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Cell Migration on Cell-Internalizable Ligand Microdepots:
A Phenomenological Model
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Abstract—We have shown that collagen ‘‘ligand associat
microdepots’’ ~LAMs! at polymer substrates can significant
enhance levels of skin epidermal cell migration~Tjia and
Moghe, Tissue Eng.8:247–259, 2002!. In this study, we have
further examined the dynamics of cell–LAM interactions, p
marily through a phenomenological model to examine the
ferential effects of LAM–cell binding and LAM internalization
within the cells. Based on the experimental data of cell mig
tion and LAM dynamics under selected conditions, the mo
was solved to yield rates of LAM binding and internalization
various LAM substrate densities. The clearance dynamics
LAMs computed at various times from the model matched w
with the LAM clearance kinetics observed experimentally. T
model was used to generate simulations of the rates of L
binding and internalization over time, under conditions of d
ferential exogenous activation. Our model analysis sugg
that the rate of cell migration can be sensitively governed
rate of cellular sampling of LAMs, given by differential rate
of LAM binding and internalization. Maximal cell migration
was found to occur during LAM presentation regimes~LAM
spatial density! that engendered concerted changes in the ex
of cell activation, as measured via net tyrosine kinase activ
due to LAM sampling dynamics. ©2002 Biomedical Engi-
neering Society. @DOI: 10.1114/1.1492814#

Keywords—Cell migration; Ligand microengineering
Receptor-mediated cell endocytosis; Nanoparticl
Microparticles.

INTRODUCTION

Cellular migration is a coordinated process that res
from the interaction of specific cell surface recepto
with ligands of the extracellular matrix~ECM!.25 Using
well-controlled, stable, ligand substrates, a number
ligand properties have been shown to affect activation
cell motility, including, for example, ligand surface con
centration, strength of ligand–receptor adhesion, deg
of receptor occupancy by the ligand, and liga
affinity.23 Recently, the ligand microdistribution on bio
material surfaces has also been shown to modulate
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valency of receptor–ligand binding, with effects on ce
spreading.20 Ligand microinterfaces that exhibit mor
complex, dynamic, cell interactions can also be en
sioned: for example, those that elicit receptor-media
cell binding and adhesion, but also activate cell signal
through active substrate internalization, through a p
cess called phagocytosis.1 Such interfaces occur fre
quently in vivo, when cells contact a ligand-presentin
surface and migrate on it through ligand internalizatio
a process called phagokinetic migration.7 For example,
during wound healing, skin epidermal cells called ke
tinocytes have been shown to phagocytose ECM liga
debris that lie directly in their migratory path. The desig
of phagokinesis promoting ligand interfaces may thus
of value to the development of tissue scaffold config
rations that promote the kinetics of scaffold coverage
cell infiltration.4,16

However, the parameters regulating phagokinetica
coupled cell migration have not been systematically
vestigated. Previously, we have experimentally dem
strated the use of dynamic, ligand-adsorbed microca
ers, which, when internalized by cells, can elic
significantly enhanced extent of migration over that o
served on substrate-adsorbed ligand substrates@Figs. 1~a!
and 1~b!#.33 These studies were done using colloidal go
microdepots adsorbed with the adhesion ligand, collag
The ligand-adsorbed microdepots~LAMs! were coated
onto collagen–PLGA substrates such that the total liga
density and the amount of ligand per microcarrier we
kept constant@Fig. 1~c!#. We showed that the rate of ce
migration exhibited was strongly dependent on the LA
substrate density@Fig. 2~a!#, and that the cell–LAM in-
teractions essential for enhanced migration were liga
activated, as motility was significantly reduced in th
absence of ligands on the microcarriers@Fig. 2~b!#.
Moreover, cell migration could be severely repress
when cell internalization processes were blocked via
valent attachment of the microcarriers to the underly
substrate, indicating that the signals from cell–LA
binding alone were insufficient for increased migrati
@Fig. 2~b!#. Finally, the analysis of the cell–substra

t
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FIGURE 1. Migration of keratinocytes on ligand-bound microdepots. „A… Representative micrographs of keratinocyte clearance
in the presence of ligand microcarriers at 1.21 LAMs Õmm2. As the keratinocytes migrate, they leave behind areas cleared of
LAMs „arrows …. Representative images are shown at 0 h „I…, 2.5 h „II…, and 5 h „III…. BarÄ50 mm. „B… Representative confocal
images of intracellular LAM internalization. Cells were allowed to migrate on substrates containing LAMs for 30 min prior to
fixation and staining with DiI. Confocal fluorescent sections „0.5 mm… were then obtained in order to determine the cell
boundaries, „I…. Reflected confocal sections were obtained to visualize internalized LAMs „II…. Combining the two images, it was
possible to determine the extent of LAM internalization. Representative confocal sections are shown for a cell that has been
allowed to migrate and ingest LAMs on a substrate containing 0.345 LAMs Õmm2. BarÄ10 mm. „C… Schematic illustration of
ligand-bound microdepot-coated substrates. Collagen ligands were adsorbed onto PLGA-coated coverslips in the presence or
absence of ligand microdepots such that the overall surface concentration of the ligand was constant. Soluble FN was added
as an exogenous stimulus in selected conditions and is not diagrammed here.
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853Model for Ligand Microdepot-Mediated Cell Migration
adhesivity suggested that activation changes elicited
LAM density were primarily manifested at the cell
LAM interface, rather than at the cell–substrate int
face. However, the rate processes underlying cell–LA
interactions have not yet been analyzed.

In this study, we formulated a simple model of th
major cell–LAM interactions during the induction of ke
ratinocyte motility on collagen-associated microcarrie
under two different modes of activation elicited with
without a soluble exogenous activator, fibronectin32

Based on the experimental studies of cell migration a
specific processes underlying cell–LAM interaction, i
cluding cell–LAM binding and internalization, the mod
was solved to obtain the rates of LAM binding an
internalization at various LAM substrate densities ov

FIGURE 2. Effect of ligand microdepot concentration on the
cell random motility coefficient. „A… Estimates of the random
motility coefficient were obtained as previously described as
a function of the initial ligand microdepot density. For each
depot concentration, 40–50 cells were analyzed. „B… Esti-
mates of the random motility coefficient were also obtained
in the absence or presence of collagen on the microdepots
and when internalization was inhibited by covalent attach-
ment of the microdepots to the substrate. For these experi-
ments, a microdepot substrate density of 1.21 micro-
depots Õmm2 was used. The error bars represent the standard
error.
time. Our studies suggest that for a given rate of c
motility, there appears to be a correlation between
rate of cell migration and the rates of LAM ‘‘sampling,
the differential of rates of LAM binding and internaliza
tion. Further, the model formalism can be applied
elucidate how ligand microcarrier presentation dynam
affects the extent of net cell activation as measured
net tyrosine kinase activity.

