


Cardiovascular disease Is the number one
cause of death in developed countries.
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Goal: Years 1-5 - tissue engineer a | Goal: Years 6-10 - tissue engineer a
chunk of living heart muscle living ventricle
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| dlescription of tissue engineering...

Two related ideas:
tissue engineering - an engineering/biology
enterprise

regener ative medicine - mostly biology &
and medicine



Tissue Engineering

—> —
Start with a Mold to the Seed with cells Culturethe
porous matrix shape of a (autologous or cellsand grow
tissue or organ allogeneic) atissue or organ
Poly(lactic acid) Chondrocytes Cartilage
Poly(glycolicacid) .  Hepatocytes — Liver
PGLA Cardiomyocytes Heart

Collagen Osteoblasts Bone



R. Langer, et al.
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Cdlls seed on poly(lactic acid) fibers



R. Langer, et al.
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A poniemparacy thinker and by dowlle

http://www.cen.uiuc.edu/~vincens/peo_hydrogels.html

From “Engineer’s Toolkit” C. Mitcham and R. Duvall
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Tissue Engineering sounds gr eat!

Arethere challenges remaining?



The hard problems in tissue engineering:

Angiogenesis (blood vessel formation)

Cell Differentiation (on and off)

Multiple cell types
|nflammation
| mmunol ogy
Mechanics
Sterilization

Packaging



Myocardial Tissue

capillaries

cardiomyocytes

Intercalated
disks
mitochondria

r.a.‘.'-.bu

from: Myocardium, Vessels and Calcium, L ossnitzer, Pfennigsdorf, & Brauer, 1983.




Heart Muscle Tissue Engineering

| ssues that need to be addressed for cardiac muscle tissue engineering :
1. slow growing (or non-growing) cardiomyocytes
2. tissue engineering scaffolds that are elastomeric,
3. aligning/orienting cardiomyocytes
4. vascularizing the growing cell mass
5. Innervating the tissue
6. iIncorporating strong and flexible ECM in the tissue,
7. inhibiting the inflammatory response (fibrosis) upon implantation,
8. preventing tissue regection and

9. fusing the engineered heart muscle with existing heart tissue.



Elements that must coalesce to reach our goal: heart muscle

Medicine: BEsIC
Surgery, Bieleay:
Physiology development

Tissue
Engineered
Heart
Muscle

ERGINEEng
SCIIEnce:
Scaffolds

Mass transport
Mechanics




BEAT

Scaffolds M echanics

Electrical

Cells
ECM Surgery
Angiogenesis Genetherapy

Protein delivery



BEAT investigators

Ratner / Vogel / Nair Stayton / Hoffman
porous polymers (hydrogel, PLA), cell orientation/fusion / gene delivery
aphrons Bornstein
Sanders ECM
fibrous materials/ biomechanical Allen
considerations Endothelium, surgical aspects
Woodhouse (U. Toronto) Vernon/Sage
novel biodegradable polymers Angiogenesis
Heller (Advanced Polymer Technologies, Inc.) Mansbridge/Ratcliff (ATS, Inc.)
novel biodegradable polymers Stem cells/ bioreactors &
Hauschka/Angello packaging
muscle cells Hauch
Murry Microscopy, coordination

healing in the heart



The strategy to grow heart muscle...
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Scaffold —  Cell type(s) —»“ development” —» *\NJI0YENeS's,

: — Fusion
|Nnervation

INn vivo




Let’'sstart with scaffolds...

Pores, textures, roughnesses have
a large effect on cellsand
living organisms!




Criteria and Considerations for Scaffolds for Heart Tissue Engineering

Biodegradable

Elastomeric

Control of pore size & distributions
A high void fraction (mostly air)
Oriented pores for muscle
Random networks for angiogenesis
Support cell attachment

how to get cells into the scaffold?
Biocompatible / low inflammation
Deliver drugs, cytokines, genes
Sectionable / stainable
Sterilizable

Manufacturable
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A Mouse -- 4 weeks

| pores
MEC

For further information, see:
Brauker,JH; Carr-Brendel,VE; Martinson,LA; Crudele,J; Johnston,WD; Johnson,RC (1995): Neovascularization of
synthetic membranes directed by membrane microarchitecture. J. Biomed. Mater. Res. 29, 1517-1524.




