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Engineering the Heart

“The heart of creatures is the foundation of life, the 
prince of all,

the sun of their microcosmos, 
from where all vigor and strength does flow”

William Harvey
de motu cordis, 1628
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Engineering the Heart

• The circulation is a closed circuit
• The heart as a muscular pump (two parts)
• Unique development of the heart
• Opened a vast new field of research

“my life will not suffice for its completion! ”

William Harvey
de motu cordis, 1628
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Engineering the Heart
- Biology               Engineering -

• Morphogenesis
• Flow dynamics
• Hemodynamics
• Mechanotransduction
• Dynamic macrostructure
• Microstructure

Molecular Nanotechnology / Cell Bionics 
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Engineering the Heart
- Morphogenesis -

Molecular  
Homeobox  -Tinman -

BMP – WNT- Hand-1 -
Hand-2

Hemodynamic

Stretch – Shear Stress….
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Engineering the Heart
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Kilner, Yacoub et al; 
Nature 2001
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Engineering the Heart

- Clinical Models -

•Ischemic HD 

•Valve disease

• Heart failure
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Engineering the Heart
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Survival after AVR relative to general 
population
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Evaluation of Ross Operation in Adults

Survival after Ross procedure in adult patients (18 years and older; N=267)
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Evaluation of Ross Operation in Adults

Survival after Ross procedure in adult patients (18 years and older; N=267)
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Engineering the Heart

Issues

1) Valve function is sophisticated and involves 
specific biology

2) This translates into clinically relevant endpoints
3) Strategies
4) Current status
5) The future
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Engineering the Heart

Determinants of Valve Biological Functions

1)  Geometry ® dynamisms
2) Cellular functions
3) Cell to cell interaction
4) Cell to matrix interaction
5) ECM
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Engineering the Heart
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Engineering the Heart

Types of cells

• Endothelial (specific characteristics)
• Interstitial
• Others (stem cells, dendritic, passengers)
• EMT
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Engineering the Heart

ECM

- Collagen (types
- Elastic
- Proteoglycans
- GAGS
- Microfibrils
- MMP’s and TIMP’s
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Carbohydrate chain

Protein backbone

domain for interaction 
with other molecules
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Valve ICs express skeletal muscle transcription factor 
myogenin but not related factors (RT-PCR)
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Proliferation of valve interstitial cells in collagen 
scaffold
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1 hour

Morphology of valve interstitial cells in collagen gels

2 hours

8 hours 24 hours
100mmmmm

Silicon Mould
Collagen/Cell Gel

A-Frames

Plastic  floatation 
bars

Culture Well
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Valve interstitial cells display an INVERSE relationship 
between peak force generated and cell density
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P = 0.0001

R2 = 0.666
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Valve Interstitial Cells and Pericardial Cells 
Do Not Display Tensional Homeostasis

Aortic valve interstitial cells
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FORCE GENERATION PROFILE
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Non-aligned – Area of low 
tension (random orientation)

Aligned – Area of high tension

A-frame
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Mesenchymal stem cells: The ideal candidate cell for TE heart valves ?
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PicrosiriusPicrosirius Red stain locates collagen Red stain locates collagen 
produced by mesenchymal stem cellsproduced by mesenchymal stem cells

Non-aligned
(Low tension)

Aligned
(High tension)
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Porcine aortic valve leaflet stained with calcein AM 
confocal slice taken from ventricular surface

z =  200mmmmm
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Human aortic valve interstitial cells cultured 4 weeks 
in collagen scaffold stained for bbbb - tubulin

50 mmmm�
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Cellular Organisation and Communication in Human Valve Cells
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Scaffolds - Biomaterials
DECELLULARISED VALVESDECELLULARISED VALVES

acellularacellular small intestinal small intestinal submucosalsubmucosal matrix (SIS)matrix (SIS)

COLLAGEN  +/COLLAGEN  +/-- ELASTINELASTIN

FIBRIN FIBRIN -- degradation controlled by degradation controlled by aprotoninaprotonin

growth factors can be immobilisedgrowth factors can be immobilised

autologous (from patient’ s blood)autologous (from patient’ s blood)

but but tendancytendancy to shrink and poor mechanical propertiesto shrink and poor mechanical properties

ALGINATEALGINATE

HYDROXYAPATITEHYDROXYAPATITE
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support removal

