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Cell migration into scaffolds under co-culture conditions
Seok Chung, Ryo Sudo, Peter J. Mack, Chen-Rei Wan,
Vernella Vickerman and Roger Kamm*

A new microfluidic platform is presented with the capability to
control biochemical and biophysical factors and observe and
quantify cell behavior within a 3D scaffold. The developed
platform is used to investigate cell migration, capillary growth
and interactions among multiple cell types.
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Understanding cell migration in capillary morphogenesis is

certain aspects of capillary morphogenesis, but are limited by an
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Capillary morphogenesis is a complex cellular process that occur

A number of assays have been used to study critical regulators o

typically limited by the inability to control biochemical gradients a

level. We have recently developed a new microfluidic platform th

biochemical and biomechanical forces within a three dimensiona

image acquisition. Here, the developed platform is used to evalua

endothelial cell migration from an intact cell monolayer. We also e

when placed in co-culture with physiologically relevant cell types

muscle cells. This resulted in the following observations: cancer ce

cell line) endothelial cells and induce capillary formation or have

line) while smooth muscle cells (10T 1/2) suppress endothelial act

the capabilities of this platform to study cellular morphogenesis b

while having the advantage of enhanced imaging and internal biol

has numerous applications in the study of angiogenesis, or migratio

cells, into a three-dimensional scaffold or across an endothelial la

conditions of mechanical, biochemical and co-culture environmen

Introduction

Cell migration is essential for a variety of physiological and

pathological processes, such as angiogenesis, cancer metastasis,

wound healing and inflammation. In the vascular system,

significant efforts have focused on cell migration in the context of

capillary morphogenesis. Through these studies, various

mechanical and biochemical factors have been identified as

critical in regulating endothelial cell migration and tube forma-

tion, such as chemotactic or chemokinetic effects of single and/or

multiple growth factors,1 interstitial fluid flow2 and matrix stiff-

ness.3–5 Despite the detailed understanding of individual

components, how these factors are integrated to produce

a specific cellular response has yet to be elucidated, creating the

need for a versatile in vitro system in which these environmental

factors can be studied in a controlled fashion. Achieving this will

facilitate investigations that lead to a better understanding of

how biochemical and mechanical factors act together in physi-

ological and patho-physiological processes and ultimately
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response to external stimuli.
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to obtain images on the single cell
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affold coupled with accessible

nd quantify capillary growth and

luate the endothelial cell response

cluding cancer cells and smooth

can either attract (MTLn3 cancer

nimal effect (U87MG cancer cell

y. Results presented demonstrate

h qualitatively and quantitatively

cal controls. Finally, the platform

f other cell types including tumor

r under precisely controlled

contribute to improved tissue engineering and therapeutic

strategies.
therapeutically important because of its relation to human

diseases and developmental phenomena.6 Typical cell migration

assays are unable to integrate complex environmental factors,

particularly those that facilitate the formation of new tube-like

structures within a three dimensional environment from pre-

formed capillaries or a cell monolayer. One of the current

capillary morphogenesis assays produces planar tubular

networks on ECM-like substrates.7–9 Capillary-like structures

formed with this technique, however, have a reversed cell

polarity with media on the outside and scaffold materials on the

inside.7 Other approaches include sandwiching one cell mono-

layer between two layers of scaffold material3,8 and inducing

capillary invasion by introducing chemical gradients.9 These

experiments have provided a foundation for understanding
inability to image cell invasion in-plane, which would lead to

more detailed characterization of the factors influencing this

biological process.

Historically, many assays have been used to study cell

migration,10 such as the wound assay,11,12 the Teflon fence

assay13 and the Boyden chamber.14,15 Both the wound assay and

Teflon fence assay are limited to studying cell migration in 2D.

