
Page 1

Polymers in Tissue Engineering

Organs and Tissues

• Loss
– Accidents
– Birth defects
– Hereditary disorders
– Diseases

• Current treatments
– Transplantation of organs
– Surgical reconstruction
– Mechanical devices
– Metabolic supplements

National Waiting List

51,544 Kidney transplant

17,641 Liver transplant

1,253 Pancreas transplant

276 Pancreas islet cell transplant

2,530 Kidney–pancreas transplant

As of April 2002

179 Intestine transplant

4,136 Heart transplant

208 Heart–lung transplant

3,824 Lung transplant

79,226 Total*

As of September 2010

Transplant Drawbacks

• Shortage
• Tissue mismatch
• Lifelong immunosuppression

G f j i• Graft rejection
• Drug therapy cost
• Cancer
• Cost

FDA site inspection

Pharmaceutical companies:
Excellent history

Tissue banks: no history
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Recipes For Limb Renewal 
Salamanders and other creatures that regrow lost body parts provide clues for 
ways to regenerate human limbs (Sophie L. Rovner)

BODY ELECTRIC By inducing 
expression of a particular potassium ion 
channel in this tadpole, Levin’s team 
altered its bioelectrical signaling, enabling 
it to grow multiple arms.

REGENERATION CHAMPION Salamanders, including 
this Notophthalmus viridescens specimen, can regrow lost 
limbs multiple times.

REGENERATION FERTILIZER A mouse can regrow an 
amputated digit tip, but if enough of the digit is removed—as 
shown in the image at left, in which the black bar indicates 
the line of amputation—the digit won’t grow back. However, 
Muneoka found that treating such an amputation site with 
bone morphogenetic proteins enables a mouse to grow a 
replacement tip (right). In these images, captured with a 
dissecting microscope, bones are stained red and surrounding 
tissue appears clear. The triangular bone on the right is 1–2 
mm long. http://pubs.acs.org/cen/science/88/8831sci1.html

Frances Kelsey: Medical officer at 
FDA Refusal to allow NDA of 
thalidomide based on insufficient 
safety data.

Thalidomide’s horrifying effects on 
newborns became known in 1962.
Distribution of two million tablets by 
Merrell for investigational use.

•Shortage of natural organs: 
•Partial solutions

•Building bionic parts based on biomaterials

•Building natural organs based on body cells (tissue 
engineering) 

TISSUE ENGINEERING

Application of the principles 
and methods of engineering 
and the life sciences toward 
the fundamental 
understanding of structure-
function relationships in 
normal and pathologicalnormal and pathological 
mammalian tissues and 
development of biological 
substitutes to restore,  
maintain, or improve function. 
(Skalak 1988)

Time, May 22, 2000 Allograft (also known as homograft) (Organs, tissues, and cells)
Tissue from one species transplanted to another animal of the same 
species (e.g., dog to dog or human to human). 
Organ allografts (kidneys, liver, lung, heart, etc.) all require 
immediate surgical revascularization for their metabolic 
requirements, thereby requiring reattachment by surgical 
anastomosis of the major arteries and veins.
Tissues and cells do not require revascularization and can be 
implanted without immediately establishing a direct blood supplyimplanted without immediately establishing a direct blood supply 
(heart valves, blood vessels, orthopedic tissues, skin, cornea, etc.).

Xenograft
Tissue transplanted from one species to another (e.g., pig to monkey 
or pig to human). 
Autograft
Tissue reimplanted into the donor (e.g., use of a patient’s own veins 
or arteries in heart bypass grafting). 

Mike Tyson bites into the ear of Evander Holyfield in the third round of 
their WBA Heavyweight match Saturday, June 28, 1997, at the MGM 
Grand in Las Vegas. (AP Photo/Jack Smith) 
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In The Year 2525

The extracellular matrix (ECM)

Biological tissues and organs consist of cells surrounded by a 
complex molecular framework that is known as ECM. 

ECM is a complex mixture of different macromolecules, such as p ,
collagens, proteoglycans, glycoproteins, and elastin and one of its 
important roles is to provide tissues with the appropriate structural 
integrity.

