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Introduction
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Cardiovascular diseases

Leading cause of death globally

Prevalence of cardiac and metabolic events T
Heart valve replacement and bypass surgeries ‘T

Patients suffer from repeated interventions &
complications

Introduction

The Cardiovascular Disease Continuum
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https://healthlifemedia.com/healthy/what-is-cardiovascular-disease/
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Cardiovascular Implants

Heart valve replacement — anatomy
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aorta pulmonary
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Cardiovascular Implants

Heart valve replacement — anatomy

Endothellal W L@ I B T @

~—— Fibrosa

~— Spongiosa

~— Ventricularis

Endothelial -

cells ™.
Schoen et al, 2001, Cardiovascular Pathology
Layer Cell types
L LR Outline Valvular endothelial cells (VECs)
Inside Valvular interstitial cells (VICs)
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Cardiovascular Implants

Heart valve replacement

Autologous donor valve (homograft) represents the ideal replacement - limited availability

>> mechanical or bioprosthetic valve replacements

First heart valve transplantation >50 years ago

Material synthetic Xenogenic or allogenic

donor valves
Indication < 70 years > 65 years
Life-span long 10-15 years
Risks Thrombosis Immune-reaction
Co-medication Life-long

anticoagulants

none

aorta

pulmonary
artery

left atrium

aortic valve
right atrium
pulmonary valve

healthy
mitral valve

healthy tricuspid

valve left ventricle

muscle wall
of heart

right ventricle

replacement
mechanical valve

replacement
biological valve
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Cardiovascular Implants gastic AORS

Vascular grafts —anatomy

Tunica media

Tunica externa Tunica intima

I I I

Smooth muscle Endothelium

External elastic

membrane Internal elastic
membrane Layer Cell types
Intima Endothelial cells
Tunica media Smooth muscle cells

https://commons.wikimedia.org/wiki/File:Blausen_0055_ArteryWallStructure.png
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Cardiovascular Implants

Vascular grafts (VGs)

Indicated for vessel occlusion/narrowing, where ever pharmaceutical treatment or
stent insertion are insufficient or for reconstitution of arteries or veins

autologous arteries or veins or synthetic conduits

/ \

Coronary artery bypass graft (CABG) Dacron®, Teflon®
saphenous vein
radial, mammary arteries

Synthetic materials show good mid-term results in large and medium diameter
replacements

Long-term failure (infection, thrombosis), especially in small diameter VGs < 6mm

“nond to keQp Woopen
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Tissue engineering

isolated donor cells implantation

Broad diversity of tissue engineering (TE) approaches

Limited number of clinically approved and commercially available TE grafts

Challenges:

>> better understanding of the underlaying developmental & regulating mechanisms
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Tissue engineering

Advanced therapeutic medicinal products (ATMPs) = C\GR\T\COIVON

Biotech

Chemicals

eg. Attenuated eg. Insulin, eg. Aspirin
viruses, viral antibodies, EV Spinraza,
vectors, mAbs, with transgenic Patisiran,

mRNA protein Givosiran

Advanced Therapy Medicinal Products (ATMP)
Reg {EC) No 1394/2007 and Dir. 2009/120/EC

eg. medical device
only, deceullarised
scaffold

eg. bone marrow
transplant, blood
transfusions

eg. skin transplant
for burns treatment

NOT ATMPs

atmpsweden.se
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Tissue engineering

In vitro tissue engineering
Classic approach: cells are seeded on a scaffold and

cultured in vitro before implantation

Self-Assembly (TESA)

Scaffold-free assembly of cells as sheet or in molds

In situ tissue engineering
Cell-free constructs as implants, recellularization and

remodeling occurs in vivo
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Sengupta et al, Annals Biomed Engineering, 2014
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Tissue engineering

In vitro vs in situ tissue engineering

In vitro tissue engineering In situ tissue engineering

Availability off-the-shelf Possible More likely
Scalability Difficult Easier
Ease of clinical translation Complex May be easier

