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Abstract: Observing the native organ structures, the
following three factors have to be satisfied to develop
three-dimensional organic living structures in the
in-vitro regenerative process: (a) appropriate
arrangement of any specific cells according to the
organ function, (b) appropriate generation of the
extracellular matrix, and (c) appropriate induction of
capillary blood vessels in the regenerated organ
structure. Our group is developing a new culturing
system, which could realize all these three factors.
The cell culturing chip was fabricated on the silicon
wafer with microfabrication techniques. Our
immediate target is set to the regeneration of the liver
lobule. The mixture of endothelial cells and liver cells
is to be cultured on the system where cell culture
medium is perfused. The perfused flow through the
micro holes punched on the culturing chip would
induce the generation of the capillary blood vessels
among the cultured liver cells. The eventual goal is to
demonstrate that our newly developed culturing
system is useful in the regenerative medicine research
and that micro fluid flow would induce the generation
of capillary blood vessels in the stack of the cultured
liver cells.

Introduction

For the creation of three-dimensional complex living
organs in the in-vitro regeneration process, the following
three factors have to be satisfied: (a) appropriate
arrangement of any specific cells according to the organ
function, (b) appropriate generation of the extracellular
matrix, and (c) appropriate induction of capillary blood
vessels in the regenerated organ structure. These factors
are the environmental modulations due to cell-cell
interactions, cell-extracellular matrix interactions, and
nutrients delivery and waste removal processes,
respectively.

To investigate the cell-cell interactions, the co-culture
system with two or more cell types has to be developed
and all these different types of cells should be properly
disposed in the order of 10-100 um. For this purpose of
the cell patterning, the standard microelectromechanical
systems (MEMS) techniques could be applied [1,2]. The
co-culture of parenchymal cells with mesenchymal cells
could elucidate the cell-extracellular matrix interactions

[3,4]. The maximal thickness of the regenerated tissues is
limited to several hundred micrometers because of
oxygen diffusion limitations without capillary networks
[5]. Especially for the regenerated tissues of vital organs
of high oxygen consumption, such as heart and liver, the
construction of the capillary blood vessels are essential.
Furthermore, the fluid-dynamic forces due to the
extracellular flow could be the effective stimulation for
the cultured cells [6-11]. Therefore, the perfusion
culturing system is practical to exert some fluid-dynamic
stimulation to the cultured cells.

Our group is developing a new culturing system to
fulfill all three factors stated above. The cell culturing
chip was fabricated on the silicon (Si) wafer with
photolithographic techniques. Our immediate target is set
to the regeneration of the liver lobule. The mixture of
endothelial cells and hepatocytes is to be cultured on the
system where cell culture medium is perfused. The
perfused flow through the micro holes punched on the
culturing chip would stimulate the cultured cells and
induce the generation of the capillary blood vessels
among the cultured hepatocytes. The eventual goal is to
demonstrate that our newly developed culturing system
is useful in the regenerative medicine.

Materials & Methods

Culturing system. The cell culturing system was
developed applying the perfusion culturing technique
(Figure 1). Cell culture medium was circulated with a
tubing pump, and it flowed out from the micro openings
on the Si culturing chip of 11 mm in diameter. The Si
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Figure 1: Schematic figure of the perfusion cell
culturing system
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Figure 2: Micromachining process of the culturing chip

chip was fabricated through standard photolithographic
techniques (Figure 2). Gold (Au) layer was deposited and
patterned on a 2.5-inch thermal-oxidized Silicon wafer.
Au could be used as an electrode with the Si substrate.
Electric potential would be exerted between Au and Si
layers for the manipulation of endothelial cells onto the
edge of the micro openings on the Si culturing chip. The
holes were penetrated through the wafer using the
ICP-RIE (inductively coupled plasma reactive ion
etching) technique. A Si culturing chip has 15 rows and
15 columns holes of 100 pm in diameter (Figures 3 and
4). Finally parylene (poly-para-xylylene) and type I
collagen coatings were implemented to achieve electric
isolation and good cell compatibility, respectively.

