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Typical flow in tissue engineeringTypical flow in tissue engineering

ES (so mati c clone),
iPS, fetus

Patient ③ Growth factors

④ In vitro rearing
Implantation

① Stem/progenitor cells

② Biodegradable/
biocompatible
scaffolds

Adult stem
cells

Basic biology
Basic medicine

Clinical Medicine

Biochemical
Engineering
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Hepatic
veinPortal vein/

Hepatic artery

Whole organ
・1,500 mL
・2.5×1011 cells Lobules

・1-2 mm
・5×105 cells

Sinusoid

Hierarchical structure of the LiverHierarchical structure of the Liver

●● How to make it in terms of perHow to make it in terms of per--volumevolume--based functions?based functions?

Portal vein

Hepatic
artery

Hepatic vei n

Gall bladder

Total bile duct

The liver is th e center of the metabolism!

10 m

Blood

Bile acid

Macro-scale
vasculature

4Toward engineering implantable liver tissueToward engineering implantable liver tissue
―― 1/3 mass of human liver, 500 cm1/3 mass of human liver, 500 cm33――

Preclinical research in pigsPreclinical research in pigs
＝＝Establishment of the methodologiesEstablishment of the methodologies

● Growth of hepatocyt e progenitors:
→3D culture

● Fabrication of 3D scaffolds:
→design in terms of O2 supply

● In vitro maturation to organ equival ents

Human clinical trialsHuman clinical trials

● Acquisition of human hepato cyt es
・ ES？ MSC？ iPS？

13m L

● Implantation to pigs
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Major approaches toward vascularized tissuesMajor approaches toward vascularized tissues

MEMS-rerated
approach Modular

assembly
3D fabrication-

related approach

Complete org anization

Use of biological organization

6Practical approachPractical approach
―― balance between in vitro and in vivo organizationsbalance between in vitro and in vivo organizations――

VacantiVacanti et al.et al.

“MEM s-based complet e in
vitro organiz ation”

Sinusoidal-
scale

Macro-scale

Expect…
in vivo spontaneou s
organization upon
implantation

In vitro artifici al
arrangement

Our practical approachOur practical approach

1,500 cm3

Φ10 m

●● To what degree of mi crostru ctureTo what degree of mi crostru cture
we have to make in vitro?we have to make in vitro?
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Concept for the scaffold designConcept for the scaffold design

●● MinimallyMinimally--necessary3D branching/joining flowchannelnecessary3D branching/joining flowchannel
networknetwork (Macro(Macro--scal e vascul ature)scal e vascul ature)

●● Macroporous structure for cell growth around channelsMacroporous structure for cell growth around channels
(We expect angiogenesis tow ard the cent er)(We expect angiogenesis tow ard the cent er)

Sakaietal., Mat. S ci. Eng. C , 2004.

How to decide th e
edge length of unit
tetrahed ron, X?

CO2 should be
over z ero at the
cent er

X
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(Krogh A., J Ph ysiol., 1919)
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X should be less th an 200X should be less th an 200 mm

How to decide the edge length of unitHow to decide the edge length of unit
tetrahedron, X?tetrahedron, X?
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(A) (B)

Z

Fused resinOrganic solvent,
UV, etc.

Surface of the
polymer bed

X

Y

X

Y

Movab le stage

Z
Fine particle of
powder or a liquid of
photo-polymerizable
polymer

Principle of 3D fabricationPrinciple of 3D fabrication

Movab le stage

10Fabrication of a 13 mL scaffoldFabrication of a 13 mL scaffold
by the selective laser sintering (SLS) processby the selective laser sintering (SLS) process

●● SLS: Noorganic solvent, costSLS: Noorganic solvent, cost--effectiveeffective……..

• PCL Φ= 30 m
• NaCl Φ= 100- 200 m
(for macroporous structure)
• One layer, 200 m
• Laser Φ = 0.5 mm

CO2
LaserRoller

Practical design
for manufacturing

Ideal design

●● Lower resolution than ideal!Lower resolution than ideal!
Pre-manufacturing

• Edge length of un it
tetrahedron X= 4 mm

• MinΦ of s lanting channe ls
= 800  m
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(A)

(D) (E)

(B)

1 cm1 cm

(C)

(A)

Perfusion of
culture medium

CAD Micro X- ray CT

Evaluation of the 3D scaffolds preparedEvaluation of the 3D scaffolds prepared

• Porosit y = 89%
• Pore size Φ=100-200 m
• Min Φ of slanting

channel s = 800 m

●● SLS+SLS+ NaCl elutionNaCl elution to generate macroporous structureto generate macroporous structure

With Prof. Niino and
Technical Support Center at IIS

1 cm

(A) (B)

Cover the out er
surf aces with
silicone resin

Huang etal., B iomat., 2006.
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Avidin (MW = 68,000)
+ collagen for the

scaffolds

Biotin for the
cell surfaces

Kojima etal., Biomat. , 2006.