EXPERIMENTAL METHODS

Cell Culture

Human keratinocytes from neonatal foreskin were is
lated by enzyme digestion31 and cultured in serum-free
keratinocyte growth medium~KGM! ~Clonetics, San Di-
ego, CA! containing 0.1 ng/mL epidermal growth facto
~EGF!, 5 mg/mL insulin, 0.5mg/mL hydrocortisone, 50
mg/mL gentamicin, 50 ng/mL amphotericin-B, 0.15 mM
calcium, and 30mg/mL bovine pituitary extract~BPE!.
Keratinocyte isolations were screened for contaminat
fibroblasts using indirect immunofluorescence stain
for keratin 14 and vimentin~Sigma, St. Louis, MO!. In
all experiments, cells were used at passage 2 or 3.
fully define the culture media for experiments, med
was switched to KGM without BPE and EGF 6 h prior
to the initiation of the experiment.

Substrate Preparation

Glass coverslips~25 mm diam! were cleaned using
soap and sonication and stored in 100% ethanol u
use. As previously described, thin polymer films we
obtained by spincoating a 1% w/v solution of 50:50 po
D,L ~lactic acid-glycolic acid! ~PLGA! ~Medisorb, Cin-
cinnati, OH! in chloroform onto cleaned coverslips
PLGA films were then coated with type-I rat tail co
lagen~Collaborative, Bedford, MA! at a concentration of
5 mg/cm2 by slowly evaporating 1 mL of a 24.2mg/mL
collagen solution in 0.2N acetic acid at room tempe
ture. The substrates were then placed in six well pla
and held in place with a small amount of silicone glu

Prepared substrates were next coated with collag
adsorbed particulate gold salts in order to stimulate
agocytosis. Gold salts were prepared as previou
described.1 Briefly, 11 mL of distilled water was com-
bined with 6 mL of 36.5 mM Na2CO3 and 1.8 mL of
14.5 mM AuCl4H ~J.T. Baker, Phillipsburg, NJ!. The
solution was heated just to boiling and 1.8 mL of a 0.1
formaldehyde solution was added. In order to prev
any substrate denaturation, the solution was then coo
to below 70 °C. The cooled solution was layered ov
the prepared substrates~2 mL! and incubated at room
temperature for 45 min. The addition of the gold soluti
at these temperatures results in desorption of a signific
portion of the collagen. The collagen then binds to t
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854 J. S. TJIA and P. V. MOGHE
gold particles through noncovalent interactions. In so
experiments, substrates were coated with a solution m
without AuCl4H prior to the addition of gold particle
solution to obtain final substrates with nonligand a
sorbed microparticles. We have previously shown t
substrates prepared in this manner contain a final
lagen concentration of 612 ng/cm2.32

In order to decrease the surface particle concentrat
the coating solution was diluted. To increase the surf
concentration, the total amount of gold solution layer
over the substrates was increased. Previous studies
shown that gold particles formed in this manner a
monodisperse with an average diameter of approxima
400 nm.2 In order to verify the final surface particl
concentration, transmitted microscopy images of the s
strate surface were obtained at 1003 magnification and
analyzed using image analysis. In experiments where
gold particulates were used, substrates were coated
a solution made without AuCl4H.

Time Lapse Microscopy and Image Analysis of Cell
Migration

Keratinocytes were plated onto prepared substrate
six well plates in KGM media without BPE at a densi
of 2000 cells/cm2 and allowed to attach for 2 h at 37 °C.
Thirty ng/mL of EGF ~Sigma, St. Louis, MO! was si-
multaneously added with the cells. In some experime
soluble fibronectin stimulation was incorporated by ad
ing 10 mg/mL fibronectin~Sigma, St. Louis, MO! to the
media. After the attachment period, the six well pla
were transferred to the motorized, heated stage of a Z
Axiovert laser scanning microscope~Zeiss, Inc., Thorn-
wood, NY!. The microscope stage was kept at 37
using a customized stage incubator. All cell tracking w
performed under bright field at 103 magnification with
1.53 zoom. Using LSM 410 software~Zeiss, Inc.,
Thornwood, NY!, a macro was written to store and trac
three representative fields of view from each coverslip
the six well plates. Scanned images were obtained ev
3 min up to a total time of 5 h. Images were the
processed using Image-Pro software~Media Cybernetics,
Silver Spring, MD! to analyze the paths of the individua
migrating cells. Between 5 and 12 cells were analyzed
each field of view. Only cells whose paths did not inte
sect those of other cells over the migration period w
selected for analysis. Selected cells were highlighted
their centroids at each time point recorded. In additi
the area cleared by the cells at each time point was
determined.

Determination of Random Motility Coefficient,m

The random cell motility coefficient was determine
using the formulation originally proposed by Dunn,12 and
later by Othmeret al.28 Briefly, the random motility of
e

,

e

h

,

s

individual cells was characterized by regression of
mean-squared displacement behavior of the cell pop
tion as function of time:

^d2~ t !&54m@ t2P~12e2t/P!#, ~1!

where ^d2(t)& is the mean-squared displacement,P is
the cell directional persistence time, andt is the time
interval of the experiment. Using the (x,y) coordinates
of the cell centroids, squared displacements were ca
lated to be

d2~ t !5~xt1Dt2xt!
21~yt1Dt2yt!

2. ~2!

In order to take advantage of all positional data ava
able, overlapping intervals were used. Mean-squared
placements were calculated at given time intervals and
to Eq. ~1! using the Levenberg–Marquardt nonline
least-squares regression algorithm to obtain estimates
m and P.

Determination of Net Tyrosine Kinase Activity

The activation state of migrating cells was quantifi
via the determination of tyrosine kinase activity. Su
strates containing various densities of ligand-adsor
microdepots were prepared as previously described33 on
25 mm diam coverslips and placed in six well plate
Primary keratinocytes isolated from neonatal fores
and cultured in serum-free medium32 were then seeded a
a density of 1E4 cells/cm2 and allowed to attach and
migrate for 2 h at 37 °C.Cells were then lysed with 150
mL M-Per mammalian protein extraction agent~Pierce,
Rockford, IL! containing 10mg/mL leupeptin, 40mg/mL
pepstatin A, 200mM PMSF, and 100mM sodium ortho-
vanadate~all from Sigma, St. Louis, MO!. Collected cell
lysates were kept at220 °C until time of assay. Tyrosine
kinase activity was determined using a nonradioact
tyrosine kinase assay kit~Roche Molecular Biochemi-
cals, Indianapolis, IN! and normalized to the activity o
cells seeded on substrates without LAMs.