Tissue Regeneration
Organization of cells into higher ordered structures

Cell-cell interactions
Cell-extracellular matrix (ECM) interactions
Cell-polymer surface interactions
Cell adhesion, growth and differentiation
Angiogenesis (vascularization) growth factors
Environmental factors
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Template/scaffold

1. Materials

Biocompatible materials, biodegradable

2. Fabrication
Shape and size 
(nonwoven) fiber mesh, porous matrix

3. Surface modification

Cell adhesive proteins
Drug delivery

Components necessary for tissue engineering (Auger & Germain)

a | The general situation, in which an agent (indicated by white) is released from a synthetic material into the tissue (indicated by dark brown), and 
produces a gradient of the agent in the tissue that surrounds the material. This general situation can occur when an agent is released from different
materials, as illustrated in b–d. b | Controlled-release technology can provide continuous agent release from a solid material. The inset shows a 
scanning electron micrograph of poly(lactide-coglycolide) microspheres that release nerve growth factor. c | Agent delivery by release from a 
degradable porous scaffold, which is composed of either synthetic polymers or natural polymers, such as collagen (shown in the inset) or fibrin. d | 
Agent delivery from a system with microfluidic channels. The microelectronic probe (shown in the right inset; the shank of the probe is 2 mm in length 
and 100 µm in width) has an internal microchannel (shown at higher magnification in the left inset), which is indicated by the dark blue shaded region 
in the schematic illustration. The photograph in part b is reprinted by permission from Nature Biotechnology (REF. 10)

Synthesis of Biodegradable
PLGA Copolymer

Fabrication of PLGA Scaffolds with 
Specific Mold

Cartilage
Stem
Urothelial
Endothelial

Development of Tissue Engineered Artificial OrgansDevelopment of Tissue Engineered Artificial Organs

Cell Seeding
Preparation of Artificial Organs 

Isolation of Cell 
in vitro Mass Culture

in vitro

New 
Artificial 
Tissue 
Engineered 
Nose and 
Ear

Bone
Intestine
Liver

The interchangeable stem cell hypothesis. Primitive stem cells may exist 
within the bone marrow that are capable of homing to tissues that need repair 
or regeneration (solid lines). Likewise, progenitor cells from an adult organ, 
such as liver, may act as a source of reneration-competent cells for another 
tissue, including the bone marrow (dotted lines).
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Cloning History
• February 1997—the first cloning of a 

mammal, Dolly the sheep, from an 
adult body cell is announced.

• March 1997—President Clinton bans 
federal funding of human-cloning 
research.
1998 2000 R h l i• 1998–2000—Researchers clone mice, 
calves, goats, and pigs.  A bull is 
“recloned” from a cloned bull.

• April 2000—Scientists find that 
cloning can restore body cells to a 
youthful state.

• October 2001—The first cloned 
human embryos are created at 
Advanced Cell Technology Lab in 
Worcester, MA
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Human Cloning

Beckman Coulter 2010
Science & Technology Symposium

Cell Sheet Tissue Engineering and Organ 
Repair

Teruo Okano, Ph.D
Director and Professor

Institute of Advanced Biomedical
Engineering and Science, TWIns

TWMU

Drug Therapy

Small Molecules

1980s Proteins and Peptides
Cell Eng. and Genetic Eng.g g

1990s DNA, RNA and Cells
2000s Tissues and Organs

Tissue Eng. and Stem Cell Eng.

Tissue engineering

Nano machine 
therapy

Nano-bio interrface

Japan

USA

Building of Advanced Medical Society
•How to make free way ?
•Fusion of Med. and Eng.

Chip technology

Tissue engineering

Advanced medical 
technologyChemical IC

Drug delivery

Gene therapy

High TechnologyHigh Technology

Conventional Cell Harvest 
with Proteolytic Enzymes

トリプシン処理 低温処理

Non-Invasive Cell Sheet Harvest
by Reducing Temperature

￥

Autologus

Cell 
Therapy

Cell Therapy / Tissue Eng. Therapy

Allogenic
ES, iPS Cells

Tissue Engineering Therapy

Cell Sheet Eng. Method
（From TWMU）Injection of 

Suspended Cells

Scaffold Eng. Method
(From Harvard・MIT）

Biodegradable
Scaffold

Culture
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Autologous Myoblast Sheets may induce 
Self Renewing System

ロール
Infarct heart

Girdling effect of Myoblast sheet

HGF,VEGF,TB4 
midkine etc.