Preparation and culturing of cells. First, the toxicity of
the Si chip was confirmed using murine
melanoma-derived B16-BL6 cells. These cells were
provided by the Cell Resource Center for Biomedical
Research, Tohoku University, Japan. B16-BL6 cells
were cultured and maintained in RPMI-1640 (Gibco,
Carlsbad, CA, USA) containing 10% fetal bovine serum
(FBS, Sigma, St. Louis, MO, USA) and 1%
antibiotic-antimycotic ~ solution (Gibco). For the
evaluation of the toxicity of the Si chip, only the
parylene coating was conducted without that of type I
collagen. B16-BL6 cells were suspended in culturing
medium at a concentration of 1x10*cells/ml, and 1.5 ml

Figure 3: Culturing chip after micromachining
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Figure 4: Holes on the culturing chip

of this solution was added to the Si chip and 2 ml culture
medium was added. B16-BL6 cells were cultured for 3
days with the culturing chip under the static culturing
condition. Cells were cultured in the incubator at 37°C
containing 5% CO,. Second, human umbilical vein
endothelial cells (HUVECs) were tried for the
preliminary research aiming at the co-culture of
HUVECs and hepatocytes. HUVECs were provided by
Cascade Biologics, Inc (Portland, OR, USA). Cell
cultures were maintained with HuMedia-EG2
(KURABOU, Osaka, Japan) containing 2% fetal bovine
serum (FBS), 10 ng/ml human epidermal growth factor
(hEGF), 5 ng/ml human fibroblast growth factor-B
(hFGF-B), 1 pg/ml hydrocortisone, 50 pg/ml gentamicin,
50 pg/ml amphotericin B and 10 pg/ml heparin. For the
culturing of HUVECs, the collagen coating was
conducted to the Si culturing chip in addition to the
parylene coating. The culturing chip was immersed in 50
pg/ml type I collagen (Nippon Meat Packers, Inc, Osaka,
Japan) for 1 hour and rinsed in phosphate buffered saline
(PBS). HUVECs were suspended in culturing medium at
a concentration of 1x10° cells/ml, 3 ml of this solution
was added to the Si chip. After 60 min culturing, 20 ml
culture medium was added. HUVECs were cultured with
the Si culturing chip for 4 days and photographed using a
phase contrast microscope (DIAPHOT, Nikon, Japan)
and a CCD camera (PDMC 11, Polaroid, USA).
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Figure 5: Perfusion culturing system during HUVEC
culturing

100 pm

Figure 6: B16-BL6 cells cultured on the developed
culturing chip

Figure 7: HUVECs cultured on the developed
culturing chip

Preliminary results

The developed system is shown in Figure 5. The
micromachined Si chip was placed on the chip mount in
the perfusion culturing system, and B16-BL6 cells and
HUVECs were cultured to confirm the system
performance. As shown in Figure 6, B16-BL6 cells were
attached on the Si chip, and it shows that the
microfabricated Si chip and parylene coatings are
nontoxic. Then HUVECs were tried and the result is
shown in Figure 7. In this figure, HUVECs were stained
with 0.4% trypan blue (Sigma, St.Louis, USA) for 5 min.
In this preliminary study, any electric potential was not
provided to dispose the cultured cells. HUVECs were,
therefore, supposed to spread on the whole surface of the
culturing chip as well as on the inner surface of the holes
of the chip. At present, the co-culture of HUVECs and
hepatocytes has been tried on our newly developed
culturing system.

Conclusion and Future work

The new cell culturing system fabricated using MEMS
techniques has been developed. This system would
realize the co-culture of several different types of cells
and also the fluid-dynamic stimulation using the
perfusion technique. In this study, the preliminary results
of culturing of B16-BL6 cells and HUVECs on our
system were confirmed.

As future work, the disposition of HUVECs onto the
edge of the micro openings on the Si culturing chip
would be tried by providing the electric potential
between the Si substrate and the Au layer. Also we are
now developing another design of the culturing chip, and
the self-assembled monolayers of alkanethiols on the Au
layer with fibronectin [12—14] would be applied to this
new designed culturing chip for more secure attachment
of HUVEC:s onto the edge of the micro openings.

After confirming the manipulation of HUVECsS onto the
edge of the micro openings, the mixture of HUVECs and
hepatocytes would be cultured. Then the induction of the
capillary blood vessels in the cultured hepatic liver cells
would be tried and the function of the regenerated
hepatic lobule would be evaluated in terms of the
viability of cells and its enzyme secretion.