MATHEMATICAL FORMULATION

Phagocytosis

The dynamics of the LAM uptake process were e
amined from a kinetic–mechanistic point of view i
which the cell–LAM interaction events were modele
using equations similar to those used in tradition
Michaelis–Menten kinetics. In order for a LAM to b
ingested, molecules on the microcarrier surface must
interact and bind with receptors, lectins, or other m
ecules on the cell surface. We hypothesize that this ini
particle binding, while triggering the phagocytic proces
however, is not sufficient for particle ingestion. Furth
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FIGURE 3. Schematic of pro-
posed model „A… dynamics of
cell–LAM interactions. Mi-
crodepots initially bind to one
cell membrane Õsurface recep-
tor. Before they can be inter-
nalized, additional membrane Õ
receptors must be recruited in
order to ‘‘activate’’ the depot
for internalization. Once inter-
nalized, the depot dissociates
from the membrane Õreceptor
and the membrane Õreceptor
gets recycled back to the cell
surface. „B… Contribution of mi-
gration to model: analogy to
diffusion across a semi-infinite
plane. „C… Cells encounter a lo-
cal LAM density, L , as they mi-
grate, which can differ from the
initial overall LAM density of
the system, L o .
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sequential recruitment of cell surface receptors into
teractions with the remainder of the particle surface
assumed to be necessary.17–19 These receptor–ligand in
teractions control the advancement of the pseudopo
extension of the plasma membrane, which is engulfi
the particle. Thus, if there are not sufficient receptors
the cell surface or ligands on the particle surface to all
engulfment of the particle, phagocytosis will not pr
ceed. This is the dominant mechanism by which pha
cytosis is believed to occur and has been termed
‘‘zipper’’ model.29 In addition, previous studies hav
shown that there is a positive correlation between
rate of ECM-coated latex beads ingested and the num
of ECM molecules per bead,21,27 providing further evi-
dence of the multivalent nature of ECM receptor bindi
required for optimum phagocytic ingestion. In keepi
with the zipper model, the mechanism behind the LA
uptake process is proposed to proceed by the follow
sequence of elementary reactions, as shown in Fig. 3~a!:

~1! A ligand-adsorbed microcarrier,L, binds to a cell-
microcarrier binding site,B, to form a LAM-binding
site complex,B"L:

L1B ——→
kB"L

B"L. ~3!

~2! This complex can decompose back to an unbou
particle and free-binding site:

B"L ——→
k2B"L

L1B. ~4!
l

r

~3! Or, if there is a sufficient number of free-bindin
sites available, it can bind tox more binding sites to
form an ‘‘activated’’ particle-binding site complex
capable of being ingested. The value ofx may be
any number between 1 andn, the number of addi-
tional binding sites needed to form a fully activate
complex. Thus, a series of reactions may take pl
of the following form:

By"L1xB ——→
kBx11"L

Bx1y"L,
y5n¯1, x51¯n, x1y<n11. ~5!

~4! Like the inactivated form, the activated complex a
all of its intermediates, can decompose back to p
vious inactivated forms andx free binding sites:

Bx1y"L ——→
k2Bx11

"L

By"L1xB,

y5n¯1, x51¯n, x1y<n11. ~6!

~5! Once the particle-binding site complex becom
fully activated, it can be ingested by the cell to for
an intracellular vesicle,V. Within the vesicle, the
particle becomes uncoupled from the binding si
and the now free binding sites are recycled to t
cell surface. For the purposes of our model, we lum
the rates of ingestion and binding site recycling in
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856 J. S. TJIA and P. V. MOGHE
one parameter,kv :

Bn11"L ——→
kv

V1~n11!B. ~7!

In addition, for the time course of our experiments, t
expression level of the cell, or the total number of bin
ing sites, is assumed to be constant and is given by
following expression:

BT5B1 (
x50

n

@~x11!Bx11"L#. ~8!

Cellular Migration

Cell migration will affect the degree of exposure
LAMs to the cell, as migration would make new LAM
available for internalization. Previous studies have sho
that in isotropic environments, migrating cells can
characterized as exhibiting a persistent random walk.12,28

This behavior indicates that they move along fairly line
paths over short periods of time, but show more ra
domly oriented paths over longer time intervals. A pop
lation of cells exhibiting this behavior can be charact
ized primarily in terms of m, the random motility
coefficient, while single cells exhibiting random motilit
are typically characterized byS, cell speed, andP, per-
sistence time.15 The population-derived random motilit
coefficient has been shown to be linked to the single
parameters of cell speed and persistence time via
equationm51/2 S2P and, studies have confirmed th
values of cell speed calculated from population mig
tions agree well with those calculated from single c
parameters.14 Becausem incorporates both cell speed an
persistence time, it gives an inherently more compl
description of cell motility than either cell speed or pe
sistence time alone. In our system, as a first approxi
tion, the overall density of LAMs,Lo , is assumed to be
uniform and isotropic. Over relatively short times, th
local binding and depletion of LAMs may bias the d
rectionality of cell migration; however, over longer tim
periods, the mean-squared displacement of migra
cells as a function of time reaches linearity. Thus,
make use of the persistent random walk theory and usm
as the primary parameter characterizing migration in
system.

In order to determine the contribution of cellular m
gration to cell–LAM dynamics, we make an analogy
molecular diffusion in a semi-infinite plane@Fig. 3~b!#.
Consider an inverse system in which the cells are
tionary and the LAMs are motile, with a constant ra
dom motility coefficient,m. We make the assumptio
that the cell is well spread and can be modeled as a
plane. While a large portion of LAMs will becom
bound to the cell at the cell’s leading edge, some LAM
-

t

will remain on the substrate surface as the cell mo
over them and only encounter a free LAM binding s
further along the cell membrane. Therefore, the m
balance of extracellular LAMs encountered locally b
the cell is given in terms of the local LAM concentra
tion, L @Fig. 3~c!#:

d

dt
~AcellL !52r j 2r , ~9!

where Acell is the spread area of the cell,r is the cell
radius, andj is the LAM flux across a cell of diamete
2r . The flux across a semi-infinite plane is

j z5
m

z
~Lo2Lz!, ~10!

where z is the characteristic length of the cell. In ou
analysis, we takez to be the cell diameter, 2r . Assuming
that the area of the cell is much greater than that of
particle, we can assume that there are very few extra
lular LAMs at z52r , thus,Lz50. Substituting Eq.~10!
into Eq. ~9!, we obtain an expression relating the rate
cell migration to the rate of change of the extracellu
local LAM concentration:

d@L#

dt Migration5
mLo

pr 2 5
mLo

Acell
. ~11!