The 2D research efforts are described in review references3,10

and have provided new insights into the cellular and molecular

mechanisms of cell migration. However, there remains a need

for quantitative cell migration assays and 3D models that better

mimic the physiologically relevant microenvironment of living
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tissues in vivo compared to previous 2D culture models.16 The

Boyden chamber is commonly used to study 3D migration, but

is not conducive to quantifying cell migration in real time.

Recently, a new assay with endothelial cell coated beads or

spheroids embedded in collagen gel was used to generate tube-

like structures in a three dimensional environment. The assay

allowed the generation of stable tube-like structures,17–19 but

the initial endothelial cell seeding surface is a rigid bead that

does not mimic certain physiological factors known to be

important, such as the presence of a fluid-matrix interface with

fluid shear stress and transendothelial flows. Furthermore, with

the current assays, the chemokinetic and chemotactic effects are

difficult to differentiate. Key challenges to the existing tech-

niques are; (i) to have precise control of the mechanical and

biochemical factors in a physiologically-relevant condition, (ii)

to have excellent optical resolution in real time, and (iii) to

minimize sample variability and enhance sensitivity for

quantification.

Microfabrication and microfluidic technology has the poten-

tial to overcome these challenges by allowing for precise,

simultaneous control of multiple environmental factors.

However, efforts to-date in this area have continued to investi-

gate one factor at a time. One example of this is microfabricated

patterns, which have been used to demonstrate preferential cell

migration in the direction of higher substrate stiffness.20,21 Other

microfabricated devices have also been developed to induce and

monitor cell migration in the channel in response to either

biochemical gradients or biomechanical forces.22–26 These

methods have also been used to apply well defined biochemical

gradients to cells plated on the walls of a microfluidic

channel,22,23 or within gel scaffolds,27,28 and demonstrate the

potential to be a versatile tool for analyzing cellular responses

under biochemical gradients. The need still exists, however, for

a system that replicates a realistic 3D environment in combina-

tion with gradient and flow control to study cell migration and

capillary morphogenesis. To satisfy these needs, microfluidic

platforms have recently been developed, both by our laboratory

integrating a hydrogel scaffold into a PDMS device for cell

growth29 and by others, in a device completely fabricated from

hydrogel.30,31 However, the capabilities of this approach in

co-culture conditions to study tumor cell-induced angiogenesis

or perivascular-endothelial cell communication and interaction

and quantification of cellular morphogenesis has yet to be

demonstrated.

Here, we present an advanced microfluidic approach to study

fluidic channel.
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cellular responses in 3D microenvironments. The new devices

contain three independent flow channels with each channel

separated by a three dimensional collagen scaffold filled

through other microchannels. Endothelial cells can be grown in

the center flow channel and a stimulus applied to one of the

outside flow channels (e.g., soluble factor or second cell type).

With this configuration, the opposite outside channel serves as

an internal control. In order to demonstrate the capabilities of

this system as a migration assay, endothelial cell migration into

the scaffold is monitored and quantified over time in response

to multiple biophysical, biochemical or co-culture conditions,

including scaffold stiffness, vascular endothelial growth factor

(VEGF) gradients, and cell types (tumor cells or smooth

muscle cells).
ART � B807
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Experimental

PDMS microfluidic assay preparation

The microfluidic system is made of PDMS (poly-dimethyl

siloxane, Silgard 184, Dow Chemical, MI, USA) using soft

lithography with SU-8 (MicroChem, MA, USA) patterned

wafers. The cured PDMS is removed from the wafer, trimmed

and punched to form inlets and outlets. Both the fabricated

PDMS device and glass coverslide are autoclaved and dried at 80
�C overnight. They are then plasma treated (PDC-001, Harrick,

CA, USA) in air, and bonded together to form a closed micro-
Collagen coating solution (50 mg/ml type I collagen; BD

Biosciences, MA, USA) was introduced to the channels to

facilitate cell adhesion. The device was then aspirated, washed

with sterile water, and dried at 80 �C for 24 h, to render the

hydrophilic channel surface hydrophobic (Fig. 1(a)). The

hydrophilicity was made by plasma treatment for bonding. It

should be rendered hydrophobic to confine the filled gel within

the specified region. Posts in the gel region are also designed to

help confine the scaffold material by surface tension.