CAD
negative mould Printing

ProtoBuild (green) and ProtoSupport (red)

elevatorelevator

z z

final mouldcompleted 
mould

Rapid Prototyping for Tissue Engineering Cardiac Valves
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Artificial Circulatory System

dimensions in mmmmm

CAD Physical model

SEM of printed mould

Collagen scaffold

SEM of collagen scaffold 

Smallest channels are 135mmmmm in width
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� pore size 40-100 mmmmm
� open-cell pore structure
� interconnecting porosity

SEM of CPD collagen scaffold 
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Engineering the Heart
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Engineering the Heart

Bionanotechnology
Lessons from Nature
David S. Goodsell

Actin binding
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Engineering the Heart

Potential sources of cells

1)  Skin

2)  Vascular (arteries or veins)

3)  Cell lines

4)  Stem cells

- ES

- Adult

PBMC

Cord blood

Bone marrow
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Labelled cell

Day 5

x 63
(Evans blue)

20� m
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Novel design features

+

a computer-controlled programmable stepper motor (1) coupled via a timing belt (2) to a low 

backlash lead-screw (3) attached to a low leakage hydraulic cylinder piston (4).

+

displacement of fluid within the cylinder caused ejection of sterile tissue culture medium from 

a polyurethane sac “ artificial heart” (5) with inlet (6) and outlet valves (7).

+ this pulsatile pump was coupled to a bioreactor circuit comprising a vented low-pressure 

reservoir (8) containing a Windkessel (airspring) (9) and flow resistor (10) to simulate arterial 

compliance and systemic vascular resistance, respectively.

+ tissue constructs (11) were interposed between the Windkessel and the reservoir to allow them 

to be subjected to controllable pressure waveforms. The bioreactor was placed in a tissue culture 

incubator.
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Engineering the Heart

TE heart valve after 14 days of conditioning in bioreactor

Hoerstrup et al. Circulation 2000;
102(suppl III):44-49.
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Engineering the Heart

Histology of heart valve leaflet in vivo. A, At 6 weeks, there is early organization of tissue predominantly in outer 
layer (top) (magnification x50). B, Cross section of leaflet at 16 weeks shows layered cellular fibrous tissue, which
is more dense near outflow surface (top) (magnification x100). C, Cross section of leaflet at 20 weeks demonstrates 

collagen (yellow), GAGs (blue), and elastin (arrow, inflow surface; magnification x100).

Hoerstrup et al. Circulation 2000;
102(suppl III):44-49.
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Engineering the Heart

Conclusions

- valve function is extremely sophisticated and
involves complex biological systems

- recreating these functions can translate into
significant clinical benefit

- considerable progress has been made towards
producing a tissue engineered valve

- need for further concerted efforts
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MORTALITY RATE MORTALITY RATE 
(Age Standardized Death Rates)(Age Standardized Death Rates)

No Data

Excluded

Male all cause 
cardiovascular 
mortality rate / 100,000

<  476

<  623

<   770

<  917

<  1,064

<  1,211

<  1,358

> 1,358
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Target = myocardium
major players

- cardiomyocytes

- matrix

- fibroblasts

- endothelial cells

Pharmacological & molecular remodelling in HF
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1)1) MyocytesMyocytes

2) Endothelial cells and capillaries2) Endothelial cells and capillaries

3) Fibroblasts3) Fibroblasts

4) Matrix (MMP, MMPI)4) Matrix (MMP, MMPI)

Reverse remodelling - the major players

Engineering the Heart
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I) MyocardialI) Myocardial
a. change in size and shape (slippage)a. change in size and shape (slippage)
b. b. cytoskeletalcytoskeletal changes (force, transduction)changes (force, transduction)
c. Bc. B11 & B& B22 receptorsreceptors
d. G proteinsd. G proteins
e. Cytokine expression (TLRe. Cytokine expression (TLR--4, TNF alpha, IL4, TNF alpha, IL--6, IL6, IL--1, IL1, IL--

18)18)
f. Ca handling proteins and ion channelsf. Ca handling proteins and ion channels
g. metabolic enzymes g. metabolic enzymes 
h. apoptotic pathwaysh. apoptotic pathways

Possible Cellular Changes

Engineering the Heart
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II) EndothelialII) Endothelial

a. NO, PGI2         flow reservea. NO, PGI2         flow reserve

b. angiogenesisb. angiogenesis

III) FibroblastsIII) Fibroblasts

a.       a.       mitogenesismitogenesis

d.      collagen synthesisd.      collagen synthesis

Possible Cellular Changes

Engineering the Heart
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1) Altered MMP & MMP1                 stiffness1) Altered MMP & MMP1                 stiffness