Composite Model

Using Eqs.~3!–~11!, we next formulate the following
kinetic expressions that comprise the composite mo
In defining these expressions, we make the inherent
sumption that free ligands~ligands not adsorbed ont
microcarriers! do not contribute significantly to the ex
tent of migration relative to the contribution of LAMs.

~1! Rate of change of the concentration of local ext
cellular LAMs, L, encountered by the cell:

d @L#

dt
52kB"L@L#@B#1k2B"L@B"L#1

mLo

Acell
. ~12!

~2! Rate of change of the concentration of initial LAM
binding site complexes,B"L:

d @B"L#

dt
5kB"L@L#@B#2k2B"L@B"L#

2 (
y51

n

(
x51

n

kBx1y"L
@By"L#@B#x

1 (
y51

n

(
x51

n

k2Bx1y"L
@Bx1y"L#. ~13!

~3! Rate of change of the concentration of partially ‘‘a
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857Model for Ligand Microdepot-Mediated Cell Migration
tivated’’ LAM-binding site complexes,Bx11"L:

d @Bx1y"L#

dt
5 (

y51

n21

(
x51

n21

kBx1y"L
@By"L#@B#x

2 (
y51

n21

(
x51

n21

k2Bx1y"L
@Bx1y"L#.

~14!
~4! Rate of change of the concentration of fully ‘‘act

vated’’ LAM–binding site complexes,Bn11"L:
d @Bn11"L#

dt
5kBn11"L

@B"L#@B#n2k2Bn11"L
@Bn11"L#

2kV@Bn11"L#. ~15!

~5! Rate of change of the concentration of internaliz
LAMs, V:

d @V#

dt
5kV@Bn11"L#. ~16!

The net effects of cell migration were experimenta
measured in terms of the rate at which cells effectiv
‘‘clear’’ an area covered with ingestable LAMs. For
given initial surface particle concentration, the area
LAM clearance by a cell is equal to the sum of th
number of particles bound and ingested, divided by
initial particle concentration:

d~cleared–area!

dt
5

1

Lo
F (

x50

n
d@Bx11"L#

dt
1

d@V#

dt G .

~17!

Equations~12!–~17! thus define the mathematical mod
equations for the effect of phagocytosis on cellu
migration.

MODEL ANALYSIS

Analysis of the model was performed for two activ
tion conditions: activation with 30 ng/mL soluble EG
only ~basal activation!, and activation with both 10
mg/mL soluble fibronectin and 30 ng/mL EGF~fibronec-
tin stimulation!.

Case 1: Basal Activation

In order to solve the model under conditions of ba
activation, several simplifying assumptions were ma
Previous experimental results32 have shown that in the
presence of particulate matter, migrating cells will co
pletely clear a path through the particles, leaving f
free particles behind. Therefore, we assume that the
of inactivated LAM–binding site complex decompos
tion, k2B"L , is very small compared to the rate of initia
binding, kB"L, and can be neglected. In addition, it
e

assumed that the fully activated complex,B2"L, once
formed, is highly reactive and is quickly ingested. Thu
this complex would be present only in low concentr
tions and may be assumed to be at pseudosteady st

As will be described in the following section, th
value ofn, the additional integer number of binding si
equivalents needed for activation, was calculated to b
under basal activation conditions. Since it is difficult
differentiate between binding site–LAM complexes th
are inactivated or activated, we combine the two co
plexes to obtain total bound LAMs. However, since t
concentration of the activated complex is assumed to
small, the majority of the bound LAMs will be present i
the inactivated complex form:

d@Bound#

dt
5

d@B"L#

dt
1

d@B2"L#

dt
'

d@B"L#

dt
. ~18!

Taking into account the above assumptions, we obt
the following simplified mathematical model system:

d@L#

dt
52kB"L@L#@BT2B"L#1

mLo

Acell
, ~19!

d~B"L !

dt
5kB"L@L#@BT2B"L#2kVF ~BT2B"L !~B"L !

Km12~B"L ! G ,
~20!

d@V#

dt
5kVF ~BT2B"L !~B"L !

Km12~B"L ! G , ~21!

d~clearance!

dt
5

1

Lo
S d@B"L#

dt
1

d@V#

dt D , ~22!

where

Km5
k2B2"L

1kV

kB2"L
. ~23!

Case 2: Fibronectin Stimulation

For an n value of 2, the following model reaction
can take place:

L1B ——→
kB"L

B"L ——→
k2B"L

L1B, ~24!

B"L1B ——→
kB2"L

B2"L ——→
k2B2"L

B"L1B, ~25!

B2"L1B ——→
k~B3"L !1

B3"L ——→
k2~B3"L !1

B2"L1B, ~26!
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TABLE 1. Experimentally determined model parameters. Model parameters were determined
from experimental results. Values of the LAM binding capacity of the cell, B T , were determined
from the number of bound LAMs in the presence of excess LAM density. Knowing B T , and the
average cell diameter, the additional number of binding sites needed for activation, n was then
calculated. The kinetic constant of binding, k B"L , was determined from the slope of a plot of the
initial number of bound LAMs as a function of the initial LAM density. The kinetic constant of
internalization, k v , was determined from a Lineweaver–Burk Plot. K m is a parameter that
combines the kinetic constants found in Eqs. „11…–„13… and was also determined from a
Lineweaver–Burk Plot. The parameter a is a constant whose value depends on the parameter

n , the additional number of binding sites needed for activation.

Parameter Basal activation Fibronectin stimulation

BT Total number of binding sites 12,708 particles 20,170 particles

n Additional number of binding sites 1 2

kBL Kinetic constant of cell–LAM
binding

2.06E-3 mm2/particle min 1.52E-3 mm2/particle min

kv Kinetic constant of LAM
internalization

1.28E-3 min21 2.40E-3 min21

Km Kinetic constant of LAM activation
(critical site equivalents, a)

0.7295 particles/mm2

(a;2)
0.5012 particles/mm2

(a;3)
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I.
B"L12B ——→
k~B3"L !2

B3"L ——→
k2~B3"L !2

B"L12B, ~27!

B3"L→
kv

V13B. ~28!