Scaffold material was then introduced to the gel regions to

form a gel scaffold. In these experiments, type I collagen (BD

Biosciences, MA, USA) was used as a scaffold material and

gelled in an incubator for 30 min at 37 �C (Fig. 1(b)). Gel stiffness

was varied by adjusting the pH of pre-polymerized collagen

solutions ranging from 7.4 to 11: the relaxation modulus of

collagen polymerized at pH 11 is twice that at pH 7.4.5 Following

gelation, cell culture medium was then introduced to all micro-

fluidic channels and the device was placed in an incubator (37 �C)

for cell seeding (Fig. 1(c)).

Confirmation of chemical gradient

To confirm diffusion of biochemical factors, Texas Red-conju-

gated dextran (40 kDa; Invitrogen, CA, USA) was added to

endothelial growth medium to a final concentration of 0.5 mg/ml

and added to the condition channel to simulate recombinant

human vascular endothelial growth factor (VEGF, 38.2 kDa;

R&D Systems, MN, USA), a known stimulant of endothelial cell

migration.32,33 The experiments were conducted without cells.

Diffusion profile was observed by fluorescence microscopy

(Nikon, Tokyo, Japan) and intensity was measured by MAT-

LAB. The distance in gel region was normalized by the length of

the gel region. The intensity was normalized to 1 at the center of

the condition channel.

Endothelial cell migration into collagen scaffolds under

a gradient of growth factor

Human dermal microvascular endothelial cells (HMVEC) were

commercially obtained (Lonza, NJ, USA) and cultured with

endothelial growth medium (EGM-2MV; Lonza, NJ, USA) on

regular culture flasks pre-coated with type I collagen for no more

than 9 passages. Cell suspension was prepared with 2 � 106 cells/

ml and filled into the central cell channel (Fig. 1(d)). After filling,

the device was kept in the incubator at 37 �C for 30 min to allow

cells to settle and attach to the substrate before the medium was

replaced. VEGF-supplemented (20 ng/ml) medium was
585A
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cells were measured by ImageJ (http://rsbweb.nih.gov/ij/). The

cell boundary was tracked manually. Immunofluorescence

staining was performed to visualize the final cell distribution.

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, St.
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1

Louis, MO, USA) for 15 min at room temperature, and per-

meabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min.

Actin filaments and nuclei were then stained with Rhodamin-

Phalloidin (Sigma-Aldrich) and DAPI (Sigma-Aldrich), respec-

tively. Fluorescent images were obtained using a phase-contrast

microscope equipped with a fluorescent attachment (Nikon,

Tokyo, Japan).

Endothelial cell migration into collagen scaffold under various

co-culture conditions

1. MTLn3/U87MG and HMVEC co-culture. GFP-express-

ing rat mammary adenocarcinoma cells (MTLn3) were grown in

a-minimum essential medium (a-MEM; Invitrogen, CA, USA)

5

10

15
supplemented with 5% fetal bovine serum (FBS; Hyclone, UT,

USA), 1mM Na(HCO3)2, 4 mM L-glutamin, 100 U/ml penicillin

and 100 mg/ml streptomycin. GFP-expressing human glioblas-

toma cell line (U87MG) were grown in Dulbecco’s modified

Eagle medium (DMEM; Invitrogen, CA, USA) supplemented

with 10% FBS, 1mM Na(HCO3)2, 4 mM L-glutamin, 100 U/ml

penicillin and 100 mg/ml streptomycin. The U87MG cell

suspensions were prepared at a concentration of 1 � 106 cells/ml

and introduced to the condition channel. After filling, the device

was kept in an incubator at 37 �C for 4 h to allow cells to settle

and attach to the substrate before the medium was replaced.