2) Crosstalk with2) Crosstalk with myocytesmyocytes & fibroblasts& fibroblasts

Possible Changes in matrix

Engineering the Heart
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Human left ventricular myocytes

100 mm

Donor heart

Idiopathic dilated cardiomyopathy

Idiopathic dilated cardiomyopathy - post LVAD

C. Terracciano - NHLI -2001
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A) Protein Structure

cytosolic loop

Ca2+-binding region

NH2

COOH

11 transmembrane domains

functional domain/
region of alternative splicing

signalling peptide/cleaved

cell membrane

XIP-binding domain Ca2+ 3Na+

B) Putative Gene Structure

tissue-specific 
alternative 
promoters

tissue specific &
alternatively spliced/
transcribed 5'UTR 
exons

first coding exon/
transmembrane region/
cytosolic loop
signalling peptide

alternatively spliced
mutually exclusive &
cassette exons/
functional domain

transmembrane region/
3'UTR

A B C D E F

alternative translated
exon(s)?/3'UTR

(Br1)(Kc1)(Br2)

first coding exon1a1c1d 1e1b1f?

The cardiac sarcolemmal Na+-Ca2+-exchanger
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Confocal microscopy Microelectrodes

Cell volume Cell capacitance

Ca entry

SR Ca content

Engineering the Heart
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� Induction maximal reverse remodeling by combination of 

LVAD & pharmacological agents

· Followed by induction ‘physiological’ hypertrophy using 

clenbuterol

Novel therapies - evolution of a concept

Regeneration I (revive or grow again)

Engineering the Heart
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LVAD
S1    S2

LVAD
eject     fill
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LVAD
S1          S2

LVAD
eject      fill

ECG
PCG

AV

LA
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Pharmacological agents used for reverse 
remodeling

� Digoxin

· B blockade (Carvedilol & Bisoprolol)

· ACE inhibition ± SAVE, SOLVD, HOPE (Lisinopril)

· Angiotensin II inhibition  - RESOLVD (Losartan)

· Aldosterone receptor blockade  - RALES (Spironolactone �

Engineering the Heart
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Clenbuterol & its actions

1) On skeletal muscle
· ‘Physiological'  hypertrophy
· Increased power ± Petrou 1999, Maltin 1993
· Faster contraction & relaxation ± Petrou 2000
· Induction of IGF1 ± Cell 2002

2) On cardiac muscle
· ‘Physiological'  hypertrophy ± Wong 1998, Petrou 1995
· Enhancement of systolic & diastolic function in small & large animal models 

± Wong 2000, Hon 2001, 2002
· Prevents fibrosis following banding of the aorta & PA ± Hon 2001
· Gene expression (physiological hypertrophy) ± Bhavsar 2002
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RV Pressure-Volume Loops

Saline Clenbuterol

Hon et al.JTCVS 2001; 122:767
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Clenbuterol 10µMUntreated

Clenbuterol  Induces Myofibrillogenesis
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Patient demographics
· 19 patients (15 males)

· 15 – 56 years

· Deteriorating end stage dilated cardiomyopathy, NHYA class IV, all 
inotrope dependent, 5(26%) IABP

· 16 idiopathic DCM, 1 post-chemo, 2 post partum, 0 myocarditis

· Mean interval from diagnosis to treatment 44 months (1-156)

· Emergency implantation with 18 HeartMate 1 & 1 HeartMate II

Engineering the Heart
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Explantation criteria

��������� 	�

����� ��������� ��������� � !��#"%$ $'&)(*(,+ -/.
	�	102&)3�(,+�4
.5	�	10

&)687�924
:

;����<&)(8=�+�>
?5	�	�@8A

;�B#
5�DC%� �)A8E#FG7 ?2H I2��J�	�� �KJ�	ML

;�	1�<N*?'7�?5.2	MO JQP�ADJ�	�� �SRT�<&QJQ�<E#N8?���O ��U)
V+ W/9

Engineering the Heart

Imper ial College
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Royal Brompton  &
Harefield NHS Trust Imperial College

OF SCIENCE TECHNOLOGY AND MEDICINE

Harefield Hospital
Royal  Brompton  &  Harefield NHS  Trust

19 Patients

4 Deaths (21%) 15 Survivors (79%)
(3 Periop, 1 Late Infection)

4 Transplanted              11 Explanted (73%)
(1 Perioperative Death)

1 Periop Death (7%)
1 Late death ± lung Ca

XZY#[�\^]�_2\a`�bZcd\�e�f'gS\#[�hji�k2lmbMh

Outcome

1 Transplanted
(after  2.5 years)
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· 8/11 asymptomatic with unrestricted activities, 6 in full-time 
& 2 in part-time employment