As in the case for basal activation, the rate of decom
sition of the initial particle–binding site complex,k2B"L ,
is assumed to be negligible compared to the rate
initial binding and can be neglected. In addition, it
probable that a much greater concentration of the fu
activated complex,B3"L, will be formed through a com-
bination of Eqs.~25! and ~26! than from Eq.~27! alone.
Thus, we assume that the reaction represented in
~27! does not occur to a large extent and its contribut
to the model can be neglected. We also disregard
rates of decomposition of the partially activated compl
B2"L, and the fully activated complex,B3"L, under the
assumption that they are much slower than the rate
formation. Finally, as in the previous case, we assu
that the concentrations of the fully activated comple
B3"L, as well as the partially activated intermediate co
plex, B2"L, are very small compared to the concentrati
of the initial complex,B"L, and can be assumed to be
steady state. With these assumptions, the model e
tions take the form:

d@L#

dt
52kB"@L#@BT2B"L#1

mLo

Acell
, ~29!

d@B"L#

dt
5kB"L@L#@BT2B"L#2

kv@B"L#@BT2B"L#

Km13@B"L#
,

~30!
.

f

-

d@V#

dt
5

kv@B"L#@BT2B"L#

Km13@B"L#
, ~31!

where

Km5
kV

kB2"L
, ~32!

and

d@Bound#

dt
5

d@B"L#

dt
1

d@B2"L#

dt
1

d@B3"L#

dt
'

d@B"L#

dt
,

~33!

d~clearance!

dt
5

1

Lo
S d@B"L#

dt
1

d@V#

dt D . ~34!

Analysis of the above systems of equations was p
formed using an explicit Runga–Kutta method in Matl
~The Mathworks, Inc., Natick, MA! and to provide clear-
ance profiles under varying conditions of soluble stim
lation and at varying initial LAM densities. In addition t
clearance profiles, the temporal rates of LAM bindin
and internalization, along with the net LAM samplin
rate were determined at various initial LAM densities

RESULTS

Determination of Model Parameters

Calculated model parameters are shown in Table
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859Model for Ligand Microdepot-Mediated Cell Migration
Total Number of Binding Sites, BT . The total number of
binding sites,BT , was assumed to be equivalent to t
maximum number of LAMs that could bind to a ce
Experiments were performed in which cells were
lowed to migrate on substrates containing an exc
amount of LAMs (4.61 LAMs/mm2). Under these con-
ditions, it was assumed that the majority of the ar
cleared was due to initial LAM binding to the cell su
face and not to LAM activation or ingestion. The numb
of LAMs bound per cell was thus plotted as a function
time until saturation was reached and the total numbe
bound LAMs was taken to correspond to the total nu
ber of LAM binding sites~Fig. 4!.

Additional Number of Binding Sites, n.The parametern
represents the number of additional binding sites w
which the initially bound LAM must form interactions in
order to be ingested. Although it is difficult to determin
the exact number of bindingsites needed, it is possible
to approximate thearea of plasma membrane necessa
to fully engulf a LAM. The average diameter of cel
during the experiments~84 cells measured over seve
experiments! was found to be 37.9560.85mm. Since it
is difficult to determine the exact degree of cell sprea
ing, we examine the two possible extremes and take
average. If the cell is completely spread, it can be
proximated as a thin disk, with surface area 2pr2

52262.276105.94mm2. The area is doubled to accou
for both the upper and lower faces of the cell. If the c
is fully rounded, the surface area is 4pr254524.53
6211.88mm2. The average surface area is therefo
3393.406158.91mm2. The average diameter of the go
particles has previously been found to be 0.4mm with a
surface area of 0.51mm2.2 Based on the total number o

FIGURE 4. Determination of the total number of binding
sites, B T . Plot of the number of LAMs bound per cell as a
function of time for cells migrating on substrates containing
an excess amount of LAMs „4.61 LAMs Õmm2

…. The number of
LAMs at which saturation was reached was found to be
12,708 LAMs under basal conditions, and 20,170 LAMs under
fibronectin stimulation conditions.
LAM binding sites per cell, the average area of plasm
membrane bound to each particle and the approxim
amount of additional membrane needed to fully eng
the LAM could be determined. An approximate integr
value of n could thus be calculated from the followin
formula:

unu5BT

SALAM

SAcell
21. ~35!

For example, the total number of binding sites per c
under basal activation conditions was found to
12,707.8 sites. Dividing the average surface area o
cell, 3393.40mm2, by the total number of binding sites
12,707.8 results in each LAM initially binding to ap
proximately 0.268mm2 of cell membrane. Since
0.51mm2 are needed to fully engulf the membrane, t
amount of membrane per cell would need to appro
mately double~integral multiples! before the LAM could
be ingested. Thus, in our model the value ofn under
basal activation conditions is taken to be 1.

Kinetic Constant of Binding, kB"L . Estimates forkB"L , the
kinetic constant for the initial cell–LAM binding reac
tion, were obtained by sparsely seeding cells onto s
strates containing a known LAM concentration and
cubating the samples for 1 h. Three images at each L
concentration were then obtained using brightfield m
croscopy at 203. The area cleared by single cells wa
then determined using Image-Pro software and avera
Knowing the initial LAM concentration and the are
cleared, the number of LAMs that had effectively be
cleared from the surface was calculated. At the ea
time point employed, it was assumed that minimal c
lular migration had occurred, few LAMs had bee
bound, and a large majority of the cell binding sites w
still unoccupied. Thus, Eq.~12! reduces to

d@L#

dt
52kB"L@BT#@Lo#. ~36!

A plot of dL/dt vs BTLo should fit to a line with slope
2kB"L and intercept 0~Fig. 5!. Between 30 and 40 cells
were analyzed at each particle concentration.

Kinetic Constant of Ingestion, kv , and Km. As shown in
the previous section, assumptions used in the analysi
the model result in Eqs.~13!–~15! collapsing into one
equation of the general form:

d@V#

dt
5kVF ~BT2B"L !~B"L !

Km1a~B"L ! G , ~37!
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860 J. S. TJIA and P. V. MOGHE
where a is equal to the total number of binding site
needed for LAM engulfment,n11. Km is a term that
combines the kinetic constants in Eqs.~16!–~18! and its
exact definition is also dependent upon the value ofn.
Estimates forkv and Km were obtained using a sligh
modification of a Lineweaver–Burk plot. Rearrangin
and taking the inverse of Eq.~37!:

~BT2B"L !

dV/dt
5

Km

kV
S 1

B"L D1
a

kV
. ~38!

