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Abstract Cell migration under chemoattractant is an
important biological step in cancer metastasis that causes
the spread of malignant tumor cells. Porous polymeric
materials are widely used to mimic the extracellular matrix
(ECM) environment for applications such as three dimen-
sional (3D) cell culturing and tissue engineering. In this
paper we report a novel 3D cell culture device based on
porous polymeric material to study cancer migration. We
fabricated a porous channel on a polymeric chip using a
selective ultrasonic foaming method. We demonstrate that a
chemical concentration gradient could be established
through the porous channel due to the slow diffusion
process. We show that significant cell migration could be
observed through the porous channel within 1-2 weeks of
cell culturing when metastatic M4A4-GFP breast cancer
cells were induced by 20% fetal bovine serum (FBS).We
also developed a mathematical model to evaluate the
diffusivity and concentration gradient through the fabricat-
ed porous structure.
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1 Introduction

Cells are stimulated to migrate in response to certain
chemicals in many biological processes, including not only
favorable physiological processes, such as leukocyte re-
cruitment to inflammation sites and fibroblast and vascular
endothelial cell movement in wound healing, but also in
undesirable pathological progression of illness including
cancer metastasis (Lauffenburger and Horwitz 1996).
Cancer metastasis contributes the most to the spread of
malignant tumor cells (Chambers et al. 2002; Ruoslahti
1996). In the cancer metastasis process, several tumor cells
first acquire an invasive phenotype and detach from the
surrounding stroma. They then intravasate into tumor blood
vessels, going through the basement membrane, penetrating
the vascular or lymphatic vessel linings, and moving along
with the circulatory system. Finally they settle in a new
place where secondary tumors are established by invading
through the basement membrane and surrounding stroma of
the new site.

To understand the complex process of cancer metastasis,
many in vitro assays have been developed to study the
underlying molecular mechanism and to discover factors
that would promote or inhibit the cancer migration process.
Traditionally, cancer migration and invasion assays have
been conducted using Boyden chambers (Boyden 1962)
and Transwell apparatus (Brackenbury and Djamgoz 2007;
Ponath et al. 2000; Ruster et al. 2005) for qualitative and
quantitative assessment of cellular response to soluble
factors. The measurements involved in these assays are
cumbersome and time-consuming, especially in the case of
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Transwell cell culture assays, where the cells both attached
to the filter surface and dropped in the lower chamber need
to be counted.

With the development of microfabrication techniques,
many biochip devices were designed for convenient cell
migration assays. Most of the migration substrates used in
these assays, however, were simple 2D surfaces (Webb et
al. 1996; Zicha et al. 1997). Migration on rigid and 2D
planar substrates fails to reproduce cell behaviors in vivo
(Decaestecker et al. 2007). Compared with 2D cellular
migration, 3D assays could provide a more realistic
microenvironment and better information on the in vivo
cell migration behavior. Therefore, 3D cell migration
studies are drawing more and more attention from both
academia and industry (Even-Ram and Yamada 2005).
Recently, a three-channel, hydrogel-based microfluidic
device was developed to study the bacteria cell migration.
Steady and long term linear chemical concentration
gradient was established by flowing a chemoattractant in a
source channel and a blank buffer in a sink channel (Chaw
et al. 2006; Diao et al. 2006; Lee et al. 2008). Cells were
cultured in the third channel filled with hydrogel. The
device was successful in observing individual cell migra-
tion in the transverse direction of the microfluidic channel.

In this paper we report a novel porous polymer based 3D
cell culture device for cancer migration studies. Porous
polymeric material has been widely used to mimic the
extracellular matrix in many biomedical applications
including tissue engineering and controlled drug release
(Al-Sokanee et al. 2009; Cho et al. 2005; Huang et al.
2007; Li et al. 2008; Lin et al. 2009; Uttarwar and Aswath
2008). It can provide a more realistic microenvironment to
study in vivo cell behaviors. In this study, we employ high
intensity focused ultrasound (HIFU) to create a 3D porous
channel selectively on a polymeric chip. We show that a
chemical concentration gradient can be established with the
slow diffusion process in the porous channel. We demon-
strate that significant cell migration can be induced by 20%
fetal bovine serum (FBS) within 1-2 weeks of cell growth.
A mathematical model was also developed to evaluate the
diffusivity and concentration gradient through the fabricat-
ed porous structure.