Hep G2 cell inoculation and perfusion cultureHep G2 cell inoculation and perfusion culture

●● AvidinAvidin--biotinbindingbiotinbinding--based cell inoculationbased cell inoculation

Int e grin - Fibr one cti n

Kd=1 0-6 M

Int e grin - Lami ni n

Kd=1 0-9 M

A-B
complex

Kd=10-15 M

• Covalent binding us ing
Sulfo-NHS-LC Biotin
(MW:556.59)

Contro l
ABBS
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Perfusion with channels ＞ Perfusion without channels
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Growth and functionalityGrowth and functionality

●● AB binds cells quickly to the P CL surf aces. This enablesAB binds cells quickly to the P CL surf aces. This enables
subsequ ent smooth formation of biological bindings with collagensubsequ ent smooth formation of biological bindings with collagen..

Channel (+)

Channel (-)

AB (+)

AB (-)

Kojima etal., Biomat. , 2006.
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●● AB binds cells quickly to the P CL surf aces. This enablesAB binds cells quickly to the P CL surf aces. This enables
subsequ ent smooth formation of biological bindings with collagensubsequ ent smooth formation of biological bindings with collagen..
●● Final density = 1.8Final density = 1.8××101077 cells/cmcells/cm33 = less than 1/10 of in vivo.= less than 1/10 of in vivo.
●● Cell growth was limited in 200Cell growth was limited in 200 m around the ch annels on averag e.m around the ch annels on averag e.
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Day 1
Day 9
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Channels
AB

 Six times growth

Huang etal., B iomat., 2007

Final growth and histologyFinal growth and histology

AB (+)

800 m
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Major approaches toward vascularized tissuesMajor approaches toward vascularized tissues

MEMS-rerated
approach Modular

assembly
3D fabrication-

related approach

Complete org anization

Use of biological organization
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Diffusion Perfu sion of
culture mediu m

Blood
perfu sion

Completed
Tissue/organs

Single
cells

Tissue
elements

Tissue/organ
equivalents

Supply of oxygen and nutrients

Biological
remodelin g

Modular assembly or tissueModular assembly or tissue--elementelement
based organizationbased organization

MuG uiga n a nd Sef ton , P NAS, 103( 31) , 114 61- 1146 6 (2 006 ).

Interstitialgaps
act as macro-scale
vasculature

17Toward engineering implantable liver tissueToward engineering implantable liver tissue
―― 1/3 mass of human liver, 500 cm1/3 mass of human liver, 500 cm33――

Preclinical research in pigsPreclinical research in pigs
＝＝Establishment of the methodologiesEstablishment of the methodologies

● Growth of hepatocyt e progenitors:
→3D culture

● Fabrication of 3D scaffolds:
→design in terms of O2 supply

● In vitro maturation to organ equival ents

Human clinical trialsHuman clinical trials

● Acquisition of human hepato cyt es
・ ES？ MSC？ iPS？

13m L

● Implantation to pigs
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Jiang et al. , T issue Eng ., 20 04
Saka i et al., Cel l Tra nspl., 2002

Diam et er = 10 m m

HGF, FGF-1, FGF-4,
OSM, NA, DMSO,
Sodium Bthyl ate
etc…

●Fetus liver = Stable source for
hepatocyte progenitors

SmallSmall--scale 3D culture of fetal hepatocytesscale 3D culture of fetal hepatocytes

Thic kn ess = 1 mm Pore siz e = 2 50 -5 00 m

●GFs etc. + 3D culture
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Mouse hepatocyte Progenitors from fetal liver

Partly organized in 3D

Adult mouse
hepatocytes (Day 3)

100 m

Sakai et al. , and Jiang
et al., Cell Transpl.
2002.

Example of progenitor cellsExample of progenitor cells
20

Hana da et al., Tissue E ng., 2008 .
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① Enhanced cell-to-cell contact in 3D
② Enhanced local con c of GFs
③ Enhanced deposition of ECM
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Fetal rat hepatocytesFetal rat hepatocytes

21

Basal

HGF/Sb

100 µm

Basal

Mono

0

2

4

6

8

10

12

14

16

1 3 5 7 9 11 13 15

A
lb
u
m
in

s
e
c
re
t
io
n

(µ
g/
m
L
/
da
y
)

Bas al
HGF
Sb

HGF/Sb
NDO
NDO/ HGF/ Sb

PLLA

0

2

4

6

8

10

12

14

16

1 3 5 7 9 11 13 15

C ultur e t ime (day s)

A
lb
um

in
se

cr
et

io
n

(µ
g/

m
L/

da
y)

Hua ng, et al., Ce ll Transpl. , 200 6

2D

3D

Fetal porcine hepatocytesFetal porcine hepatocytes
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500  m200 m

20  m

Fetal rat
hepato cyt es

Fetal porcine
hepato cyt es

1.2×107 cells/cm3

2.0×107 cells/cm3

Hua ng, et al., Ce ll Transpl. , 200 6; Han ada e t al. , T issue Eng ., 200 8.