A plot of (BT2B"L)/(dV/dt) vs 1/(B"L) yields slope of
Km /kv and intercepta/kv ~Fig. 6!. Immunofluorescence
confocal microscopy in conjunction with reflected co
focal microscopy was used to obtain values for the r
of ingestion,dV/dt. Sparsely seeded cells were allow
to migrate on substrates containing varying surface p
ticle concentrations. After 30 min, cells were incubat
for an additional 10 min at 37 °C with 1mm DiI ~Mo-
lecular Probes, OR!. Cells were then trypsinized, fixed
and plated on glass slides for viewing under confo
microscopy. Using reflected confocal microscopy, opti
sections of the cell were taken in 0.5mm increments.
Under reflected light, the ingested LAMs appear wh
against a black background. The membrane dye, DiI, w
used to determine the cell boundaries under fluores
confocal microscopy. Using both fluorescent and
flected confocal images, the number of particles inges
by a single cell could be determined. The concentrat
of bound particles at specific initial particle concentr
tions was known from experiments to determinekB"L.

FIGURE 5. Determination of the kinetic constant of binding,
k B "L . Estimates for the kinetic constant of binding, k B "L
were obtained using Eq. „20…. A plot of dL Õdt vs B TL o yields
a line with slope Àk B "L and intercept 0. Linear curve fits
resulted in R2 correlation coefficients of 0.989 95 for both
basal and fibronectin activation conditions.
t

Model Validation

In order to validate the model, simulations of migr
tory clearance were compared to previous experime
results33 ~Fig. 7!. Briefly, keratinocytes were sparse
seeded onto prepared substrates containing ligand-co
LAMs at various densities and monitored using tim
lapse microscopy. In general, theoretical values of cum
lative cleared area were found to exhibit similar trends
those found experimentally. At lower LAM concentra
tions, the cumulative cleared area was found to stea
increase at a relatively constant rate. As the LAM co
centration increased above the optimum value, the rat
clearance was found to decrease. Simulation results
vealed good agreement with experimental points at LA
concentrations of 0.688 and 1.21 LAMs/mm2. At these
initial LAM concentrations, theoretical values wer
found to be within 10% of experimental results. How
ever, at higher LAM concentrations, model simulatio
consistently under-predicted the cumulative cleared a
At 1.68 LAMs/mm2, theoretical values deviated from
experimental results by an average of 16.27%. Increas
the LAM concentration to 3.15 LAMs/mm2 increased the
amount of deviation to 26.52%. Stimulation with solub
fibronectin at 3.15 particles/mm2 resulted in an average
deviation of 25.77%@Fig. 4~b!#.

The results of the model accurately predict the le
of migratory activity expected at low surface LAM con
centrations. However, predictions at higher LAM co
centrations were consistently lower than experimental
sults. This underestimation may be attributed mainly
the high degree of particle ‘‘agglomeration’’ observed
higher LAM concentrations~leading to multivalent bind-
ing, which is not accounted for in the strictly binar

FIGURE 6. Determination of the kinetic constant of inges-
tion, k v , and K m . Estimates for k v and K m were obtained
using a slight modification of a Lineweaver–Burk plot as
described in Eq. „21…. A plot of „B TÀB "L …Õ„dV Õdt … vs 1 Õ„B
"L … yields slope of K m Õk v and intercept aÕk v . Linear curve
fits resulted in R2 correlation coefficients of 0.992 65 and
0.999 57 for basal and fibronectin activation conditions, re-
spectively.
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861Model for Ligand Microdepot-Mediated Cell Migration
interactions of the model!, and in part, to the assump
tions made in determiningkB•L , the kinetic constant of
binding. Most significantly, it was assumed that at t
early time point, a majority of the cell–LAM binding
sites were still unoccupied. While this assumption m
have been valid at low LAM concentrations, the grea
rate of initial LAM binding expected at higher conce
trations might have led to an underestimation ofkB•L at
those initial conditions.

One of the major simplifications of the model is i
restriction that all kinetic constants be time invariant.
is possible that as time progresses, the overall rate
LAM ingestion may be limited by the amount of free
binding sites. However, it has previously been found t
phagocytic cells can vigorously recruit intracellul
membranes to the cell surface during phagocytos5

Thus, it is quite likely that the cells may have compe
sated for the loss of binding sites by recruiting intern
membranes to the plasma membrane, effectively incre
ing their capacity to bind new LAMs. Additionally, be

FIGURE 7. Effect of LAM internalization on cleared area.
Theoretical simulation results of cumulative cleared area at
various LAM densities were compared to previous experi-
mental results „Ref. 33… under conditions of „A… basal activa-
tion and „B… fibronectin stimulation. Theoretical simulation
results are denoted by the solid lines and were obtained by
simultaneously solving Eqs. „19…–„22… „for the basal case …

and Eqs. „29…–„34… „for fibronectin stimulation … using Matlab.
f

-

cause it was difficult to decouple the rate of ‘‘replenis
ment’’ of the binding sites in our system, the rates
binding site ingestion and recycling were implicitl
lumped together while determining the rate of LAM in
gestion ~implying that receptor/membrane recycling
not a rate-limiting step!. In the future, data for receptor
membrane recycling would need to be factored
to improve the model accuracy, particularly for cond
tions of higher LAM concentration and longer tim
incubations.

Another simplification of the model is the assumptio
made regarding cell spreading in the calculation ofn, the
integral number of critical binding sites. Previous stud
regarding cell spreading and migration have shown t
the cell migration rate can be inversely related to the c
spread area,34 suggesting the role for dynamic limitation
arising from membrane availability. However, if a cell
too rounded and not adequately spread, the cell can
gain enough traction on the surface it can push or p
against.11 It appears, therefore, that there is an optimu
degree of spreading at which a cell is able to migr
effectively without membrane limitations. The exact d
gree of membrane spreading that is considered optim
however, has not been established and is likely to v
depending upon the cell type, as well as the ligand pr
erties. Thus, in our calculations forn, we averaged the
cell area based on the two possible extreme configu
tions of cell spreading~a completely spread cell and
completely rounded cell!. Slight variations in cell spread
ing, however, may lead to significant variations in t
cell surface area, that may, in turn, lead to errors in
estimation of the value forn and, subsequently,kv .
Based on our calculations, we found that the value on
under basal activation conditions could range from 2
60.16 to 0.5960.08 based on the extreme values of c
spreading. Corresponding values ofkv range from
2.33E-3 to 1.17E-3 min21. Overestimations ofkv may
lead to overestimations of LAM binding, as faster inte
nalization would lead to a faster recycling of bindin
sites. However, given that model simulation results
not overpredict LAM clearance under any of our te
conditions, overestimates ofkv may not play a signifi-
cant role in our model simulations. On the other han
underestimatingkv could result in an underestimation o
clearance, particularly at higher LAM substrate densiti
where the availability of LAM binding sites is limiting
Future experiments aimed at determining the exact nu
ber of available receptors on the cell surface coupled
a known display of ligands on each LAM would facil
tate more robust estimates forn.

