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ABSTRACT
Recent trends in micro and nano fabrication techniques have

opened a new era for microfluidic based immunosensing devices.
In immunosensing microfluidic device, the buffer solution trans-
ports the different biomolecules and cells. The interaction be-
tween the cell and surface of the microchannel takes place during
this transport. In the present study, the effect of interaction be-
tween the cell and the immobilized biomolecule on the cell trans-
port is analyzed theoretically. A single cell transport is studied
with the interaction between the cell surface and the microchan-
nel wall. The type of immobilized biomolecule on the surface
and the surface properties of the cell decide the interaction force
between cell and biomolecule. In the present analysis, the inter-
action force between the cell and modified microchannel is con-
sidered as a bond force between ligand and receptor. The bond
force is equated as an additional rolling friction to investigate
the effect of bond force on the cell transport behavior. The coef-
ficient of rolling friction is determined through non-dimensional
analysis. The non-dimensional governing equation is solved to
investigate the effect of different operation parameters on cell ve-
locity. The cell velocity experiences a resistance while attaining
the maximum velocity. This resistance depends on differentop-
erating parameters and forces acting on the cell. It is observed
that, higher cell density delays the attainment of maximum cell
velocity. It is also observed that, the value of maximum cellve-
locity is function of Reynolds number and bond length. Finally,
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it is demonstrated that, the bond density and contact area have
no effect on the cell velocity behavior beyond the maximum bond
density.

Keywords: cell transport, cell-surface interaction, function-
alized surface

NOMENCLATURE
Ac Area exposed to the fluid flow
F Force
N Normal reaction
R Radius
V Volume
a Radius of contact area
t Time
m Mass
v Velocity
ρ Density
µ Coefficient of friction

Non-dimensional parameters

Re Reynolds number
(

ρvf Rc
µ

)

R∗
l Bond length(Rc

lb
)

R∗
a Radius of contact area(Rc

a )
N∗

b Bond density(Nbπa2)

t∗ Time
(

µf

ρ f R2
c

)

t
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v∗c Velocity
(

ρRc
µ

)

vc

ρ∗ Density
(

ρ f
ρc

)

Subscript
R Rolling
b Bond
c Cell
d Drag
h Hydraulic
f Fluid
t Total
x x-direction
y y-direction

INTRODUCTION
The fundamental understanding of cell transport behavior

helps to interpret the several bio technological process. Recent
developments in micro fabrication techniques have opened new
avenues for biomedical devices on microfluidic platform [1–3].
The modification of microfluidic channel surface is essential step
to immobilize the biomolecules of interest. The end applica-
tion of such microfluidic devices dictate the surface modifica-
tion techniques. The surface modification adds a new functional
groups or binding agents on the surface of microchannel. This
additional binding agent or functional group immobilizes the
specific biomolecules which changes the surface propertiesof
a microchannel wall. The modified surface properties of mi-
crochannel affect the transport of a cell. The interaction between
the cell surface and the immobilized biomolecule takes place by
several mechanism like antigen antibody bonding, hydrophobic
interaction, electrostatic interaction, etc. The cell transport with
surface reaction has been studied extensively for biomedical in-
terest [4]. However, the literature is not particularly focused on
the microfluidic prospective. In microfluidic devices during the
biomolecule or cell quantification, the ligand-receptor bonding is
used for the separation of specific biomolecule. In present study,
theoretical analysis is made to investigate the cell transport on a
modified surface with ligand-receptor bond effect.

In most of the lab-on-a-chip devices the modification of
the surface is needed to isolate the biomolecule of interest[5].
The surface property of the channel wall influences the trans-
port of cell and subsequently the device performance. Differ-
ent approach for the surface modifications in microfluidic im-
munosensing chip is reviewed by Henares et al. [6]. In the
present study, the biomolecule of interest is a cell and the in-
teraction between the cell surface and the microchannel surface
is modeled to investigate the cell transport. The molecule on
cell membrane is usually referred as a receptor and the comple-
mentary molecule on the substrate is called as a ligand [7]. The

type of ligand-receptor pair and biomolecule depend on the end
application of the device. Different possibilities of biochemi-
cal activities between the biomolecule surface and the surface
of the microdevice are explained elaborately by Zhu and Sny-
der [8]. Several theoretical [9–11] and experimental [12] stud-
ies analyzed the fluid flow influence on the transport of the cell.
Starting from Hammer and Lauffenburger [9] to till date by Ku-
usela and Alt [13], different approach have been proposed toin-
vestigate the cell transport behavior with adhesion. Parameters
affecting the cell adhesion and its importance is elaborately dis-
cussed by Bell [14]. The review of cell adhesion in a microfluidic
device can be found elsewhere [15].