Low usages of inner surfacesLow usages of inner surfaces
results in the low cell densityresults in the low cell density
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RA
Ⅱ

HGF
aFGF FGF4 OsMDex

Ⅲ ⅣⅠ
LIF DexFactrors

ECM Gelatin Collagen type1

HCM
Day 0 3 10 17 32

HIFC（Hepatic InductionFactor Cocktail)-basedhepatic induction

TerataniT , e tal. Hepatology. 41 (4):836 (2005)

●Without EB (Embryonic Bod y) formation, with the exp ect ation
to enhance the final hep atocyte ratio s through enhan ced direct ed
differen tiation to endodermal cell lineages

An example of hepatic induction of ES cellsAn example of hepatic induction of ES cells

Endodermal
differentiation Hepatocyte

progenitors

To mature
hepatocytes

24

200 m
200 m

50 m

Step 1: RA+LIF

Endodermal
cells

Hepatocyte
progenitors

Step 2: HGF, FGF-1, FGF-4

100 m

Step 4: Dex, OSM etc..

100 m

Other topics 1:Other topics 1: ESC to hepatocytesESC to hepatocytes
―― To infinite cell source for liver tissue engineeringTo infinite cell source for liver tissue engineering――

Thickening of
progenitors

● Cell source for liver tissu e eng.
● Extension to iPS cell s?

• Low to higherO2 conc.
• 3D culture in the early step

Hepatocyte
~ 20%

with Nat. Cancer Inst.
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25Toward engineering implantable liver tissueToward engineering implantable liver tissue
―― 1/3 mass of human liver, 500 cm1/3 mass of human liver, 500 cm33――

Preclinical research in pigsPreclinical research in pigs
＝＝Establishment of the methodologiesEstablishment of the methodologies

● Growth of hepatocyt e progenitors:
→3D culture

● Fabrication of 3D scaffolds:
→design in terms of O2 supply

● In vitro maturation to organ equival ents

Human clinical trialsHuman clinical trials

● Acquisition of human hepato cyt es
・ ES？ MSC？ iPS？

13m L

● Implantation to pigs
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Necessity of hemoglobinNecessity of hemoglobin--based oxygenationbased oxygenation
―― AA fundamental dissolution of oxygen shortagefundamental dissolution of oxygen shortage――

●● 21%21%--OO22 can raise onlycan raise only
up to 30 cmup to 30 cm33 liver tissu eliver tissu e

●● Flow rate limit ation by theFlow rate limit ation by the
max. physiological sh earmax. physiological sh ear
stress (~10 dyn/cmstress (~10 dyn/cm22))

●● Low oxygen solubilityLow oxygen solubility
decided by th e Henrydecided by th e Henry’’s laws law

Blood

PFC

Culture
mediu m

M
o

l-O
2/

m
L

O2 partial pressure
in thegas phase

●● Feasibilityof HbFeasibilityof Hb--
based Obased O22 carrierscarriers
→→ Toxicity?Toxicity? →→Efficacy?Efficacy? PEGylated l iposo me-

encapsulated hemoglob in
(Oxygenix Co.Ltd.)

Φ 250nm

LEH
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Narut o, H. et a l., J B iosci Bi oeng 2007.

2D flat -plate bioreactor

O2 saturated O2 depleted

LEH (-) LEH (+)

Efficacy of LEH in adult rat hepatocytesEfficacy of LEH in adult rat hepatocytes

● 20% LE H, 3-days expo sure

Albumin production
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100  m

Toxicity of LEH in fetal rat hepatocytesToxicity of LEH in fetal rat hepatocytes
――Differences in cellular uptake?Differences in cellular uptake?――

●● Cellular uptakeCellular uptake
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●● Intracellular radical formation?Intracellular radical formation?
●● Low ability to scavenge radicalsLow ability to scavenge radicals
in fetal hepatocytes?in fetal hepatocytes?

Adult, 20%-LEHFetal, 20%-LEH
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●● 20% LE H, Fetal hep atocytes,20% LE H, Fetal hep atocytes,
1414--d ays exposured ays exposure

Glucose Albumin

LEH (+)LEH (-)

■ Completel y avoid the cellular int ake!

▼ Increase the diameter?
▼ Improve the surf ace modification?

29Toward engineering implantable liver tissueToward engineering implantable liver tissue
―― 1/3 mass of human liver, 500 cm1/3 mass of human liver, 500 cm33――

Preclinical research in pigsPreclinical research in pigs
＝＝Establishment of the methodologiesEstablishment of the methodologies

● Growth of hepatocyt e progenitors:
→3D culture

● Fabrication of 3D scaffolds:
→design in terms of O2 supply

● In vitro maturation to organ equival ents

Human clinical trialsHuman clinical trials

● Acquisition of human hepato cyt es
・ ES？ MSC？ iPS？

● Implantation to pigs

●● in vivoin vivo evaluationevaluation

■■ Endothelialization of thechannelEndothelialization of thechannel
■■ Angiogenesis from the channelAngiogenesis from the channel
■■ BileBile--duct network over the scaffoldduct network over the scaffold

■■ CostCost--effective protocoleffective protocol
for differentiationfor differentiation

■■ Low toxicity OLow toxicity O22 carrierscarriers

■■ 3D fabrication having3D fabrication having
higher resolutionhigher resolution