Migration of

SDF-1,CXCR4

x10

x10

x40
Self Renewing

Migration of 
Stem cells

Elastic Fiber

Adhesion

Attachment Resistant Surface
High Hydrophilic Surface: PEGylated Surface

Adhesion Resistant
Surface
Nano-domain Structured 
SurfaceAttachment Detachment

ATP

ATP

Adhesion

“Deadhesion”
Active AdhesionPassive Adhesion

DT

Coil-Globule Transition of 
poly(N-isopropylacrylamide)

H2O LCST (32 °C)

hydrophilic
(expanded

coil)

hydrophobic
(contracted

globule)

n

CH CH2

C

NH

CH3

CH3

O

CH

Thermoresponsive Morphology Changes of Water 
Droplets on Thermoresponsive PIPAAm-Grafted 

Surfaces

10°C 37°C
Hydrated, and Expanded

Hydrophilic Surface
Dehydrated, and Shrunken

Hydrophobic Surface

Temperature-Responsive 
Polymer-Grafted Surfaces

insolublesoluble
water

PIPAAm

poly(N-isopropylacrylamide) 
[PIPAAm]

hydrophilic

below 32

above 32

hydrophobic

non-adhesive cell adhesive

Electron beam

Single Cell Detachment

Trypsinization

Membrane 
receptor

Adhesive Electron beam

T

Hydrophobic Hydrophilic

protein

From Passive Adhesion to Active Adhesion From Active Adhesion to Passive Adhesion

37°C →20°Cmovie
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Desruption of structure
and Functions

Enzyme 
Treatment

Cell Sheet formation 
On Culture Dishes

Cell Sheet Manipulation by Temperature Change 

Maintain structure and 
Functions

Temp. Responsive Polmer
Poly(N-isopropylacrylamide)

(PIPAAm)

T Changes
（37→20 ）

Hydrophobic 
Surfaces

Hydrophilic
Surfaces

20 nm

Our 
Invention

Cell Sheet Engineering 

Corneal Epithelium Stem Cell Deficient Disease  by 
Oral Mucosal Cell Sheet
(Clinical Study in Japan, 2003-
and Clinical Trial in France, 2007-, Cell  Seed, Inc)

Esophageal Cancer ESD Surgery by Oral Mucosal 
Cell Sheet
(Clinical Study in Japan, 2008-)             

Cardio-myopathy by Myoblast Cell Sheet
(Clinical Study in Japan, 2007-)

Organ/Tissue 
Transplantation
Limited donor
Rejection

Tissue 
Engineering

alkali injury Stevens-Johnson syndrome

All the stem cells are exhausted.

Transplantation of carrier-free tissue-engineered 
epithelial cell sheet No SutureHuman Patient

Salzmann degeneration

Removal of Early Esophageal Cancer 
by Endoscopic Submucosal Dissection

Inoue,H. Stomach and Intestine 39:53-56,2004

Micropatterned
Intelligent surface

CT scanning

Ultimate Method for Fabrication of 
Tissue-Mimicking Structured Cell Sheets

Cell sheetLayering
Introduction of

capillariesOrgan/tissue

FIRST: Automatic Tissue Factory & 
Thick Tissue Evaluation System Development

Cell Processing Center (GMP) Automated Cell Culture System

CSTEC package to accelerate clinical transfer to world patients

Auto LayeringAuto Culture

Maximum 48 sheets/year・2U・
CPC

Space reduction 1/50～1/200
X 2～5times effective full utilization
  100～1000times production capability