MTLn3 cell suspensions at concentrations of 1 � 106 cells/ml for

high density and 0.5 � 106 cells/ml for low density were used,

and were also introduced to the condition channel of other

devices. After filling, the device was kept in the incubator at 37
�C for 4 h to allow cells to settle and attach to the substrate

before the medium was replaced. The HMVEC suspension was

20
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45
introduced into the condition channel to generate a gradient

(Fig. 1(e, g). ‘VEGF at day N’ means VEGF was applied in N

days after HMVEC seeding until the last day of cell tracking. In

order to minimize evaporation from the channels and maintain

Fig. 1 Experimental protocol for the microfluidic assay development.

(a) Prepared PDMS device made by soft lithography and surface treat-

ment, (b) filled gel scaffold (indicated in brown) in the scaffold channel

between the channels, (c) media (blue) filling both channels, (d) cell

seeding (spheres) in the central cell channel, (e) chemical factors (green)

applied in the condition channel. (f) Microfluidic device after filling of

medium and chemical factors. Droplets are placed on all inlet ports to

avoid evaporation of medium from the channels. Medium can be

replaced with capillary forces generated by simply aspirating the existing

droplets and adding new ones. (g) Schematic for microfluidic cell

migration assay enabling direct comparison of cell migration behavior

between the condition and control sides.
zero flow conditions throughout the course of the experiment, 40 50

55
ml of medium is maintained as droplets at the inlets and outlets

(Fig. 1(f)). Changing the media is accomplished by aspirating the

existing droplet of medium and adding a new one on one side,

using surface tension to drive flow due to the droplet size

difference34 to replenish media.

Cell migration was monitored by phase-contrast microscopy

keeping the device in an incubator containing 5% CO2 at 37
�C.

All media were changed daily. Boundary perimeter of the

monolayer and projected area of regions containing migrated
ART � B807
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prepared at 2 � 106 cells/ml as described above, and introduced

to the central cell channel 1 day after MTLn3 or U87MG cell

seeding. The cell channel was filled with endothelial growth

medium and control/condition channels were filled with MTLn3

or U87MG growth medium as described above. Medium was

changed daily. At the end of the experiment, cells were fixed and

stained for actin and nuclei. GFP expression in MTLn3 and

U87MG cell lines was detected to differentiate them from

HMVEC.

2. HMVEC and 10T 1/2 co-culture. Mouse smooth muscle

precursor cells (10T 1/2) were grown in HMVEC medium as

described above and a suspension was prepared at 0.5 � 106

cells/ml. The suspension was introduced to the condition

channel 1 day before HMVEC seeding into the center cell

channel. After filling, the device was kept in the incubator at 37
�C for 30 min to allow cells to settle and attach to the substrate

before the medium was replaced. Medium was changed daily.

Double immunofluorescence staining was performed to distin-

guish HMVEC from 10T 1/2 in co-culture. After cells were fixed

and permealilized as described above, they were sequentially

incubated with Block Ace (Dainippon Phamaceutical, Osaka,

Japan) for 1 h, and rabbit anti-von Willebrand factor antibody

(Sigma-Aldrich) to label endothelial cell cytoplasm. The cells
585A
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were then rinsed with PBS, and incubated again with Alexa

Fluor 488-conjugated anti-rabbit IgG antibodies (Invitrogen,

Carlsbad, CA, USA). The cells were also stained for actin and

nuclei as described.

Results and discussion

Cells were seeded and cultured in the center microfluidic channel

(cell channel), in direct contact with the collagen scaffolds on

either side. Cells migrated toward the two outside channels

through the scaffold under the influence of biochemical and

mechanical factors. The three channel design has a unique feature

that allows the control and condition experiments to be performed

simultaneously in the same device. One of the outside channels

(‘‘condition channel’’) contained the test agent while the other

(‘‘control channel’’) contained the controlmedium.Cellmigration

toward the condition channel or the control channel can thus be

directly compared (Fig. 1(g)).