Approachesto Porous Matrices

Microsphere template gels

Controlled release from templated gels

Electrospun fibrous matrices and materials (Sanders)
Salt leachates

Chitosan matrices (Sandy Chian)

Aphron foams (Prabha Nair with Georgia Tech)
Parallel channels in materials

Laminin printed lines (McDevitt, Stayton)

Unigue polymers

Biodegradable polyurethanes (Kim Woodhouse)
Elastins (Kim Woodhouse)

Extracted tissue (Kim Woodhouse)

Poly(ortho esters) (Jorge Heller)

Biodegradable methacrylates (Andrew Marshall)



Two approaches: Microsphere templated hydrogel
S m pores

Alginate-Amino Acid Aphron

Pt

Andrew Marshall



Microsphere template gels

OOO
&0

Microspheres
N mMonomer
solution

Preparation

(crosslink)
the monomer

microspheres



Darcy’'sLaw
Henry Philibert Gaspard Darcy, (1803-1858)

The rate of flow of liquids through porous media

QO=kSH+e
e

where

Q = volume of liquid/unit time,

S = porous bed area,

e = porous bed thickness,

H = height of the liquid on the bed

k = coefficient ( nature of the bed, etc.)

http://biosystems.okstate.edu/darcy/



How do we measur e inter connectivity?

e Wecan useacorrelation to determinethecritical
throat radius from measurable properties.*

r. = critical throat radius . 226 ko
(~1.4 mm) c o

K = hydraulic permeability
(~1.37 10 cm?)

a =tortuosity (~1.2)
f = porosity (%68)

i Katz, A.J. and Thompson, A.H.,Phys. Rev. B, 34, 8179 (1986)




Quantitative Characterization of Porous Matrices

Por osity (68%)

Poresize (~5um
diam.)

Porethroat size
(~1.8 um diam.)

Throat/Pore ratio
(~3.8)

Tortuosity (~1.2)



3-D crystalline array of fused 60um PMMA beads

*'-"~.|::|::."'-.-"' F ot Magn Det |—| 200 prn

1.00 kM 93x SE 237 SIS KLTIF




Crystalline surface of packed 60um beads

Acc' Spot Magn Det WD |—| 200 prm
100 kY 30 100x SE 188 SIS XLTIF




Porous pHEMA templated with crystalline array of
60um beads

Acc Spot Magn Det WD

7o0% 30 104x SE bR SIS KLTIF

Engineering control of the texture and porosity



Another approach to achieve orientation/alignment:

Microcontact printing (LCP)

coa with resist FDMS coat with

| | SONS strip from

develop resist silicon
PDMS ink the stamp

protein

silane

PDMS polymer

1 aurface




Laminin Patterning

Todd McDevitt, P. Stayton



Junction Staining

N-cadherin Connexin43

Neonatal rat cardiomyocytes, 7 daysin culture
Nucle - DAPI (blue) Actin - Phalloidin (red)

T. McDeuvitt, P. Sayton, C. Murry and S. Hauschka



| nter calated Disks

N-cadherin Connexin43

Neonatal rat cardiomyocytes, 4 daysin culture

. ) - T. McDeuvitt, P. Stayton,
Nuclei - DAPI (blue) Actin - Phalloidin (red) ¢ Murry and S Hauschka



Heart muscle is much more than cardiomyocytes!

Cardiomyocytes
Endothelium
Nerve

ECM



Angiogenesis
(Dr. Robert Vernon, Dr. Helene Sage)

12 um
<>

P <— Nucleopore filter

’ l Typel Collagen gel

0.8 mg/ml

VEGF



1 and 2 appear to be growing toward each other -- there are filopodia extending from the tip of each sprouit.
3 appears to be thin-walled and hollow.
Robert Vernon



Conversion of a Porous Membrane
into a Testbed for Capillary Sprouting

Embedment in collagen gel

R. Vernon



Traction-Mediated Uniaxial Organization of Cells & ECM in a Collagen Membrane

Nylon mesh support

Biaxial Tension

Uniaxial Tension

R. Vernon












Electr ospinning of fibro-porous materials

100 hicruns

Noan E Sanders PHD
Stuart B Mitchell

’f " ™ e B

Joan Sanders, et al.