2 Materials and methods

2.1 Fabrication of the 3D cell migration device

A schematic of the porous 3D cell migration device is
shown in Fig. 1. The key element of the device was a
porous channel used to observe the cell migration process

under a concentration gradient. Two wells were fabricated
on either side of the porous channel. The well on the left
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Fig. 1 A schematic of the porous cell migration chip design

was used to seed with cancer cells, and the one on the right
was filled with a chemoattractant. A chemical gradient was
established through diffusion in the porous channel. The
material of the biochip device can be any biocompatible
thermoplastic materials. In this study, polymethylmethacry-
late (PMMA) (Professional Plastics Inc, CA) was used.
The porous channel was fabricated using a selective
ultrasonic foaming process with high intensity focused
ultrasound (HIFU) (Wang and Li 2007, 2008). The
selective foaming process involved two steps: gas satura-
tion and HIFU insonation. In the gas saturation step, a
polymer sample was loaded in a high pressure vessel filled
with CO,. After a controlled saturation time, the polymer
sample was retrieved from the pressure vessel. In the HIFU
insonation step, the saturated sample was mounted on a
computer controlled positioning stage for ultrasound inso-
nation. Since it was supersaturated with CO,, the polymer
sample was thermodynamically instable. Upon insonation,
the sample underwent phase separation and formed porous
structure when the gas molecules left the polymer matrix.
Figure 2 shows an example of the fabricated porous
structure in a polymer chip. Figure 2(a) shows that many
linear porous channels could be generated on a single
PMMA chip. The length and width of the porous channels
could be controlled with the ultrasonic foaming parameters.
Figure 2(b) shows the typical internal porous structure of
those foamed channels. The porous structure was
interconnected with an average pore size around 100 pm.
We fabricated three types of biochip devices for the cell
migration study. As shown in Fig. 3, Samples A and B were
designed to study whether the cells would migrate under
certain chemoattractant and whether the distance of the
chemoattractant could affect the migration study. Two sets
of wells were made in each sample, one used for test and
the other for control. The distances between the two wells
were 5 mm in Sample A and 1 mm in Sample B. All the
wells could hold 50 pL fluid. In the experiment, the wells
on the left were seeded with cancer cells. The ones on the
right were filled with culture media with or without 20%
FBS. 20% FBS was used to generate a concentration
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Fig. 2 HIFU foamed PMMA ( a)
sample, (a) linear porous

regions foamed on a PMMA
chip, (b) a typical scanning
electron microscopy image of
the internal porous structure,
scale bar is 200 um

gradient of attractant molecules for inducing directional cell
migration. The same concentration was also used by Chaw
et al. (2007). Sample C was used to observe the cell
migration in steps. Sample C was designed to have larger
wells (100 uL) such that more cells could be seeded. The
distance between the two wells in Sample C was 1 mm.
Distilled water was used to confirm that the porous
channels in all the samples were interconnected.

2.2 Cell culture

All the migration biochip samples were rinsed with purified
water several times, dried by centrifuging at 2,000 rpm for
5 min, and sterilized with ultraviolet light for 30 min.
Sterilized samples were soaked in FBS-free Dulbecco’s
modified eagle medium (DMEM) for 3 days before cell
seeding. Highly metastatic breast cancers (cell line M4A4-
GFP, purchased from ATCC) were cultured in a 10 cm Petri
dish with DMEM containing 10% FBS at 37°C and 5%
CO,. The cell line was developed by transduction of the
green fluorescent protein (GFP) gene into M4A4. The cells
emit strong green fluorescence at the excitation wavelength
of 488 nm. Before seeding onto the samples, the cells were
detached from the Petri dish with 0.25% Trypsin and

centrifuged at 1,000 rpm for 5 min. The liquid at the top of
the tube was discarded. Then 1 mL FBS-free medium was

added to re-suspend the cells. All the cells used in this
study were in their 3—6 passages.