Quantification of concentration gradients

Biochemical diffusion and gradient generation were evaluated in

the absence of cells using 40 kDa Texas Red-conjugated dextran.

The dextran applied to the condition channel diffused toward the

center channel eventually attaining a stable concentration gradient.

Dextranfirst reached the center cell channel after about 30min.The

gradient then stabilized to a nearly linear concentration profile (5h)

thatwasmaintained at least 10 h (10 h) (SupplementaryFig. 1(a)).†

Intensity in the cell channel slowly increased about 10% in 10 h. In

practice, the gradient couldbemaintained for over 24h28andmedia

replacement once a day can be used to replenish it.

It was interesting to observe the effect of the HMVEC

monolayer on the chemical gradient. The HMVEC monolayer

acted as an effective barrier to diffusion (Supplementary

Fig. 1(b)),† and consequently, a sudden and steep gradient in

Fig. 2 Growth factor-induced endothelial cell migration. (a) One day

after HMVEC seeding a confluent monolayer was formed in the cell

channel and growth factor (20 ng/ml of VEGF) was then applied in the

condition channel. (b) Migration results of HMVEC into 0.2% (2 mg/ml)

collagen gel scaffold polymerized at pH, 7.4 and (c) at pH 11.0. Cells were

fixed after 6 days of culture with 5 days of VEGF gradient application,

and stained for actin by Rhodamin-phalloidin (yellow) and nuclei by

DAPI (blue). White dotted lines indicate the outlines of gel scaffold and

small rectangles in the scaffold region indicate the PDMS posts of 150 mm

� 150 mm. Cells preferentially migrated into the gel on the condition side

up the VEGF gradient.
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concentration was formed at the monolayer. The steep gradient

was also maintained at least 10 h. This situation is similar to what

is likely to occur in vivo near existing capillaries or tubes

completely closed by an endothelial cell monolayer.42 The exis-

tence of such an abrupt change in concentration of a growth

factor, for example, could result in differences in cell polarity on

the condition and control sides of the central channel monolayer.

The cell monolayer on the condition side receives growth factors

via the scaffold (basal membrane), while that on the control side

receives growth factors from medium in the channel (apical

membrane). The cell polarity difference likely contributed to the

dramatic responses of HMVEC (Fig. 2 and 4). The accumulation

with minimized leak also suggests that the HMVECmonolayer is

complete and intact.

Quantified endothelial cell migration

Perimeter and area changes of migrating cells into soft (pH 7.4)

and rigid (pH. 11.0). Collagen scaffolds were monitored and

quantified over several days under a VEGF gradient originating

from the condition channel (Fig. 2(a)). Cells rapidly migrated

into the scaffold between the center and condition channels,

while significantly less migration was observed on the control

side (Fig. 2(b) and (c)).
ART � B807

4 | Lab Chip, 2008, xx, 1–8
Supplementary Fig. 2† shows the method used to quantify the

perimeter and area of cell migration. To examine the time-

dependence of this process, VEGF was applied to the condition

channel 1, 2 or 3 days after cell seeding. Results are presented in

two ways: the normalized values and the relative normalized

values. For the normalized values, the measured data were

normalized to their own baseline data at the initial time point:

½Fn� ¼
Fn � F0

FB

(1)

where ‘‘F’’ represents either the length of the outer perimeter (L) or

the projected area (S) of the capillary structures (see Supplementary

Fig. 2).† Subscripts denote either the initial value (F0), the baseline

value (FB) or the value at time point n (Fn).Relative normalized

values were assessed as the difference between the normalized

values on the condition side (cond) and the control side (contr):
[Fn]relative ¼ [Fn]cond � [Fn]contr (2)

When plotting the normalized values, no significant trends were

observed (see comparison in Supplementary Fig. 3).† However,

when we plotted the relative normalized values on the ordinate,

significant trends in the length and area of cellmigration for different

durations of VEGF application (Fig. 3(a) to (d)) were observed.
585A
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In Fig. 3(a), (b) and (c), graphs of ‘VEGF at day 1’ increased

apparently while other graphs of ‘VEGF at day 3’ and ‘no

VEGF’ decreased or were flat. The graphs of ‘VEGF at day 2’

showed an increase in Fig. 3(b), but exhibited less of an effect in

other figures. The increase means that cell migration into the

scaffold continues increasing on the condition side, while that

experiments was fixed (2 � 106 cells/ml). This density always

formed a confluent monolayer 1 or 2 days after cell seeding.