Hammer and Lauffenburger [9] considered a cell as a spher-
ical body and the analysis is performed based on the results of
spherical body in a shear flow. The additional force due to ligand-
receptor bonding is considered through the total bond forcein the
analysis. The bond numbers and bond density for bond force cal-
culation are derived through bond kinetics. In the present study
similar approach is used to investigate the cell rolling transport
but instead of additional bond force on the surface, the additional
resistance to the transport of the cell is considered. The specific
adhesion due to bonding between ligand and receptor is modeled
as an additional rolling resistance on the cell. The outcomeof
the model shows the cell rolling under different operating condi-
tions. This model will also provide a simple expression for the
resistance offered to the cell transport.

Mathematical Formulation
Theoretical approach for predicting the cell velocity un-

der different operating parameter is presented here. In most of
immunosensing and lab-on-a chip devices, the surface proper-
ties of at least one surface are modified for immobilizing the
biomolecule. This immobilized biomolecules serve the purpose
of ligands for the receptors on the surface of the cell in a bulk
solution. The specific adhesion of cell depends on various pa-
rameters viz; bond formation rate and binding affinity between
ligand and receptor, contact area, bond density, fluid environ-
ment, cell properties etc. [7, 16]. Figure 1(a) shows a spheri-
cal cell with bonding between the receptor on the cell surface
and the ligand on the modified substrate of the channel. The
force body diagram(FBD) for the cell rolling with hydrodynamic
force(Fh) and equivalent bond force(Fb) is shown in Fig 1(b). In
the present analysis, a novel approach is used to representFb.
An additional surface force due toFb on the cell is equated to the
rolling friction. The FBD for the rolling friction and the modified
cell rolling with normal bond force(N) and rolling resistance(µR)
is presented in Fig 1(c) and 1(d), respectively. The change in
bond density(Nb) due to bond formation and dissociation is ig-
nored i.e., bond kinetics is ignored. Hence, the bonds are evenly
stressed and the bond force(Fb) is independent of bond orienta-
tion, which dictates that each bond has equal strength.
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(a) (b)

(c) (d)

Figure 1. Schematic of (a) single cell on a modified surface with ligand-receptor bonding; (b) different forces acting on a cell; (c) rolling friction; (d) cell

with bond force as a friction force

The cell is assumed as a spherical body therefore, the ex-
pression for the hydraulic force(Fh) and torques(τh) on spheri-
cal body under Poiseuille flow placed near the wall can be used.
Happel and Brenner [17] have derived the following expression
for theFh andτh,

Fh = 6πµf Rcvf
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where,R∗
l = Rc

lb
in which Rc and lb represent the radius of

cell and the distance between cell center and wall, respectively.
Suffix f is express the fluid properties. The velocity of fluid(vf )
is taken at thelb.

Hammer and Lauffenburger [9] calculated the total force on
the cell due to bonding between ligand and receptors assuming
cell at mechanical equilibrium. The force balance shows that,
the hydrodynamic and bond forces in flow direction are equal in
magnitude with opposite direction(Fbx = −Fh). The other com-
ponent which is normal to the hydrodynamic force is given by
Eq.( 3) in whicha is radius of the contact area.

Fby = −3π
4a

[τh +FbRc] (3)
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Figure 2. Variation in non-dimensional cell velocity(v∗c) for different den-

sity ratio(ρ∗)

Fbt =
√

F2
bx+F2

by (4)

As shown in Fig. 1, the bond force is represented as a normal
reaction(N) for rolling friction with coefficient of rolling fric-
tion µr . It is assumed that, the normal reaction on the cell is
equivalent toFby. The difference in the cell rolling behavior with
and without ligand-receptor bonding mainly depends on the bond
force(Fbt) which is function of individual bond force( fb), bond
density(Nb), velocity(vc) and mass of cell(mc). This group of pa-
rameters has a major role in deciding the cell transport behavior.
Hence, the coefficient of rolling friction must be representation
of non-dimensional group consisting of these parameters. Per-
forming Buckingham-π analysis, theµr can be expressed as,

µr =
fb

v2
cmc

√
Nb

(5)

where,Nb is the bond density which is equivalent to number
of bonds per unit contact area. In the present analysis, the bond
density is calculated by multiplying the ligand density to contact
area(πa2). The individual bond force( fb) is calculated using [9],

fb =
Ft

πa2Nb
(6)
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Figure 3. Variation in non-dimensional cell velocity(v∗c) for different

Reynolds numbers(Re)

The linear momentum equation of cell of massmc with ac-
celerationac can be written as,

mcac = ∑F = Fh−µN−Fd (7)

where,Fd is the drag force on cell which is given by,

Fd = Cdρ f |vc−vf |(vc−vf )
Ap

2
(8)

The drag coefficient(Cd) for laminar flow is widely used as24
Re.

Ap is the area exposed to fluid flow which is assumed as half of
the entire sphere surface area.