Approximately 5x10° cells in 50 uL FBS-free culture
medium were seeded in the left wells of Samples A and B.
After seeding the samples were incubated for 1 h to allow
cell attachment to the porous scaffolds. Then 50 uL culture
medium with 20% FBS was added to Wells 1 and 3
(Fig. 3), respectively, to induce cell migration from the left
wells. Non FBS culture medium was added to Wells 2 and
4 as the control. All the samples were placed in a 6-well
plate and incubated at 37°C and 5% CO,. The culture
media in all the wells were replaced every 2-3 days to
maintain the concentration gradient. Sample C was simi-
larly seeded as Samples A and B, except the fluid volume
in each well was maintained at 100 pnL. The number of cells
seeded in the left well of Sample C was 5x 10%,

2.3 Imaging
A fluorescent stereomicroscope (Leica M205A) was used to

detect if the cells have migrated in Samples A and B.
Images were taken after 7 days of cell culture. Cell

Fig. 3 3D porous cell migration biochip samples: (a) Sample A, cells
seeded in the left wells, 20% FBS and non-FBS culture medium in the
right wells (wells 1 and 2), and 5 mm distance in between; (b) Sample
B, cells seeded in the left wells, 20% FBS and Non FBS culture

medium in the right wells (wells 3 and 4), 1 mm distance in between;
(¢) Sample C, cells seeded in the left well, 20% FBS in the left, | mm
distance in between
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Fig. 4 Fluorescence images, (a)
Well 1 in Sample A, (b) Well 2
in Sample A, (¢) Well 3 in
Sample B, and (d) Well 4 in
Sample B. Note Wells 1 and 3
were filled with 50 uL 20%
FBS, where Wells 2 and 4 were
not. The scale bar in the figures
is 500 pm

migration history in Sample C was examined using IsoCyte
Laser Scanning Cytometer (Blueshift Biotechnologies) at 1,
2,5, and 10 days. The laser scanning cytometer uses a laser
source to excite fluorescence signal point-by-point and
detect the emission signals with highly-sensitive photo-
multiplier tubes. By steering the laser beam to form a raster
scan, fluorescent cells inside 3D porous structure could be
imaged. In our study the cells were excited with a laser of
488 nm wavelength. The scanning was done on a layer that
gave the best fluorescent signals. This layer was 0.6 mm
above the bottom of the culture plate. After 14 days of cell
culturing, Sample C was also examined using a confocal
microscope (Zeiss LSM 510) to observe the cellular
clusters. To confirm the cell attachment, Sample C was
fixed with Karnovsky’s fixative, freeze-fractured, and the

cross-section observed using a scanning electron micro-
scope (FEI Sirion).

3 Results and discussion
3.1 Cell migration results

Figure 4 shows the fluorescence imaging results from
Samples A and B after 7 days of cell culturing. Figures 4
(a)—(d) correspond to Wells 1-4 in Fig. 3. These wells were
originally not seeded with cells. After 7 days, strong
fluorescence signals were observed in Wells 1 and 3,
indicating cells had migrated to these two wells. However,
no fluorescence signals were detected in Wells 2 and 4. The

Fig. 5 Isocyte laser scanner images showing the cell migration stages
through the porous structure after 1, 2, 5, and 10 days. The red color
shows the fluorescence of the GFP cells which reflects the cell
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Fig. 6 Confocal microscope images of Sample C. Yellow boxes show the regions magnified in the subsequent images. Green color indicates the
GFP cells. The scale bar is 1 mm, 500 pum, 200 um, and 50 pm for (a), (b), (c), and (d), respectively

distance between the wells did not seem to affect the
results.

Most cancer cells will migrate both spontaneously and
induced by certain chemicals (Niggemann et al. 2004).
These two modes of migration are hard to distinguish at
times. The observations from Fig. 4 confirmed that the cell
migrations to Wells 1 and 3 in our study were indeed
caused by the chemoattractant effect of FBS.