Without VEGF, cells in the monolayer were relatively stable.

Some cells migrated into the scaffold, but regressed in 3 or 4

days. The receding or flat slope shows this situation. When

VEGF was applied 1 or 2 days after cell seeding, the cells in the

monolayer responded to VEGF and the slope kept increasing

until the last day of experiments. However, when VEGF was

applied 3 days after cell seeding, the cells in the monolayer were

overconfluent and responded less, leaving the slope decreasing or

flat. This suggests that VEGF applied 3 days after cell seeding

does not attract the cells to migrate into the scaffold. It is

consistent with the concept that the cells in a confluent mono-

layer become less responsive to additional growth factors and

further growth is limited by contact inhibition.35

The influence of the mechanical properties of collagen scaffold on

angiogenesis

The observed endothelial cell migration patterns demonstrated

here depended on collagen gel stiffness (Fig. 2(b) and (c)). As

discussed above, gel stiffness can be controlled by adjusting the

initial pH of the collagen solution before polymerization with

Fig. 3 (a) Graph of normalized relative perimeter of migrated cells in the 0.

serves as the negative control without VEGF gradient. ‘VEGF at day n’ means that VEGFwas first applied n days after cell seeding and continued to the

end of the experiment. (b) Graph of normalized relative area of migrated cells in the collagen gel scaffold. (c and d) Graphs of normalized relative

perimeter and area of migrated cells in the collagen gel scaffold. Each point represents an average with n ¼ 8 (8 scaffolds; 4 devices) for each condition.

Error bars represent standard deviation.
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into the control side is stable or regresses. Slopes of relative

normalized perimeter and area demonstrate that, with collagen

gel polymerized at pH 7.4 or 11.0, VEGF added 1 day after cell

seeding apparently induced cell migration, while VEGF added

after 3 days did not. VEGF added 2 days after cell seeding could

be considered to induce cell migration (Fig. 3(b)), but not as

strongly as VEGF added 1 day after cell seeding. Changes in the

relative normalized values of the area change were, however, too

small to be detected in the collagen scaffolds polymerized at pH

11.0 (Fig. 3(d)). Relative normalized values provide insights that

are not apparent when studying normalized values alone. High

sensitivity could be achieved by comparing the condition and

control sides in the same device, eliminating chip-to-chip

variability.

The different responses of the HMVECs to time-dependent

VEGF presentation can be explained by differences in cell

confluence in the cell channel. HMVEC seeding density in the
ART � B807
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2% (2.0 mg/ml) collagen gel scaffold polymerized at pH 7.4. ‘No VEGF’
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higher pH values resulting in stiffer gels.5 Comparing endothelial

sprouting in gels prepared at pH 7.4 and pH 11 revealed that

stiffer collagen gels (polymerized at pH 11) restrict endothelial

cell migration, but promote the generation of tube-like structures

(Supplementary Fig. 4(a))† with diameters in the range of 20–30

mm. Formed structures resemble tube-like capillaries observed in

other assays.9,19 The existence of a lumen was subsequently

confirmed by introducing 2 mm-diameter microbeads into the

culture medium and tracking microbead motion using fluores-

cence microscopy (Supplementary Fig. 4(b)–(d)).† Flow was

produced in this instance by increasing fluid pressure in the

central cell channel above that in the condition channel by

controlling the droplet size, and therefore, the relative pressures

generated by capillarity forces.34 Time-lapse particle tracking of

microbeads was performed demonstrating that the beads flowed

only within the tube-like structure accumulating at the end of the

capillary structures over time.