Effect of LAM Spatial Density on the Cell–LAM Binding
and Internalization Rates

Using the mathematical model developed, the effe
of the initial LAM substrate density on the rate of cell
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FIGURE 8. Theoretical temporal evolution of LAM binding and internalization rates. The model was used to generate average
LAM binding „A… and „C… and LAM internalization „B… and „D… rates as a function of time for various initial LAM densities. Results
were obtained for both basal „A… and „B… and fibronectin „C… and „D… stimulation conditions.
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LAM binding and internalization were simulated over
5 h period. The initial rate of LAM binding was found t
exhibit a biphasic dependence on the substrate L
density, with the highest initial rate of binding occurrin
at 1.21 LAMs/mm2 @Fig. 8~a!#. Regardless of the sub
strate density, however, the rate of LAM binding quick
reached a steady state, the level of which depended
the initial LAM density.

Analysis of the rate of LAM internalization showe
that it was significantly slower than the rate of LAM
binding @Fig. 8~b!#. Moreover, there was initially no ef
fect of substrate LAM density on internalization rate
However, as time progressed, the rate of internaliza
was found to steadily decrease at 1.21 LAMs/mm2. A
slower decline was also observed at 0.68 LAMs/mm2

with minimal changes seen at 1.69 and 3.15 LAMs/mm2.
Further analysis showed a positive correlation betw
the calculated equilibrium net LAM sampling rate~LAM
binding rate minus LAM internalization rate! and the
experimentally determined cell random motility coef
cient, with fibronectin-stimulated conditions exhibitin
n

similar correlations as those elicited under basal acti
tion conditions~Fig. 9!.

Effect of Cell–LAM Interactions on Tyrosine
Kinase Activity

The tyrosine kinase activity of migrating cells on var
ous LAM substrate densities was determined using
nonradioactive tyrosine kinase activity assay and norm
ized to the activity of cells seeded on substrates with
LAMs. In order to discern the contribution of LAM
binding versus internalization to the extent of cellul
activations, the relative tyrosine kinase activity was pl
ted as a function of the LAM binding rate@Fig. 10~a!#
and as a function of the LAM internalization rate
constant initial binding rate@Fig. 10~b!#. Examination of
tyrosine kinase activity as a function of LAM bindin
revealed similar trends as those observed as functio
the net sampling rate, with a slight decrease as the
sampling rate increased. Increasing activity was obser
as the internalization rate increased.



y
al
ave
he
and
tic
en-
sub
d
ced
cal
g

is
liz
lly

the

n,
i-

te,

hat
y
se

in
r-
cel
as-
r-

ons

u-

ns
ac-

tes
on
ell

v-
n

863Model for Ligand Microdepot-Mediated Cell Migration
DISCUSSION

The ability to engineer ligand-specific cell motilit
processes is critical in the control of motility of epitheli
tissues on implanted biomaterials. Previously, we h
examined the behavior of keratinocyte migration in t
presence of a secondary, dynamic ligand interface
found that the induction of ligand-mediated phagocy
process via ligand-adsorbed microdepots significantly
hanced cell migratory responsiveness to the basal
strate ligand.33 In this study, we have further investigate
the rate governing mechanisms underlying this enhan
migration, via the development of a phenomenologi
model incorporating kinetic parameters for LAM bindin
and internalization.

Using the theoretical formalism developed in th
study, we have tested the hypothesis that the interna
able nature of these ligand microdepots can differentia
activate cell migration. Analysis of the rates of LAM
binding and internalization shows that regardless of
initial LAM substrate density,~i! the rate of LAM bind-
ing is significantly greater than the rate of internalizatio
implying that the rate of LAM binding may be the pr
mary migratory activation event in our system, and~ii !
the rate of LAM binding quickly reaches a steady sta
the exact level of which depends on the initial LAM
density. In addition, further investigation suggests t
keratinocyte motility may be differentially governed b
the net equilibrium cell sampling rate of LAMs. Becau
the ligand concentration per microdepot is constant
our system,8 the net rate of LAM sampling can be inte
preted as the effective rate of accrued ligand on the
surface, suggesting that migratory activity is an incre
ing function of the net rate of ligand sampling. Furthe
more, our data indicate that regardless of the conditi

FIGURE 9. Theoretical relation between random motility co-
efficient and net ligand microdepot sampling rate. Analysis
of the model shows that the theoretically determined net rate
of microdepot binding is directly proportional to the experi-
mentally calculated random motility coefficient „m….
-

-

l

of activation ~e.g., basal activation or secondary stim
lation by soluble fibronectin!, the relationship between
the ligand sampling rate and migratory activity remai
qualitatively unchanged, suggesting that LAM-based
tivation due to different ligands~collagen versus fi-
bronectin! may be fundamentally limited by the LAM
sampling dynamics.

Previous studies on ligand-immobilized substra
have shown that ligand binding results in the activati
of signal transduction pathways necessary for c
migration.3,9 On ligand-immobilized substrates, for se
eral cell types, the extent of activation of cell migratio

FIGURE 10. Effect of LAM binding, and internalization rates
on cellular activation. „A… Effect of the relative tyrosine ki-
nase activity on the LAM binding rate for both basal and
fibronectin stimulated activation states. Tyrosine kinase ac-
tivity values were obtained after cells were allowed to attach
and migrate for 2 h, an early time point at which the rates of
LAM internalization were not found to significantly vary with
LAM substrate density. „B… Effect of LAM internalization
rates on the relative tyrosine kinase activity. LAM internaliza-
tion rates at the 2 h timepoint were found to significantly
vary only with different activation states. Points were plotted
from left to right for „i… covalently immobilized LAM, „ii … basal
stimulated conditions, and „iii … fibronectin stimulated condi-
tons. Binding, and internalization rates are theoretical values
generated from model simulations. Tyrosine kinase activity
values are the average of triplicate experimental samples
from two experiments. The error bars represent the standard
error.
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864 J. S. TJIA and P. V. MOGHE
can be primarily governed by the substrate adhes
strength, which quickly becomes inhibitory as the exte
of ligand binding increases. By presenting the ligand
a dynamic, mobile microinterface, we hypothesize t
we are able to significantly increase the ‘‘time-average
degree of ligand binding without significantly alterin
the cell–substrate adhesion strength necessary for m
tion, as reported recently.33 Indeed, a 50-fold increase i
the cell motility coefficient was elicited by LAMs rela
tive to values for comparable concentrations of immo
lized ligands.33