Studieswith ultrafinefibers

Fiber spacing

80-100 mm
Polypropylene 40-60 nm
fibers

10-20 nm

Joan SandersLab



Aortic smooth muscle cells seeded on
fibronectin-coated polypropylene fibers

Joan SandersLab



Micro-fiber arrays
SM Cs ar e seeded onto single, parallel aligned micro-fibers

30 min: cedlls attach
tothefibers

2 days:. cell layers
form

7/ days. layers attach
to form bridges
between fibers

JE Sanders, et al



Dependence on micro-fiber spacing

bar=50 um
80-100 nm
. O - — w
bar=100 mm
Continuous cell sheetsform Fibersremain evenly separated with
at 10-20 ym (top) and continuous cell sheetsonly at the
40-60 um (middle) spacings, 40-60 um spacing

lar ge holes form at 80-100 um (bottom)

JE Sanders, et al






Another 1dea:

Build up tissuesfrom cell layers




DNIPAM -- aThermally Responsive Polymer

Room temperature:
A soft, swollen
hydrogel

Body temperature:

A hard plastic

Poly(N-isopropyl
C-CH acrylamide)

e M. Heskins& J. E. Guillet (1968)
« Allan Hoffman (1990+)




We coat surfaces with the NIPAM polymer
In aglow discharge (ppNIPAM)




Smooth muscle cellson ppNIPAM for 3 Hours
DMEM)/1.5% FBS

Room temperature
23°C

Body temperature
37°C

Xuanhong Cheng



BASMC Adhesion from
Serum Containing DM EM

BASMC Adhesion and Detachment from DMEM Containing 1.5% FBS

60000

50000 -

40000 —+

30000 -

Cells/cm?

20000 -

10000 -

m== rt, 3hrs w37 °C. 3hrs 1 37°C 3hrs, r.t. 1hr

ppNIPAM PET

TCPS

=+ 10 times increase in cell adhesion on ppNIPAM at 37°C compared to 23 °C.

4+ Cell adhesion on ppNIPAM is reversible.

Xuanhong Cheng



Detachment of Confluent BAEC Cedll Sheet

Xuanhong Cheng



Cell sourcing:

Criteriafor cells for tissue engineering

*robustness

reproductive vitality
differentiation potential
ephenotypic stability

phenotypic functionality

ecell line purity

freedom from viral contamination
*lmmunol ogic ISsuUes.



BEAT Cédl Differentiation, Modification
and Proliferation Experiments

Stem cells (mouse) differentiate to cardiac cells
Patterned cardiac myocytesto Purkinje fibers
Stimulate cardiomyocyte proliferation
Stimulation of muscle cell graft growth in vivo
Co-culture of skeletal muscle and vascular cells

Enhancing the number of laminin receptorsin cells



Cdll Culture and Differentiation

" Blastocyte &

» Mouse Embryonic Stem Cells

Inner cell mass leukemia inhibitory factor (LIF)
Is withdrawn

Aggregate (Embryoid Body)

Transfer to TCPS l

Differentiation

LN\

endoderm mesoderm ectoderm
4 .“ % l@ 4 1 N

Cardiomyocytes




Cell Separ ation scheme

endoderm mesoderm ectoderm

1N, ¥ /¢\
’.‘ > l ===
Cardiomyocytes

+

Cardiac a-actin promoter GFP plasmid




GFP transfection of cardiomyocytes

1 week after seeding

Charles Murry, Jeanette Nissbaum



A Bio-engineered Ventricular Patch Will
Require A Purkinje Fiber Conduction System
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- Working Cardiac Myocyte

‘=0, Purkinje Fiber Cell

S. Hauschka




The BEAT Strategic Plan
Why?

*\We have 3.5 years to accomplish a very difficult task

10 investigators need coordination to work together

*\We are exploring many avenues -- are al productive forever?
A highly goal-oriented program, rather than curiosity driven
*People are looking to us to succeed

*Resources are limited -- how to use them best?

*Flexibility is critical / creative problem solving essential



Polymer 1
Polymer 2
y \

Porousl —
Porous 2

Porous 3
Porous 4
Printed laminin
Myoblasts
Stem cells
Cardiac muscle
Gene delivery
Angiogenesis
In vivo

2000 2001 2002 2003 2004 2005



Anti-life (2000) Pro-life (2000+)

Heart disease

Cancer Cancer cure?
Diabetes Organ regeneration?
New diseases? Telomers and aging
Stress Alzheimer’'s cure
Environmental Pollution Diabetes cure

Wearing out of “parts’
19009 2001 2003 200> 200/ 20009 2011  J015 +++/

Prolong Life with
Good Quality

Prosthetic Parts
Pharmaceutics Technology
Tissue Engineering?
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