Biomaterials

Extensively used

Extensively used

Bioreactors Used Not commonly used
Chemical factors Used Used

Cells Used Not commonly used
Cost-effectiveness Less More

Disease modeling Yes N/A

Drug screening modeling  Yes N/A

Sengupta et al, Annals Biomed Engineering, 2014
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Polymers
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Polymers

‘Poly’ =many + ‘meros’ = parts

o) J/
(0]
O
Macromolecule consisting of many small molecules (monomers) oH IOH o o °
© HO - HO 0
OH N n
O,

Polymerization

1) Chain growth: Radical polymerization, Cationic/Anionic polymerization
2) Step growth: Polycondensation, Polyaddition

Polymer structure

Thermoplasts Thermoset plastics Semi-crystalline Amorphous
heatable & coolable degrade before melting melting point glass-transition (Tg)
reshaping possible no reshaping glass-transition (Tg) transparent
linear or branched chains crosslinked opaque randomly oriented

though high stiffness well-ordered

15 |



Polymers

Non-degradable polymers A %xim\hc’s\c CRPAACHES

Expanded Polytertafluoroethylene (ePTFE) ||: I|: -
First synthetic polymer for vascular grafts (Gore, 1969) (|3—(|3

® “a
Teﬂor? | F F \\
chemically inert n \ | ~

Polyethylene terephthalate (PET)
Dacron® >—®—/<

Superior biomechanical properties/flexibility

Polyurethane
Hard (diisocyanate) and soft (diol) domain ———:;}O—C—
Tunable porosity and biomechanical properties - I T
Toxic degradation products

SONONUE AOuds
~ WA
('@

>> non-adhesive, generalized immune response (macrophages & T-cells), platelet aggregation
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Polymers

Degradable polymers

Main mechanism: enzymatic or oxidative hydrolysis of ester groups (crosslink, side chain or backbone degradation)

Polyglycolic acid (PGA)
rapid degradation (60-90 days), influences biomechanical properties, poor tissue interaction

Poly-lactic acid (PLA)
degrades over several years, hydrophobic, stiffer than PGA, good endothelialization

Polycaprolactone (PCL)
long-term, hydrophopic, sustainable biomechanical properties

Polyglycerol sebacate (PGS)

fast degradation (within 30 days) 4 ¢- fox Sk~ \CNDNODIE SRS

Poly (lactide-co-glycolide) (PLGA), Poly-I-lactic acid (PLLA)...

>>some are poorly adhesive, ineffective seeding
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Polymers

Biopolymers

>> naturally provide binding sites for cell adhesion, high biocompatibility, biodegradability

Collagen

most abundant, e.g. isolation from rat tail

Various types (fibrillar, intercellular)

Low mechanical properties & thrombogenicity for TEVG (crosslinking or co-polymerization w/ fibronectin, elastin..)

Fibrin  codiQ STok\e
Glycoprotein, cleavage from fibrinogen (blood plasma)
Source of growth factors, cytokines & chemokines

Silk
Silk fibroin (e.g. from silkworm)
Degradable, anti-thrombogenic

Chitosan
Linear polysaccharide (derived from shellfish)
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Polymers

Biopolymers - Hydrogels

>> allow for substrates with simplified integration of cells, growth factors, nutrients etc. & application for
bioprinting
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Biocompatible & biodegradable, fully absorbable I A O
Lack of 3D structural integrity
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Alginate
Biocompatible & biodegradable, non-thrombogenic
Low protein absorption

Nanocellulose

Linear polymer of glucose, derived from bacteria or woods
Biocompatible & good mechano-biological features

Water absorption & retention

Enhances cell adhesion and growth
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Processing
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Processing