The ligand-specific internalization of LAMs is clearl
central to the phagokinetic migration process. In fact,
have previously shown that cell migration is significan
impaired when LAM internalization processes are ch
lenged via covalent conjugation of LAMs to th
substrate.33 It should also be noted that the direct cont
bution of internalization of ‘‘ligand-deficient microcarri
ers’’ to phagokinetic activation is rather small: our pr
vious study quantified the ligand component to be
overwhelming (;80%) component of the phagokinet
enhancement in migration.33 We speculate that the inter
nalization dynamics may enhance the time-averaged
exposure to ligands by serving as an efficient means
ligand removal and receptor recycling. The rate of liga
internalization that may be necessary for optimal mig
tion, then, would be dependent upon the rate of liga
binding and would be limited by the total number
receptors and amount of membrane available. Gre
numbers of available receptors/membrane~modeled as
‘‘binding sites’’ in the model of this study! would result
in the need for fewer recycled receptors/membrane
support the optimal rate of ligand binding, and th
would be consistent with activation via a slower rate
ligand internalization. Our simulations show that there
a time-based limitation on the kinetics of LAM interna
ization, presumably posed through carrier saturation
tracellularly or at the membrane level. Indeed, t
membrane/cytoskeletal limitation for LAM internaliza
tion is most intensified under conditions of highest LA
binding. Thus, for example, the internalization ra
steadily decreased over time at the LAM density th
promotes the greatest migration (1.21 LAMs/mm2).

The LAM internalization can directly affect cytoske
etal processes, which are required for the generation
sufficient traction force needed for migration. Since t
collagen ligand density used in our studies (0.6mg/cm2)
~Ref. 32! is lower than that previously reported to b
optimal for keratinocytes (3.7– 4.4mg/cm2),30,35 in all of
our studies herein, cell–substrate adhesion strengt
low and, in the absence of LAMs, weak traction forc
on the underlying substrate limit keratinocyte motilit
The rate of LAM internalization may affect the degree
activation of the signal transduction pathways initiat
by ligand binding. Increased levels of activation m
-

l
f

r

s

generate sufficient cellular contractile forces to overco
weak cell adhesion to the substrates. In fact, previ
investigations into the temporal coordination between
forces within the cell cytostructure and cell spreadi
during phagocytosis have shown that phagocytic ing
tion results in the generation of a significant cell co
tractile force that is critically dependent upon the acc
mulation of tyrosine phosphoproteins.13,26 Pseuodopod
extension and binding, on the other hand, do not app
to necessarily require tyrosine kinase activity.26 Our own
studies examining the net tyrosine kinase~ntk! activity of
migrating keratinocytes show that at higher values
LAM binding rates, ntk activity does not change muc
whereas as LAM internalization rates are increased,
activity increases monotonically. Thus, as the net LA
sampling rate increases, the proportion of ntk activ
due to LAM internalization relative to that arising from
LAM binding, increases. A plot of parameter« i ~defined
as cell activation normalized to LAM internalizatio
rate! versus the LAM sampling rate permits a mappi
of regions of low and high levels of cell migration in th
context of rates of LAM binding and internalization~Fig.
11!. When the LAM binding rate is relatively fast com
pared to the internalization rate,« i will be low and the
extent of cell migration observed is minimal. Likewis
at relatively high internalization rates and low LAM
binding rates, the amount of activation due to intern
ization is high, but migration is still minimal. We pro
pose that in order to achieve significant amounts of m
gration, cellular activation must be engendered

FIGURE 11. Map of internalization efficiency as a function of
the rate of LAM binding. When the rate of LAM binding is
relatively faster than the rate of internalization, activation
efficiency of the internalization process is low and the extent
of cell migration is minimal. Likewise, at relatively slow LAM
binding rates compared to the internalization rate, where the
majority of cellular activation is due to internalization, the
efficiency of internalizationis high, but migration is still mini-
mal. In order to achieve significant levels of migration, an
intermediate rate of LAM binding and LAM internalization are
necessary.
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FIGURE 12. Intracellular signal activation pathways due to internalizable ligand associated microdepots. We propose that
exogenous ligand binding to LAMs followed by LAM internalization may activate cell migration by cooperative intensification of
the native signaling pathways resulting from ligand–receptor binding and internalization mediated by phagocytic integrin
receptors. For example, membrane ligation and internalization of integrin receptors leads to the activation of rac and rho „Ref.
24…, which ultimately leads to the polymerization and depolymerization of actin stress fibers „Refs. 6 and 10 …. Stimulation with
soluble fibronectin enables utilization of integrin receptors in addition to collagen specific integrins, further stimulating the rac
and rho pathways. While LAM binding primarily activates pathways used for the pseudopod extension and retraction, LAM
internalization serves to activate pathways necessary for the generation of a contractile force. Notably, LAMs intensify migration
in the presence of EGF, indicating overlap between EGF receptor induced alterations in the actin cytoskeleton.
,
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critical rates of both LAM binding and internalization
which likely activate pathways leading to pseudopod
tension and retraction, and the generation of a bulk c
tractile force, respectively.10,26 Based on the curren
knowledge in the field, the cartoon in Fig. 12 depicts t
possible interactions between LAM binding
internalization, and the intracellular molecular signali
targets that can govern enhanced levels of cell migrat
In the future, more mechanistic efforts will be require
to distinguish the effects of LAM trafficking dynamic
on individual signaling/protein targets. The current ph
nomenological study provides the framework to cond
such studies.

In conclusion, we have examined the roles of m
crodepot binding and internalization on the activation
the enhanced cellular migration observed on substr
containing ligand-adsorbed microdepots. Our analysis
dicated that the extent of migration is differentially co
trolled by the rates of LAM binding and internalization
We propose that there exists a regime in which the us
ligand microdepots results in an optimal balance betw
the extent of activation due to LAM binding and that d
to LAM internalization, leading to enhanced migratio
The results of these studies may aid in the design
biomimetic strategies for directed cell migration on bi
materials used in tissue-engineered systems and may
.

s

f

o

have implications for applications involving rapid ligan
based biosensing.22
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