References

[1] Gray BL, Smith RL, Lieu DK, Collins SD, Barakat Al,
“Microdevice for non-invasive control of endothelial cell
shape”, 2001 Bioengineering Conference, ASME2001,
pp.211-212.

[2] Powers MJ, Domansky K, Kaazempur-mofrad MR, Kalezi
A, Capitano A, Upadhyaya A, Kurzawski P, Wach KE, Stolz
DB, Kamm R, Griffith LG, “A microfabricated array bioreactor
for perfused 3D liver culture”, Biotechnol Bioeng, Vol.78,
pp.257-269, 2002.

[3] Bhatia SN, Balis UJ, Yarmush ML, Toner M,

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE



The 3" European Medical and Biological Engineering Conference
EMBEC'05

November 20 — 25, 2005
Prague, Czech Republic

“Microfabrication of Hepatocyte/Fibroblast co-cultures: role of
homotypic cell interaction”, Biotechnol. Prog., Vol.14,
pp.378-387, 1998.

[4] Bhandari RNB, Riccalton LA, Lewis AL, Fry JR,
Hammond AH, Tendler AJB, Shakesheff KM, “Liver tissue
engineering: a role for co-culture systems in modifying
hepatocyte function and viability”, Tissue Engineering, Vol.7,
pp-345-357.

[5] Fidkowski C, Kaazempur-mofrad MR, Borenstein J,
Vacanti JP, Langer R, Wang Y, “Endothelialized
microvasculature based on a biodegradable elastomer”, Tissue
Engineering, Vol.11, pp.302-309, 2005.

[6] Kamm RD, “Cellular fluid mechanics”, Annu. Rev. Fluid
Mech., Vol.34, pp.211-232,2002.

[7] Niklason LE, Gao J, Abbott WM, Hirschi KK, Houser S,
Marini R, Langer R, “Functional arteries grown in vitro”,
Science, Vol.284, pp.489—-493, 1999.

[8] Cullen JP, Sayeed S, Sawai RS, Theodorakis NG, Cahill PA,
Sitzmann JV, Redmond EM, “Pulsatile flow-induced
angiogenesis, role of Gi subunits”, Arterioscler Thromb Vasc
Biol, Vol.22, pp.1610-1616, 2002.

[9] Yamamoto K, Takahashi T, Asahara T, Ohura N, Sokabe T,
Kamiya A, Ando J, “Proliferation, differentiation, and tube
formation by endothelial progenitor cells in response to shear
stress”, J Appl Physiol, Vol.95, pp.2081-2088, 2003.

[10] Yamamoto K, Sokabe T, Watabe T, Miyazono K,
Yamashita JK, Obi S, Ohura N, Matsushita A, Kamiya A,
Ando J, “Fluid shear stress induces differentiation of
Flk-1-positive embryonic stem cells into vascular endothelial
cells in vitro”, Am J Physiol Heart Circ Physiol, Vo0l.288,
pp-H1915-H1924, 2005.

[11] Vazquez M, Balcells M, Edelman E, “Defined flow
regimes: a novel perfusion bioreactor for optimum cell growth”,
2003 Summer Bioengineering Conference, June 25-29, Key
Biscayne, Florida.

[12] Kane RS, Takayama S, Ostuni E, Ingber DE, Whitesides
GM, “Patterning proteins and cells using soft lithography”,
Biomaterials, Vol.20, pp.2363-2376, 1999.

[13] Mrksich M, Dike LE, Tien J, Ingber DE, Whitesides GM,
“Using microcontact printing to pattern the attachment of
mammalian cells to self-assembled monolayers of
alkanthiolates on transparent films of gold and silver”,
Experimental Cell Research, Vol.235, pp.305-313, 1997.

[14] Mrksich M, Chen CS, Xia Y, Dike LE, Ingber DE,
Whitesides GM, “Controlling cell attachment on contoured
surfaces with self-assembled monolayers of alkanethiolate on
gold”, Proc. Natl. Acad. Sci. USA, Vol.93, pp.10775-10778,
1996.

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE



