 min to
reach a ~20% aggregation percentage.”’

Doublet Formation at Low Shear Rate

In previous studies of doublet break-up under
shear flow,2!***° bond number at the end moment of
low shear was assumed to follow a Poisson distribu-
tion.* Noting that the kinetic theory employed was

initially developed for a cell centrifugation assay and
further observed in a micropipette adhesion frequency
assay where cells were kept in contact all the time,’
this should be a distinct case for many published
results derived from a cone-plate viscometer assay, in
which the two cells/beads are brought into transient
contact to allow bond formation only during the
interval of two-body collision. Obviously, neglecting
the impact of short-term contact would overestimate
the re-formation of doublets, especially during a
30-min low-shear period. We took this issue into a
consideration in the current model (Eq. 11) and
denoted the contact interval as f.e = foAcm kT,
which is f.7-fold (~0.003; independent of shear rates)
of Aumgmk; that proposed in the previous model.?’
Moreover, the previous model®’ defined the doublet
formation and survival during low shear period
(=30 min) by neglecting the decrease of singlet con-
centration due to the doublet formation, suggesting
that the doublet number increases all the time over
the entire low-shear period. This speculation would
not affect much for small ensemble of formed doublet
but result in a dramatic deviation for large ensemble
of doublets.



434 Fu et al.

(a)
5 20 7
on
<
=
B 15 - Current model
3
E
= 104
k=
551 T
= -
& /,/” Previous model (27)
<0 .

0 300 600 900 1200 1500 1800
Duration of Low Shear 7 (s)

(b)
0.06]q ®
::; >~ Previous model (27)
2 0.04 [}
IE Current model
3 &
S 0.02
-9
0.00 -

1234567 8910111213
Bond Number

FIGURE 3. Comparison between the current model and the previous model?” at low shear. (a) Time course of cell aggregation at

low shear rate period was calculated with the parameters from current model K =873 x103s7",

a=0.30 nm and

Acmmk; = 5.31 x 107" s™' (solid line) and with the parameters from previous model k° =8.05 x 1073 s™', a=0.31 nm and
A:m:miki = 34.6 x 1073 s~ (dashed line). (b) Probability distribution of number of bonds at the end moment of low shear was

calculated using the current model (bars) and compared with that from the previous mode

We compared the calculations of doublet formation
in the first 30 min between the current model and the
previous model.?” Using the same set of kinetic
parameters obtained previously,”’ the current model
predicted a quite low bead aggregation (6.41% vs.
~19.2%) (Fig. 3a), indicating that the doublet forma-
tion was overestimated in the previous model. This is
not surprising since two singlets resulting from a
newly-broken doublet are assumed to be separated
from each other spontaneously in the current model
while they were considered to keep in physical contact
even with zero bonds in the previous model. We fur-
ther tested the bond distribution at the end moment of
low shear. As shown in Fig. 3b, more bonds were
formed in a doublet (bars, the mean value (n) = 5.56)
in the current calculations than that reported by the
previous model (points, (n) = 2.42).*” While high (1)
estimated here mainly contributed to the distinct
probability transferring from 0 to 1 bond (0.003 x
Acmmke) with that transferring from nton + 1 bond
(n=1) (1.0 x Aingnky), low (n) predicted from the
previous model was presumably attributed to the
assumption that the non-separation of newly-formed
singlets still have the transition probability (1.0 x
Ammky).

Doublet Break-Up at High Shear Rates

At high shear rates, the prediction with the second
set of kinetic parameters (/ine) yielded slight difference
from the measurements (points) (Fig. 2b). Quick
breakage of doublets either from very high k° or very
few bonds linking two singlets should not be the case in
the current study, since high k¥ (as seen in Fig. 2a with
the first set of kinetic parameters) is not biologically
relevant and the average number of bonds is relatively

1?7 (points, by multiplying 0.192).

high (bars in Fig. 3b). To address the inconsistency, we
further tested the impact of bead concentration (Cy) on
doublet break-up. Systematically-varied bead concen-
tration (Cy = 4 x 10'? to 8 x 10" m™>) were used to
fit the data. The calculations indicated that, with an
increase in C, the goodness-of-fit increases (y°
decreases) and k® and Aummk; reduce but a almost
remains the same. As seen in Fig. 4a, the prediction
with a concentration of Cy = 8.0 x 10"* m™ had a
better agreement with the data than that used an
original concentration of C, = 8.0 x 10> m™> (cf.
Fig. 2b) (4 = 1.72 and 4.23, respectively). Mean-
while, probability distribution of the number of bonds
at the end moment of low shear rate shifted leftwards
with a smaller average bond number ({(n) = 3.58 and
5.56, respectively) (Fig. 4b) since the ratio f.7 increased
up to 0.3 when C, increased to 8.0 x 10 m~3,
resulting in a Poisson-like distribution. Such a
remarkable variation of bead concentration is experi-
mentally possible with time even though a preset bead
concentration (Cy = 8.0 x 10" m—?) was given at the
beginning of experiments.>'*’ Since the density of latex
beads (1.055 g cm ) is slightly less than that of the
medium (1.081 g cm ™), the majority of beads were
potentially presented close to the upper cone wall after
30-min low shear,”’ which may bias the “effective”
bead concentration as much as up to ~200 folds by
assuming that all the beads have risen to the vicinity of
upper cone. While it is hard to determine the local
deviation of bead concentration, these results pre-
sented here indicated that the bead distribution along
shear field is crucial to determine the aggregation
dynamics of colliding beads and the binding kinetics of
interacting molecules.

Taken together, these predictions indicated that
the model developed here was reliable not only in
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reproducing the doublet formation and breakage pro-
cesses but also in determining the kinetic parameters of
interacting molecular pairs. Moreover, we clarified the
fact that the two singlets from a doublet newly-broken
could separate spontaneously rather than remain
physical contact, which results in the reduction of
contact duration and doublet formation.

Application in Heterotypic Aggregation

We also applied the model to predict the aggrega-
tion dynamics of two heterotypic cells. In a previous
study, a transfected mouse B78H1 melanoma cell line
stably expressing human ICAM-1, so-called E3-ICAM
cell, was subjected to shear in a cone-plate viscometer
to form aggregates with human PMNs expressing
Po-integrin (o > and oy f>). Cell concentration ratio of
E3/PMN (~1.7-2.0) was used to assure that most
aggregates were doublets and the aggregation per-
centage was determined by a two-color flow cytometry
technique.®! Distinct roles in op > and oyl on PMNs
binding to ICAM-1 on E3 cells under hydrodynamic
shear flow were identified, i.e., both oy f> and onf>
contributed to the initial phase of cell adhesion while

only o> was functional spanning over entire aggre-
gation phase. Here we compared the data with our
model, obtained the kinetic parameters for f5,-integrin
and ICAM-1 interactions, and discussed the decay
factor at both cellular and molecular levels.

Model Prediction and Fitted Kinetic Parameters

For homotypic aggregation of PMNs***" or het-

erotypic aggregation between PMNs and tumor
cells'®17:18:24.2831 ‘medjated by fo-integrin and ligand
interactions, the time course of aggregation fraction
exhibits a transition phase where it first increases and
then decreases with shear duration. While the
underlying mechanisms remain unclear, such the time
course is assumed to be correlated with the changes in
the contact area (A.), the receptor/ligand expression
(m./my), as well as the molecular conformation.”* An
exponentially decay was introduced to describe the
decrease in adhesion efficiency at cellular level®'-*?

E = Ej exp(—act), (13)

where E, and E are the adhesion efficiency, res-
pectively, at the moment immediately after PMN
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stimulation and at time ¢, and o, is the decay factor at
cellular level. Similarly, an exponential-decay model
for the effective forward rate was proposed in a pre-
vious work?*

Amemyky = (Acmrmlkf)o exp(—om?), (14)

where (Agmmkp)° is the effective forward rate right
after PMN stimulation and o, is the decay factor at
molecular level. Here the intrinsic forward rate k¢ was
estimated in a lumped parameter A mmk; since one
can not measure 4. accurately.

We applied the current model to compare with the
measurements of heterotypic aggregation kinetics
between PMNs and tumor cells®' in three different
groups of (1) both oy ff,- and oyf>-dependent (eight
curves), (2) oy fr-dependent by blocking opfl> (two
curves), and (3) anm ff>-dependent by blocking oy 5> (two
curves). Here Eq. (14) for decay factor at molecular
level was merged into the master equations (Eq. 11)
for data fitting. The following strategies were used
in numerical calculations. A global fitting was first
performed for each group to obtain a set of four

parameters  [k!, a, (Aememike)®, and o). Although
the best-fitted a,,, for group (1) and (2) was slightly <0
((—0.48 and —0.30) x 10~* s "), no significant increase
was found in the aggregation curves (cf. points in
Figs. 5a, 5b). So in those cases, o, was set to zero and a
3-parameter global fitting was performed. An individ-
ual fitting for each binding curve was then conducted,
at a fixed interaction range a estimated from the
global fitting, to obtain a set of three parameters
K2, (Acmmkr)”, and o). As seen in Fig. 5, the pre-
dictions (/ines) were in an excellent agreement with the
experimental data (points). Best-fitted kinetic parame-
ters and decay factors obtained from individual fitting
to the data were summarized in Table 2, where the
kinetic rates of f,-integrin—-ICAM-1 interactions were
comparable to those obtained from PMN-WM9 mel-
anoma cell aggregation dynamics using a cone-plate
viscometer assay.”* Molecular decay factor, oy, for
o fr-dependent aggregation was much higher than
those for both oy ff>- and onfr-dependent or oy fr-
dependent aggregation, supporting the previous con-
clusion that oy ff,-integrin only contributes to cell
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TABLE 2. Kinetic parameters of f,-integrin—-ICAM-1 bindings between PMNs and E3-ICAM cells.

Data set K (s a (nm) (Asm:mik)® (s™") om (x10% 571 72
o fo- and oy ffo-dependent (8 cases)
Global fitting 0.40 0.109 2.82 0.00% 294.1
Individual fitting 0.32 + 0.05° 0.109° 2.91 + 0.57° 1.03 + 0.57° 1.03 + 0.57°
ampPe-Dependent in the presence of anti-« f, mAb R3.1 Fab (2 cases)
Global fitting 0.23 0.070 1.38 0.00% 0.80
Individual fitting 0.19 + 0.00° 0.070° 1.25 + 0.05° 0.40 + 0.40° 0.40 + 0.40°
o fo-Dependent in the presence of anti-oyf> mAb h60.1 Fab (2 cases)
Global fitting 0.29 0.072 1.52 1.51 1.22
Individual fitting 0.26 + 0.02° 0.072° 1.41 + 0.05° 1.63 + 0.59° 1.63 + 0.59°

8The value was preset to zero.
PThe error is the standard error (SE).
®Preset interaction range a obtained from global fitting.

aggregation in the initial phase and decays quickly
while oy f--integrin remains functional spanning over
entire duration of 120 s.*' Noting that, the shear
duration of 180 s in the measurements®' was not long
enough to present the entire decay phase of aggregation
percentage as compared to those measurements with
the shear duration of 300 s, it would be expected that
the decay factor for f,-integrin-dependent aggrega-
tion obtained from PMN-E3 aggregation are slightly
smaller than that obtained from PMN-WM9 aggrega-
tion** (o, = (1.03 & 0.57) x 10~ vs. (1.29 £ 0.22) x
1073 s7! for 1 uM fMLP stimulated PMNis).