Fig. 4 Proof-of-principle utility of the microfluidic cell migration plat-

form with other cell types and in co-culture. Cells were fixed and stained

for actin by Rhodamin-Phalloidin (yellow) and for nuclei with DAPI

(blue). Concentration and pH at polymerization of collagen gel are

indicated in the corner of scaffold region. 0.2% means collagen concen-

tration of 2.0 mg/ml. White dotted lines delineate the collagen gel scaffold

while the small white rectangle marks a PDMS post (150 mm � 150 mm).

(a) Co-culture of HMVEC and MTLn3 (seeded at �1,000 cells/mm2).

4 days after HMVEC seeding and 5 days after MTLn3 seeding. Migra-

tion of HMVEC is faster on the condition side than the control side. (b)

Co-culture of HMVEC and U87MG cells. 7 days after HMVEC seeding

and 8 days after U87MG seeding. U87MG express GFP (green) which

can be used to distinguish the cells fromHMVEC. Note similar migration

characteristics on the condition and control sides. (c) Co-culture of

HMVEC and 10T 1/2. 4 days after HMVEC seeding and 5 days after 10T

1/2 seeding. HMVEC were stained for von Willebrand factor (green) to

distinguish them from 10T 1/2. Note HMVEC migration only on the

control side.
ART � B807
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The role of gel stiffness on the structure of migrated endothelial

cells can also be illustrated bydifferences in the outlines ofmigrated

cells (Supplementary Fig. 5(a)–(c)).† In softer scaffolds, cells

migrated in a wide sheet spanning from one end of the scaffold to

the other (Supplementary Fig. 5(a)),† while in the stiffer scaffold,

the cells formed slender, tube-like structures (Supplementary

Fig. 5(c)).† In an attempt to quantitatively describe the structural

differences of migrated cells, normalized area is plotted against

normalized length (Supplementary Fig. 6).† The data from stiffer

gels (pH11) lie below the data from softer gels (pH7.4)with smaller

[Sn]. The difference is quite apparent and provides an automated

means to distinguish experiments in which true capillaries are

formed from those inwhich the cellsmigrate ina sheet along the gel-

coverslip interface. This observation implies the existence of

differentmodes of cellmigration in scaffoldswith different stiffness

and therefore raises the prospect of controlling cell migration

behavior by varying the mechanical properties of the scaffold.

Endothelial cell migration under co-culture conditions.

A major advantage of this new design is its capability to study

cell migration through 3D matrices and across endothelial layers

under co-culture conditions. Cancer cell intravasation has

previously been shown to be a process in which cancer cells

interact with and penetrate through the endothelial mono-

layer.36,37 It is also well established that cancer stromal cells signal

to endothelial cells for angiogenesis.38,39,44 In cancer therapy,

impeding angiogenesis is critical along with chemotherapy and

other treatments.38 These interactions can be investigated in our

microfluidic platform by co-culturing endothelial cells with

various types of cancer cell. MTLn3 or U87MG were cultured in

Fig. 5 Migration of HMVEC cells in response to signals from other cell

types (U87MG,MTLn3, 10T 1/2) in combination with a VEGF gradient.

Change of relative normalized area of HMVEC cultured in the cell

channel, with different cell types in the condition channel (U87MG cells,

MTLn3 cells with different seeding density and 10T 1/2 cells), only

control media without cells (control media), and control media with 20

ng/ml VEGF (VEGF, 20 ng/ml). VEGF containing medium and MTLn3

cells seeded at high density attracted HMVEC strongly, while low density

MTLn3 cells and U87MG cells did not. With 10T 1/2 cells in the

condition channel, HMVEC tended to migrate to the control side. Each

point represents an average with n ¼ 8 (8 scaffolds; 4 devices) for each

condition. Error bars represent standard deviation.
585A
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