· 1/11 marked dilatation ?alcohol related approximately 700 
days post explantation ± now transplanted

· 1/11 developed inoperable lung carcinoma; died 854 days 
post explantation

· 1/11 died of refractory arrhythmia 48 hours post 
explantation

Engineering the Heart
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· Mean follow up since explantation 826 days (582-1072)

· Currently:
- mean EF 66% (68-80)

- mean mVO2 28.5ml/kg/min (19.6-39.2)

- mean resting PAP 17mmHg (8-34)

- mean PCWP 8.4mmHg (2-17)

- mean resting CO 5.0 L/min (4.5-6)

Explanted patient follow-up

Engineering the Heart

Imper ial College
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Myocardial Dimensions & Function (AP)

0

10

20

30

40

50

60

70

80

90

Time

E
D

D
, E

S
D

, E
F

LV systolic diameter (mm) LV diastolic diameter (mm) Ejection fraction (%)

Implantat ion
16/6/00

Clenbuterol
11/1/01

Explantation
9/7/01

Imper ial College
OF SCI ENCE TECHNOL OGY AND M EDICINE

Royal Brompton  &
Harefield NHS Trust

Engineering the Heart



22

Imper ial College
OF SCI ENCE TECHNOL OGY AND M EDICINE

Royal Brompton  &
Harefield NHS Trust

Pre LVAD implant After Combination therapy
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Changes associated with ªRecoveryº I

1) Gene expression
- mRNA – RTPCR (real time quantitative)

Gene chip
- Protein level

2) EC coupling
3) Structural quantitative morphometry
4) Functional (organ, cellular, subcellular, ECM)
5) Immune system (innate and adaptive)
6) Indirect markers (profibrotic, naturetic peptides, other)

Engineering the Heart
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Changes associated with recovery II.

The questions

-?aetiologic versus epiphenomenon
-?markers   ?how solid

Engineering the Heart
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Cytoskeletal Changes in Recovery After LVAD Support

Array AnalysisArray Analysis
·· AffymetrixAffymetrix Human Genome U133A Gene ChipHuman Genome U133A Gene Chip
·· Quality ControlQuality Control

–– Refiner,Refiner, Gene Data Expressionist (compares groups of Gene Data Expressionist (compares groups of 
chips and performs a reference chip normalization. Raw chips and performs a reference chip normalization. Raw 
clustering to look for outliers, pattern recognition for clustering to look for outliers, pattern recognition for 
gradients in hybridization, differences in scaling factors & gradients in hybridization, differences in scaling factors & 
assessment of chip defects)assessment of chip defects)

–– MAS5.0 default algorithm, scaled to 500MAS5.0 default algorithm, scaled to 500
·· Gene ExpressionistGene Expressionist –– visualize QC (data all log base 2)visualize QC (data all log base 2)

–– Statistical Analysis (paired tStatistical Analysis (paired t--test)test)
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·· MMP mRNA expression is not significantly altered in MMP mRNA expression is not significantly altered in 

recovery.recovery.

Gene
Expression in failure 
(implant vs. donor)

Expression in recovery 
(explant vs implant)

Specific to Harefield 
Protocol?

TIMP-2 Yes

TIMP-3 No

TIMP-4 Yes

· Summary of TIMP mRNA expression
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·· Altered MMP mRNA expression is not a salient Altered MMP mRNA expression is not a salient 
feature of recovery.feature of recovery.

·· Altered TIMP expression is a feature of recovery Altered TIMP expression is a feature of recovery 
and could be related to theand could be related to the HarefieldHarefield Protocol.Protocol.