Figure 5 shows the Isocyte laser scanning results from
Sample C at 1, 2, 5, and 10 days of cell culturing. The
fluorescence signal is shown in red (dark) in the figures. It
is seen that at Day 1 most of the cells fell on the bottom of
the left well and over time gradually migrated though the
porous region to the right well, where the FBS concentra-
tion is the highest. Clearly the cells could sense the FBS

concentration gradient through the porous structure and
moved toward the higher FBS concentration end.

Figure 6 shows confocal images of the cell migration
path in Sample C. It is seen that the cells formed 3D
cellular clusters inside the porous structure. As they
migrated towards the higher FBS concentration, the cells
also spread to any locations where they could reach. This
evidence shows that the cells could grow well in the HIFU
foamed porous structure and form 3D constructs. This type
of 3D constructs could mimic in vivo cellular behaviors
more realistically.

Cell attachment to the porous structure was observed
using the scanning electron microscope. Figure 7 shows the
SEM images of a cross section in the cell migration path. It
is clearly seen that the cells formed 3D clusters and

Fig. 7 SEM images of the migrated cells inside the porous structure. The red circles show the cell clusters. The scale bars are (a) 100 um, (b)
20 pum, and (¢) 5 pm
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attached to the surface of the pores. These clusters could be
traced along the migration path, indicating that the cells
were migrating in groups, rather than individually. The red
circles in the images show where the cell clusters were.

Much of the research on 3D cell migration has been
done using gel-based materials. For example, it was found
that about 40% of the invasive breast cancer cells MDA-
MB-231 could migrate though Matrigel mediated by 20%
FBS (Chaw et al. 2007). Gel-based assays provide a good
way to track individual cell movement in short distances.
However, cells encapsulated in gels are not able to move a
relative long distance. The migration distances reported in
the literature were in 100-500 pm range (Chaw et al. 2007;
Diao et al. 2006; Lee et al. 2008). This could be in part due
to the confinement of cells and short diffusion path of
chemicals in gels. The 3D cell migration study using a
porous channel is a new concept. In our study, long
distance cell migration (>1 mm) was clearly observed.
The number of cells spontaneously migrated were much
less than that of induced. This is beneficial for detecting the
effects of chemoattractants.

3.2 Concentration gradient through the porous region

The cell migration observed above is believed due to the
concentration gradient of FBS in the porous channel. A
one-dimensional diffusion model is thus developed in order
to understand the FBS gradient. As shown in Fig. 8, it is
considered that the FBS solute with an initial concentration
Co at the source diffuses to the sink under the driving force
of the concentration difference. Since there is no flow in the
porous channel, we assume that the process is pure
diffusion and there is no convection effect.

This diffusion process can be described by Fick’s first
law. Consider that the volume of the source V and that of
the sink V are the same. The following equation can be
obtained (Christie 2003)

(c—={) dc

- 1)

A,-c-D g
£ P s dr

where ¢ and ¢’ are the instantaneous concentrations of
solute A in the source and sink, respectively, ¢ is the void

By

Source [€ Sink

Porous structure

Fig. 8 A schematic of the porous diffusion model
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Table 1 Parameters used in the diffusion model

Parameters Values

T 310 K

HB(310K) 0.695x10> Pa s

Das 1.03x1071% m2s!
0.4

T 1.75

Vs 1.0x107 m?

A 2.0x107° m?

Co 1

fraction of the porous structure (also known as the effective
porosity), T is the tortuosity of the porous structure, & is the
distance between the source and sink, A, is the limiting
cross sectional area of the porous channel, Dpp is the
diffusion coefficient of solute A in solvent B, which is
water in this study, and ¢ is time. The initial concentrations
of solute A in the source and sink wells are denoted as ¢,
and c¢y’. In our experiments, c,’ was equal to zero, since
there was no FBS in the sink well.

When the solutes are large biomolecules such as proteins
and nuclear acids with molecular weights larger than 1,000,
a semi-empirical equation of Polson can be used to evaluate
the diffusion coefficient as follows (Polson 1950).