Correlation Between Molecular and Cellular
Decay Factor

Upon chemotactic stimulation, the expression and
binding affinity of f,-integrin on PMNs are up-regu-
lated within seconds.*' Noting that rapid activation of
oy fi» is transient and reversible within 30 s while active
conformation and high expression of oyf, are stable
beyond 10 min,*' the decay factor defined above pro-
vides a measure of transient decrease in cell adhesion
after stimulation. To further determine the biological
significance of decay factor, we compared the factor at
molecular level (o) with that at cellular level (o).
Experimentally, o, was determined by measuring the
PMN-E3 aggregation dynamics with PMNs activated
by 1 uM fMLP for 0, 30, 120, and 300 s before shear
was applied.*® Time course of the adhesion efficiency
(E), estimated from number of collisions resulting
in adhesion divided by total number of collisions,
was fitted by Eq. (13) and the decay factor o« for
pr-integrin-dependent adhesion was predicted to be
~7.00 x 107 s

We first conducted individual fitting for each
aggregation curve to obtain three best-fit parameters
K2, (Acmymike)®, and o] (Fig. 6a), as summarized in
Table 3. Zero-force reverse rate k°, even varying
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FIGURE 6. Determination of decay factor for p,-integrin—
ICAM-1 binding in PMN-E3 aggregation from individual fitting.
(a) Prediction of shear-induced PMN-E3 aggregation stimu-
lated with 1 M fMLP at fixed time points (0, 30, 120, and 300 s)
prior to the application of shear of 200 s~'. (b) Decrease in
(Acm:mk;)° over time was fitted by an exponential function
(Eq. 14). Data (points) were adopted from the literature.>!

slightly (0.05-0.14 s™'), was found to be comparable
to those in the literatures,'"?*? while the effective
forward rate (Aommk;)° decreases over time. Here we
applied two strategies to determine the decay factor o,
at molecular level. One was to average all the values of
o, in each group summarized in Table 3 to obtain the
mean + standard error ((3.94 £ 1.63) x 107> s ).
The other was to fit the values of (A.mmke)° at 0, 30,
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TABLE 3. Kinetic parameters of time-dependent fo-integrin and ICAM-1 binding.

Duration (s) K (s™ a (nm) (Asmmik)® (s™) om (x10% 571 P

0 0.14 0.109% 1.56 3.80 1.45

30 0.11 0.109% 1.10 3.96 0.30

120 0.05 0.109% 0.79 8.00 0.06

300 0.11 0.1092 0.47 0.02 0.11

Mean + SE 0.10 + 0.02 0.109% 0.98 + 0.23 3.94 + 1.63 0.48 + 0.33

8Preset interaction range a obtained from global fitting.
120, and 300 s to Eq. (14) to estimate the decay factor o
of (4.40 £ 1.21) x 107* s~ ' (Fig. 6b). The two values 2100 - L )
obtained were in excellent agreement, which further o ] Model from (24)
confirmed the validity of the current model. More ; 80 - Current model
importantly, they were well comparable to that at § ] —_—
cellular level (o, = 7.00 x 1072 s71).*! suggesting that é 60 1 /// S~o_ Ammi)’
the decay of cell aggregation percentage induced by £
chemotactic stimulation was presumably attributed to 2
the reduction of forward rate of f,-integrin-ICAM-1 O
interactions that mediates the cell aggregation. % 0

i 0 100 200 300

DISCUSSION

In aforementioned descriptions, we developed, val-
idated, and applied the current model to two distinct
types of measurements: (1) homotypic vs. heterotypic
aggregation; (2) latex beads vs. cells; (3) protein—pro-
tein (protein G-IgG) vs. protein—carbohydrate bond
(po-integrin-ICAM-1); and (4) varied vs. steady shear
history. These results indicated that the model is reli-
able and applicable in various shear-induced cell/bead
aggregation dynamics. Here we discussed two more
important points of the model.