Imper ial College
OF SCI ENCE TECHNOL OGY AND M EDICINE

Royal Brompton  &
Harefield NHS Trust

Regeneration ®®®® I. grow again

A.  Conventional wisdom had it that cardiomyocytes are 
terminally differentiated

B.  New horizons
a.  Cardiomyocytes ®®®® mitosis
b.  Cell cycle regulation - telemerase
c.  Organ specific progenitor cells
d.  Bone marrow derived cells
e.  Cell transplantation

Engineering the Heart
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Issues in cell transplantation

1)  Source
2)  Characterisation
3)  In vitro modification
4) Mode of administration
5)  Capacity to survive, proliferate, differentiate and integrate
6)  Influence on function (mechanical and electrical)
7)  MECHANISMS

Engineering the Heart
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Types of cells

1) ES cells
2) BM derived stem cells

3) Cardiac stem cells
4) Foetal/neonatal cardiomyocytes

5) Skeletal myoblasts
6) Fibroblasts (native or transformed)

7) Others (EC, SMC etc)

Engineering the Heart
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a-sarcomeric actin

D

CD34

M-Cad

Satellite 
cell

Satellite 
cell

Suzuki/Yacoub et al. JTCS 2002

- Use of single fiber of skeletal muscle -

In vitro manipulations; Physical
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Doxorubicin 

Single Fiber

A

infarct

�

LCA ligation 

Single Fiber

Cont Cont

Suzuki/Yacoub et al. JTCS 2002

- Use of single fiber of skeletal muscle -

In vitro manipulations; Physical
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In vitro manipulations

1) Chemical

2) Physical

3) Genetic

Engineering the Heart
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· Enhance survival, differentiation (HSP, Akt, IGF1)
· Control proliferation/differentiation (synthetic ligand)
· Enhance integration (Connexin 43, N-cadherin)
· EC coupling (Rayanadine receptors)

· Contraction and relaxation (b2-AR, bARK, SERCA2)
· Angiogenesis/Vasculogenesis (VEGF, FGF, HGF)
· Reverse remodelling (IL1-RA)

In vitro manipulations; Genetics

Objectives of genetic manipulations
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Cx43

Suzuki/Yacoub et al. JTCS 2001Suzuki/Yacoub et al. JTCS 2001

3 min3 min

Scrape loading

Cont Cx43pre
pre

Micro-dye injection

Cont

Cx43

Cont
pre

ICC

- Cx43 to enhance GJIC and differentiation -
In vitro manipulations; Genetics
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Direct intra-myocardial

· a standard method

· selective delivery into 
intact or infarcted area

· mechanical injury and 
inflammation resulting in  
myocardial damage

· Localised islet formation

Disadvantages 

· global cell-dissemination

Intra-coronary 

· little myocardial damage

· catheter-guided delivery

· coronary embolism
(limited cell number grafted) 

· limited delivery to avascular
area

Route of administration
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(Cx43)

Suzuki/Yacoub et al. 
Circulation 2000

­­­­
­­­­

­­­­

­­­­

- Intra-coronary infusion -
Route of administration
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KR Chien. Nature 2004.
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Effects of cell transplantation to the heart

Myocyte
dysfunction

ECM changes

Heart 
failure

Myocyte loss

Myocyte
apoptosis

Ischaemia
(angiogenesis)

Paracrine
effects

Mechanical effects 
(active, passive)

Cell transplantationCell transplantationCell transplantation

??

??

??

??

??

??
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IL-1bbbb

· Myocyte apoptosis ­
· Myocyte hypertrophy ­
· Collagen deposit ­
· Influences in MMPs/TIMPs
· Direct correlation with LVDD

Post-infarction 
remodelling

· Endogenous inhibitor of IL-1b (and a)
· In vivo myocardial gene transfection with IL-1ra 
attenuates acute inflammation and apoptosis 
following I/R injury (K Suzuki, et al Circulation 2001)

IL-1 receptor antagonist (IL-1ra)

Paracrine mechanism
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6. Cell-based gene therapy
Transplantation of IL-1ra overexpressing myoblast

Murtuza B, Suzuki K, et al. PNAS 2004 Imper ial College
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Medium Cont Cell IL-1ra Cell

RT-PCR

pro a1col (I)

GAPDH

col a1(III)

Medium Cont Cell IL-1ra Cell

6. Cell-based gene therapy
Transplantation of IL-1ra overexpressing myoblast

Murtuza B, Suzuki K, et al. PNAS 2004

Imper ial College
OF SCI ENCE TECHNOL OGY AND M EDICINE

Royal Brompton  &
Harefield NHS Trust

Engineering the Heart

Peter Medawar

Imper ial College
OF SCI ENCE TECHNOL OGY AND M EDICINE

Royal Brompton  &
Harefield NHS Trust

Engineering the Heart

The Threat and the Glory

“ It is the great glory as it is the great threat of science that

everything which is in principle possible can be done if the 

intention to do it is sufficiently resolute.”

Peter Medawar