Huge HR and related cost to cover 
GMP manual process and human error

And avoid human error by process 
standardization

2U・CPC requires 280 m2

（with Cellseed/Able）  （Deveoped with Hitachi）       

Natural Polymers for Scaffolds
Collagen

Hyaluronic acid

Gelatin

Chitosan

Porous structure by freeze-drying, porosigen, foaming
Chemical cross-linking
Weak mechanical properties
Potential immunogenicity (proteins)
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Biodegradable Polymers for Scaffolds
Polyglycolide

Polylactide [poly(D,L-lactide), poly(L-lactide)]

O CH2 C
O

n

Poly(lactide-co-glycolide)

O CH C
O

n

CH3

O CH2 C
O

n
O CH C

O

m

CH3

Polymeric Scaffold
Degradation rate and degradation products (toxic?)

Biocompatibility (benefit/risk ratio)

Physical properties

Surface properties  

Porosity

Pore size (Cell ingrowth)

Pore structure and connectivity

Cell Interactions (adhesion, growth, differentiation)

Processibility

Shape dimension

• Scaffold structures
• PGA non-woven
• PGA fiber bonding:  thermal treatment, polymer coating
• Membrane lamination

• Scaffold preparation
• Solution casting
• Spray casting

M lt ldi i ldi

Polymer Scaffold Processing

• Melt molding:  compressing molding

• Porous structure
• Emulsion freeze-drying:  lyophilization
• Particulate leaching
• Gas saturation (high pressure)
• Phase separation

• Polymers for scaffolds
• Polymer blending (e.g., PLGA+PEG)
• Polymer/ceramic composite

Plain Weave

Leno Weave

Sieved salt particles Solvent

Mix

Mold
Heat

Solvent-casting/Particulate leaching TechniqueSolvent-casting/Particulate leaching Technique

Air & 
Vacuum dry

Mix
Cooling

Polymer Scaffold Salt leaching

Percentage of salts to make interconnected pores?

Sieved salt particles Sieved PLGA particles

CO2

Mold

Pressure

High Pressure Gas ExpansionHigh Pressure Gas Expansion

Air & 
Vacuum dry

Mold

Salt leaching

Polymer diskHomogeneous mixture of 
polymer and salt

Polymer scaffold

Sieved salt 
particles

Mix
P l l

Teflon mold

Semi-solidified
polymer/salt complex 

Solvent

Gas Foaming /Salt LeachingGas Foaming /Salt Leaching

Polymer scaffold

Freeze dry 

Polymer gel paste

Gas foaming by hot water

NH2

CO2

Naphthalene Polymer

Polymer 
solution

Preheated atomizer

quenching

Liquid nitrogen

Phase SeparationPhase Separation

Polymer scaffold

Mold
cooled at 25 0C

Naphthalene
85 0C

Vacuum dry
at 50 0C

Water

Polymer 
in solvent

Emulsion
Emulsion in mold

Emulsion Freeze-dryingEmulsion Freeze-drying

Freeze & Vacuum dry

Polymer scaffold
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Surface Modification

Plasma treatment
Chemical (acid/base) treatment
Grafting of cell adhesive motifs

Cell Adhesion Sequences Derived From ECM Proteins
RGD fibronectin, collagen, fibrinogen, laminin, vitronectin

YIGSR laminin

IKVAG laminin

LRE laminin

REDV fibronectinREDV fibronectin

DGEA collagen

VTXG thrombospondin

VGVAPG elastin

FDA-Approved and Commercialized Tissue-
Engineered Products

Aprigraf®

Organogenesi
s

Dermagraft®

Advanced Tissue 
Science

Carticel®

Genzyme

Skin Cartilage

s Science

Artificial Skin
• Collagen matrix
• Cell-adhesive proteins in matrix
• Morphogenic proteins
• Nutrients
• OxygenOxygen
• Waste

Development of Artificial Bone by Tissue 
Engineering

A rabbit femur bone 
with a missing section 
is held in place with 
braces 

Inserted polymer scaffold 
with dimineralized bone 
particle (DBP) 

The scaffold is slowly 
infiltrated by new bone 

The cells have their own blood 
supply (red and blue vessels). 

The scaffold ultimately gets 
completely replaced 

The femur bone 
has healed 