Re-Analysis of Existing Data Using New Model

We previously developed a model to predict the
shear-induced 2D kinetics of PMN-WM9 melanoma
cell aggregation by adding the newly-formed doublets
into the doublet pool and transferring the singlets
dissociated from existing doublets into the singlet
pool.®* This is equivalent to a transient probability
from zero-bond to one-bond of f.e, which is f.e
(=fe0epo, iIf C19 = Cy) in the current model. In other
words, the previous model did not count in the
decrease of cell concentration due to doublet forma-
tion.”* To test this, numerical calculations were per-
formed using the current model for PMN-WMO cell
aggregation at G = 100 s~ ' and 4 = 1 cP with kinetic
parameters of K =06s"" a=004nm, o0, =10 x
1073 s7! and a variable of (Aummke)°. As shown in
Fig. 7, neglecting p, term in the previous model** has
little effect on low aggregation percentage (po ~ pg) but
results in significant difference at high percentage

Time (s)

FIGURE 7. Parametric dependence of PMN-WM9 aggrega-
tion dynamics at varied (A.m,mk)° = 2.0, 3.0, and 4.0 s .

Numerical calculations were compared between the current
model (solid lines) and the previous model®* (dashed lines)
with a parameter set of K = 0.6 s™', a=0.04 nm, o, = 1.0 x
1072 s at a shear rate of 100 s~' and a medium viscosity of
1.0 cP.

(po > pi). Noting that the percentage of tumor cells
in heterotypic aggregation was lower than 40%,** the
kinetic parameters best-fitted from the current and
previous models appeared to have no significant dif-
ference (data not shown). It should be pointed out that
at high aggregation percentage, i.e., ~80% between
fMLP-stimulated PMNs with TNF-a-stimulated WM9
cells, the differences of estimated parameters especially
for effective forward rate (Aummkp)°® from the two
models are no longer negligible.

Capture Efficiency Upon Two-Body Collision

In the current model, capture efficiency of two-body
collision was simplified by ¢ &~ A.m.m kT for all above-
presented calculations. To test the model, numerical
calculations were conducted without any simplifica-
tions for the probability distribution of bonds {pc,
DPels---sPens - -+, Pen to get the exact value of capture
efficiency by ¢ = 1 — po (Eq. 7). Two sets of parame-
ters were applied for the above calculations: k¥ =
1.0 x 107257, @ = 0.3 nm, and Aummks = 5.0 x
1072 s™! for protein—protein bonds in homotypic cell
aggregation (Fig. 8a) and k! = 0.6 s, @ = 0.04 nm,
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and partially at 1 cP when G>100 s~ in (b) (dotted line).

and Aunamke = 3.0s~' for protein-carbohydrate
interactions in heterotypic aggregation (Fig. 8b). As
shown in Fig. §, the simplification was quite reason-
able at various shear rates (G < 100 s~ in Fig. 8a or
50 s™' < G <400 s in Fig. 8b). The values of p.,
also proved that the doublets are most likely linked by
only one bond because p., is at least one order-
of-magnitude smaller than p., (data not shown). By
contrast, p., was significantly lower than the simplified
values under high shear rate and high viscosity,
implying that the impact of applied force on &, could
not be neglected. This is because, once a bond is
formed, bond dissociation would not likely happen
within a short collision duration when k., is low. But
bond rupture should be accounted to reduce the cap-
ture efficiency when k; is high enough. Furthermore, it
was found that the simplification in Eq. (9) is no longer
applicable at low shear rates (G < 50 s~') for PMN-
WM9 case (Fig. 8b), presumably due to the high
Acmmke value and long contact duration. In those
cases, only the numerical calculations of two-body
collision should be applied.

In this paper, we developed a new model upon a
probabilistic model of small system kinetics and two-
body collision theorem. As a universal framework, it
enables one to quantify the cell/bead aggregation
dynamics in doublet aggregates and to predict the
binding kinetics of interacting molecular pair that
mediates cell/bead aggregation by fitting measured
data to the model. We also demonstrated that
neglecting of two singlets separation in a previous
model would overestimate the bead aggregation.
Together with the chemotactic stimulations, it is also
applicable to address such the biological issues as how
the chemoattractant-induced regulation of molecular
expressions and conformations.
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