9.40 x 1071

Dyp =
pp(My)'?

(2)

where p is the viscosity of the solvent, M is the molecular
weight of the solute, and T is the temperature of the solution
in K. In our experiments, the molecular weight of BSA,
which is the dominant component of FBS, was used to
approximate that of FBS. Hence, M, was chosen to be
67,500.

BSA
05
g o4 h
O X r —
lz /,_"’—/_
g 74hm
8 03F
b=
5 o2f m
(&)
ik mm
50 100 150 200 250
hours

Fig. 9 The estimated solute concentration in the sink well as a
function of diffusion length and time. Initial concentration in the
source well is assumed to be 1
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D, is an effective diffusion coefficient of the solute in a
porous media, which can be defined as

I3
Dy = Dyp . (3)

The effective volume of the solution inside the porous
structure is assumed to be much smaller than the source
volume V. Therefore, the solute concentration in the sink
well can be obtained as

d=c—c (4)

Substitute Eq. 4 into Eq. 1 and integrate. We obtain the
following

2 Co
A.-e-Dygl — |t =In| ——— 5
& an <T5K.> n(co — 20’) (5)

Define A as the system time constant,
A =V 6/DyrA. (6)

Equation 5 can be simplified as
1
d = 50 (1 - e’z’/l) (7)

Equation 7 can be used to predict the concentration
variation inside the porous region with diffusion length and
time. The parameters used in the prediction are summarized
in Table 1. The determinining factor of the simulation
results was the effective diffusion rate D¢ of BSA through
the porous channel. From Egs. 2 and 3, D¢t used in our
study was obtained as 2.35x 10" m*s'. This value agrees
well with what was experimentally determined under
similar solute and geometrical conditions (Fardet et al.
1998). Using a diffusion cell consisting of two well-stirred
compartments separated by a porous protein membrane,
Fardet et al. has experimentally determined the effective
BSA diffusion rate at 310 K as 1.84x10""" m®s™'. The
pore size of the membrane in their study was in the range
of 0.5-30 pm. The porosity was ~45% and the tortuosity
was ~2.

Figure 9 shows the prediction results in our study. It can
be seen that it would take more than 100 h for the FBS
solute concentration to reach equilibrium in the sink well
when the distance is 1 mm from the source well. It would
take longer if the diffusion distance is larger. In the
experiments we conducted in this study, the cell culture
media was changed every 48 h or sooner. Therefore, a
significant concentration gradient was maintained between
the two wells.

Inside the porous channel, the concentration gradient is
determined by the effective diffusion coefficient, D,
which is a function of the material properties of the porous
structure (e, T), as well as the solute, solvent, and

temperature. It is therefore possible to manipulate the
concentration gradient by changing the parameters of
the porous structure. The porosity ¢ is determined by the
average porous size and the uniformity of the porous
structure. Tortuosity T is related to porosity € in an
approximate relation. For example, the approximate values
of T for different values of ¢ are as follows: ¢=0.2, T=2.0;
e=0.4, t=1.75; ¢=0.6, 1=1.65 (Satterfield 1970). In the
foaming process we used, we have found that a larger
foaming power and higher scanning speed would result in a
smaller pore size. A lower power combined with a low
scanning speed would yield larger pore size. Hence by
controlling the foaming process we can obtain a desirable
diffusivity Degs.

4 Conclusions

A porous 3D cell culture device has been developed for cell
migration studies. The device has a porous channel that was
fabricated using a HIFU foaming process. Significant cell
migration across 5 mm porous channel was observed when
the biochip device was seeded with metastatic M4A4-GFP
breast cancer cells induced by 20% fetal bovine serum
(FBS) for 1-2 weeks. Cells formed colonies in the porous
structure as they migrated towards the FBS. A diffusion
model was developed to evaluate the concentration gradient
inside the porous structure. Using a porous channel for the
cancer migration study is a novel approach. The fabricated
porous biochip device is expected to find many applications
in cancer cell migration, invasion, and drug screening.
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