From Eqs. (1) to (8), the momentum equation can be rewrit-
ten as,

mc
dvc

dt
= µf RcVf

[

I1 +µrR
∗
a

(

I
′
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′
1
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−Cdρ f |vc−vf |(vc−vf )
Ap

2
(9)
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Non-dimensional form of the governing equation is,

dv∗c
dt∗

= α1

[

I1 +µrR
∗
a

(

I
′
2 + I

′
1

)]

−α3|v∗c −Re|(v∗c−Re) (10)
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Figure 4. Variation in non-dimensional cell velocity(v∗c) for different non-

dimensional bond length(R∗
l )

where,α1 =
(

ρ f
ρc

)(

R3
c

volcell

)

Re, α2 =
π0.5α2

1
(πa2Nb)1.5 andα3 = 48πα1

Re2
.

Non-dimensional time and cell velocity are defined asv∗c =
(

ρRc
µ

)

vc, t∗ =
(

µf

ρ f R2
c

)

t, respectively andRe is the Reynolds

number defined based on cell radius with fluid properties i.e.,

Re=
ρvf Rc

µ . The non-dimensional density
(

ρ∗ =
ρ f
ρc

)

is the ra-

tio of the fluid density to the cell density and the rolling fric-
tion in terms of non-dimensional parameter isµr = α1α2

v∗c
. Non-

dimensional bond density(N∗
b) is defined as the product of con-

tact area(πa2) and the bond densityNb. Equation (10) governs
the cell transport behavior and the finite difference methodis
used to obtain the solution for this equation.

Results and Discussion
In this section the parametric study is performed to investi-

gate the effect of several operating parameters on the cell trans-
port behavior. The operating range of different non-dimensional
parameter is obtained from literature [9, 10, 12]. Figure 2 shows
the variation in the non-dimensional velocity under different den-
sity ratios. With the decrease in density ratio, the mass of cell
increases, which in turn reduces the velocity of the cell. Since
the inlet velocity i.e. Re of the flow is constant therefore, the
constant maximum velocity in each case is also observed. The
attainment of plateau at constant maximum velocity in each case
is observed. The variation in attainment of the plateau depends
on the density value. For the higher cell density i.e., lowerρ∗,
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Figure 5. Variation in non-dimensional cell velocity(v∗c)for N∗
b > 104

the delay in attainment of the maximum velocity is observed as
compare to the lower cell density case.

The variation in maximum velocity with differentReis pre-
sented in Fig.3. The resistance offered by bond and drag forces
decides the delay in attainment of maximum velocity. Since the
resistance due to bond and the drag forces in all the cases is same
therefore, the attainment of different maximum velocity atthe
same instance is observed for all the cases. The variation in
maximum velocity under differentR∗

l is also observed as shown
in Fig.4. In hydrodynamic flow i.e., for spherical body(without
bonding with the surface) in a Poiseuille flow, the hydrodynamic
force reduces as the distance between body and wall increases.
In the present analysis, the distance between the wall and the cell
is represented as a bond length.R∗

l represents the ratio between
the cell radius and the distance between cell center and wall. As
bond length increases, i.e, increment inR∗

l reduces the the bond
force and subsequently increases the resistance to cell transport.
Different bond length results into different resistance and hence
different maximum velocities for differentR∗

l are observed. As
R∗

l decreases, the resistance force increases, which reduces the
maximum velocity as depicted in Fig.4 .

The non-dimensional bond densityN∗
b is an important pa-

rameter for predicting the rolling resistance and hence thecell
velocity. There is an upper limit for the number of bonds for
constant contact area and corresponding bond density can be
defined as maximum bond density. The variation in the veloc-
ity profile for corresponding non-dimensional maximum bond
density(N∗

bmax) is presented in Fig. 5. It is observed that, varia-
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tion in N∗
b above 104 does not change the behavior of cell veloc-

ity. Similar results are obtained for differentR∗
a with N∗

b = 104.
Thus 104 is the upper limit forN∗

b i.e.,N∗
bmax= 104 for analyzed

set of operating parameters.
During the cell transport in Poiseuille flow, it is observed

that, the density of cell(ρ∗), external flow parameter(Re), bond
dimension(R∗

l ) and contact area(R∗
a) influence the behavior of

the cell transport. It is also demonstrated that, the amountof
deviation in attaining the maximum velocity is function of all
mentioned parameters. In the present study, the parametricstudy
is performed on constant bond density during transport process.
The transient variation in the bond numbers during the cell trans-
port will be taken up in near future. The transient variationin
bond will dictate the change in bond density and bond dimen-
sions and subsequently the bond force on the cell.

Conclusion
Theoretical model for investigating the cell transport in a

Poiseuille flow with modified channel surface is presented. The
non-dimensional governing equation considering hydrodynamic,
bond and drag forces is derived. The bond force is considered
as an additional rolling resistive force. A rolling friction factor
is determined based on the parameters which represent the cell
transport with bonding. The parametric study is performed to
trace out the effect of different operating conditions on the cell
transport. It is observed that, the cell velocity attains the maxi-
mum velocity and attainment of maximum velocity depends on
the operating parameters. It is demonstrated that, the denser cell
delays the attainment of the maximum cell velocity. Variation in
bond length and the inlet velocity decides the range of maximum
velocity. It is also reported that, for variation in the cellvelocity
the bond density should be less than maximum bond density.
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