Extrusion R’ owies Polymer- feed

LA A R N B B A
2 &8 &8

a0 es

Feed zone
Preheating of plastic
Constant screw depth

Compression zone Die
Screw depth constantly decreases

Compaction of the plastic

Air pockets are squeezed back to the feed zone

Metering zone

Constant but smaller screw depth
Melt homogenization

Constant material flow rate with uniform temperature & pressure
Shape of die defines the shape of the extrusion product

Injection moulding
Melt is injected into a mould (hydraulic system for opening and closing)
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Processing

Electrospinning  4pv 0EES

Production of nanofibers of a polymer solution or melts via electric forces/ an electric field
>> under high voltage a liquid droplet can get charged and stretched

>> point of eruption: Taylor cone

>> upon high molecular cohesion: charged liquid jet (# electrospraying)

No need for high temperature / chemical coagulants
>> suited for large molecules

Tayloréne /
Jet

Hinderer et al. Adv Healthcare Mater (2015)
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Processing

e oNOWded
Electrospinning — Fiber morphology DG LY

random vs. aligned core-shell

porous fibers

>> influenced by: voltage, collector distance, solvent, humidity, polymer concentration, nozzle diameter, flow
rate, device...
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Processing

Air Pressure

Additive manufacturing Q + . ¢

Screw
Structure

Rapid and easy fabrication of complex structures & materials

‘on-demand’ & personalization

P ri I'ICI p I es Pneumatic-driven Piston-driven Screw-driven
Bioprinting Bioprinting Bioprinting
© Extrusion-based
® Droplet-based

@ Photocuring-based Jeg\e ’
ANS: Therma

Actuator

Bioink

Piezoelectric
Actuator

Bioprinting
>> 3D printing with bioinks

Thermal Inkjet Bioprinting Piezoelectric Inkjet Bioprinting

y . -

Bioink: Cells (+ biopolymer substrate) Q S
Layer

Absorbing

Requires combination of computational modelling, material science &
biology

Electrohydrodynamic Jetting Laser Induced Forward Transfer

WMCLW\VQ

24 | Gu et al, Asian J of Pharm Sc, 2020



Processing

Others

>> Knitted/Woven structures

>> Foaming

>> Gelation

>> Phase inversion
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Processing

Functionalization
Encapsulation
Adhesion enhancers

growth factors e.g. VEGF, EGF, FGF

fibronectin, collagen, fibrin, gelatin

peptides

increasing porosity e.g. by second polymer coating by PU

Coating

GO

Anti-thrombogenic coating
Heparin Covalent binding
Polarization (hydrophilic, hydrophobic)

Blend

2000 29 \W0D yOur SWQW™D
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Tissue engineering approaches
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TE Approaches

Vascular grafts
Decellularized xeno or allografts
CryoVein/Artery ®, blood vessel allografts

Artegraft®, bovine carotid
ProCol®, bovine mesenteric vein

cryolife.com
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Downsides

With EU funding, we have
dgve\oped His Woh-+ech
glem-cell-based human

oraon printer, We'll now
be able 1o help TLou_m S
of Pa‘l"\e._w"S :
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TE Approaches

Vascular grafts

Smooth muscle cells ™G\ BN type Of WRSXKAS
Originate from distinct vascular and non-vascular anatomical regions

Contractile or synthetic phenotype

Alternative: blood or bone marrow derived cells
Inflammation, shear stress,
injury
ECM, growth factors

contractile

synthetic

Caldesmon, Calponin, a-smooth muscle actin, Smooth

Collagen |, Connexin 43, Syndecan, Osteopontin, Matrix
muscle myosin heavy chain, Smoothelin, Integrins

metalloproteinases, Platelet-derived growth factor A
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TE Approaches

Vascular grafts

Static vs dynamic conditions = 4low i§ needed {ou popd  (E\ ANONGTRTNCS | fLacnon

(@)
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- Vs o7 & S
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VE-cadherin a-SMA DNA

Flow Direction

31| Mina et al, RCS Advances, 2016



TE Approaches

Vascular grafts

Self assembly of SMCs or IPS-derived cells

TISSUE ENGINEERING BY SELF ASSEMBLY

2D CELL SHEET FOLDED PRODUCTION OF CELLULARIZED
2D CELL SHEET AROUND A MANDREL VASCULAR GRAFT

’ — (%4
Mallis et al, Bioengineering, 2020
@O% :.. ..'. 14 days
—_—
= ~— fF
& = o

L &

SMCs agarose well SMC ring
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TE Approaches

Vascular grafts

Electrospun (hybrid) composites

ELECTROSPINNING METHOD PRODUCTION OF ACELLULAR
VASCULAR GRAFT
HiGH VOLTAGE SUPPLY —_— ©-©
ﬂ_dt':!_. — PRODUCTION OF CELLULARIZED
‘ VASCULAR GRAFT

== - ()

33 Mallis et al, Bioengineering, 2020



TE Approaches

Vascular grafts

PGA fibers and a copolymer of caprolactone and
lactide (PCLA)

Seeded with bone marrow derived mononuclear cells

A

Gross image

Transverse

Outer

Sagittal

Inner

“57 [ |
od,
e ,’. i

J|
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TE Approaches

Vascular grafts

Bioprinting

1

1 EXTERNAL STIMULATION

3D BIOPRINTING 1 (TEMPERATURE, PH, HUMIIDITY AND MAGENETIC FIELD)
[]
1
1
[
ACELLULAR 1 LEADTO4D ASSEMPLI\I( OF VA?CULAR GRAFTS
VASCULAR GRAFT : PRODUCED WITH “SMART” MATERIALS
1
> [
1
1
CELLULARIZED [
VASCULAR GRAFT g
' {
el T (RS

1
1
1
1

35 | Mallis et al, Bioengineering, 2020



TE Approaches

3D printed vascular grafts

U]

\

C

“Barrel” view

-

Side
view

() At 37 °C

Liquid
bioink

b

Enzymatic bath

() At 4 - 25 °C

-
1

Printed bioink gel

(V) At 37 °C
N O
A Il g O
o
([ D
L) Tissue culture

Key o ) .
1LNONENNER O q\ovire @ Liquid Gelatin = Gelatin Gel

o @ cells
O Soluble Fibrinogen == Fibrin
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TE Approaches

Heart valve

Decellularized leaflets

Xenografts
Allografts

In vitro or in situ tissue engineering
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TE Approaches

Decellularized heart valves

Synergraft®
Decellularized porcine heart valve (=Xenograft)

Animal model (sheep): good acceptance
Clinical trial: 3 of for pediatric patients died due to severe inflammation (within the first year after implantation)
>>no in vivo recellularization and immediate immune reaction to the xenogeneic collagen matrix

= -

Y glycousonon o couaqeh
Y O\oORIAIsC

38 | Simon et al, Europ J Cardiothorac Surg, 2003



TE Approaches

Decellularized/Cryopreserved heart valve

HE MPnV

CTL

IFC

FC

FC inflamed

39 | Biermann, Marzi et al, Europ J Cardiothorac Surg, 2018



TE Approaches

In vitro TE :
- eeN\G L

- AT I T
0 SN\ &\ SXe
NS\ %\ové X

- “\‘\\\'\M\\\b ~\QNasive
o\ed\Ne

Spriesterbach et al, Cardiovasc Interv and Ther, 2017
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TE Approaches

In situ TE oxey 1 PGS

Materiai] Material 2

ROI1:
Tip

ROI2:
Mid

)

[ RO
L 3 Conduit

S ©f(kated
ROB: = A QCQ\\"O\Q

41 | N %\\\\ %b“\t %QQ\\Q\Q \Q\\ J\Q %\\\Q %\Q\\S\\i\ % DeKort, Marzi et al, under review



TE Approaches

Bioprinting

A B
) 2l | .
Aortic arch 15 mm
g B
Ascending & < ’- 2 Aortic wall
aorta o C ; =
mfl) \ - Aortic root e : Leaflets &
AV node V‘}f-‘, y TAVR valve . - calcification
His bundl e
is bundle Left S
ventricle 1 Integrated
' \ / sensor array
.; Myocardium
Left bundle
branch
C
Aortic wall
Left coronary Right
cusp coronary
cusp

Right

Iéggmary coronary
artery artery - Bioprosthetic
Noncoronary Right SN valve
Left coronary . Integrated
coronary Sinus 050 ol sensor
sinus ‘ é array
o
Calcified Noncoronary
regions cusp Myocardium

43 | Haghiashtiani et al, Sci Adv, 2020



TE Approaches

Personalized in vitro TE

Y

Slice image of CT Scan
of heart valve

Filament

pool/bioink
Feeder
3D bio-printed (:
Heart valve ;
\ opri heart valve
Nonlctof

[ Dl

Y

Tissue
Engineered

Heart Valve

42 | \Q ’C}\J\\Q‘\Q\\‘\ WO A ‘)\QQQ‘\ eg Vashistha et al, J Biol Eng, 2019
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In vivo performance
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In vivo performance

A

Function

A A
re-angioplasty.
\!

Biocompatibility
Cytotoxicity, immune response

Vital parameters
(Micro-)CT, Angiogram, Doppler ultrasound, MRI, Ejection fraction

Haemodynamics / Echocardiography

IFC FC P value
RVOT V... [m/sec] 1.28+0.13 1.46+0.39 0.3567
Gradient ImmHg] 13.74 £ 5,58 19.18 +13.33 0.4155
RV ED diameter [mm] 183%36 2.75%6.6 0.0493
Pl 1.60x0.89 1.67£1.37
B
IFCS-3 (36) FC S-4 (40)
Echo 1.2 1.0 [m/sec]
RVOT v,
. MRI 1.2 0.8 [m/sec]
Echo 1 1 [grading]
Pl
MRI 1,02% 0.42% (%]
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In vivo performance

Function

Long term performance & durability
thrombogenesis
occlusion
calcifications

| PVA

100

-
Lo

% Graft patency
g

®

0
1 week 4 weeks 8 weeks 12 weeks

4‘(‘\\0‘(\(\ C&N\(\q Atlan et al, Sci rep, 2018
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In vivo performance

Tissue remodeling

Pre-implantation ) 6 months

Newly formed tissue structures & cell types o 12M 24M
>> histological staining, IF staining
. ’} .)’-'.
extracellular matrix structures i
tissue infiltrating cells ' =
immune cells o\ 8
e

enzyme activity

47 | DeKort, Marzi et al, under review



In vivo performance

Tissue remodeling
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In vivo performance

Degradation

Contrast in histological staining
Mass loss (in vitro/in vivo)  wU@ht, agh eectiogiuesis
Fluorescence tagged biomaterials

0.0050
Raman imaging
1 J
2
2
$ 0.0025
|
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: i
AN |
- |
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7 T

I I
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pokké“\ﬁ Raman Shift [cm]
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Collagen maturation

C.D\.\Q(%Q,\\ = v\OC
S\lw\\\\e\\c AQUGWES =g

In vivo performance

PC-1 Scores

=
=)

PC-2 Scores
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In vivo performance

2 Months

Macrophage
Infiltration

Macrophage
Infiltration

aSMA* Cell Migration

||' Cell infiltration
) Endothelial Cell I throu?h' ,
* Macrophage \ vascularization
| aSMA* Cell
© FBGC
0 Collagen 1

N\ Elastin network
7 Vascularization

6 Months

12 Months

Collagen Maturation
&
Decrease active
VIC-like cells

N

M\

b

24 Months

Collagen3 -
TGFB :

TGFB
Collagen 1
Inflammation
Biglycan
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Thank you for your attention!

julia.marzi@uni-tuebingen.de
www.schenke-layland-lab.com
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