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3D printing for medicine

Patient specific models and instruments

Planning of complex surgical
interventions

Pre-adjustment of prostheses

Surgical guides for complex
surgical interventions

http ://lwww.medicalmodeling.com/flashsite/media/medi
a.html; http ://www.ksta.de/panorama/siamesische -
zwillinge -aus-aegypten -erfolgreich -
getrennt,15189504,14170566.html (20.01.2013)

www.inspire.ethz.ch
http ://ccmedtech.ch/images/content/CC

MT_Medical%short.pdf (18.03.2013)

Y
eV/ﬂ www.eos.info/press/c
% ar_case_studies/fhc

e-Manufacturing Solutions
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3D printing for medicine

Orthoses, protheses, orthopedic implants

= o
Z Fraunhoter cara by Hereaus Kulzer 3D Systems /' Layerwise
Water -compatible prothesis for http://heraeuskulzer.com/en/int/cad_cam_5/producti http://www.layerwise.com/http://www.layerwise.com/
secure showering by Selective Laser | °"service/-methods/methods.aspx -Integrating internal channels and
Sintering SLS(PA12-based) Crown and bridge frameworks by pores into metal implants.
selective laser melting SLM -Total lower jaw implant
(CoCr-based) reconstruction by SLM (Ti-based)

=
University of Stuttgart % Fraun hOfer

Institute of
Interfacial Process Engineering 1GB
and PlasmaTechnology




3D Printing

Biofabrication
A Biological Implants ?

‘ Additive Manufacturing
A Functional Products

> Rapid Prototyping

A Models
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3D Printing

A  Workflow:

3D data Data Layer-by-layer assembly of
acquisition manipulation physical model
Laserbased selective crosslinking of
A CAD A Surface triangulation photosensitive resins

A Surface scan
A Tomography
etc.

[1] http://www.computerweekly.com/feature/How
impacts-manufacturing (23.09-2014)

A Slicing
A STLformate

-3D-printing -

A Stereolithography STL

A Two-photon polymerization TTP
Printing & curing photosensitive resin
A Polyjet®

Polymer extrusion

A Fuseddeposition modelling FDM
Selective fusion of powders

A Selective laser melting /sintering SLM

A Selective layerwise printing of binder
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Bioprinting

Laserbased techniqgues

A Stereolithography

ATwo-photon -
polymerisation

Drop -on-demand
ink -jet
AThermal inkjet

A Piezoelectric inkjet,
micro -dispensing

Extrusion/
Dispensing

A Bioplotting

i <
Qrossllnkeld _ Non-crosslinked
matrix materia T / material
c0000

Resolution nm - 30 pm 20 pm - 300 pm several 100 pm
Realized Hm Hm - cm several cm
object size

[1] Billiet et al., Biomaterials , 2012, 33(26), 6020-6041.

[2] Nakamura et al., JImag SciTechnol, 2008, 52(6), 60201-602016.

[3] Chang et al ., JBiomed Mater Res,2011, 98B(1), 160-170.

[4] Wust et al ., JFunct Biomater , 2011, 2(3),119-154.
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Bioink Development

Solution
(hydrogel -precursor)

A viscosity, gelling behaviour
A crosslinkability
A cytocompatibility

* Extra -cellular matrix (of biological tissue)

3D Hydrogel
(crosslinked matrix)

A cytocompatibility

A tissue-specific stiffness,
swellability

A stabilizes cell -function

ECM-derived
biopolymers
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Bioink Development

A Gelatin -based bioinks
/. Derived from collagen
/A Water -soluble at physiological pH

A nearly ideal bioink

Gelatin (10 wt. -%, room temperature)

A Chemical modification

A Gelatin

A physical hydrogels < ca. 21°C
A dissolution at ca. 30 °C.
A chemical crosslinking needed
A Biofunctionalization
A hyaluronic acid, chondroitin  sulphate etc.
A additional crosslinkable
biomolecule derivatives needed

-
=
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Chemical modification

\

=
£ University of Stuttgart /‘ Fraunhofer

Institute of
Interfacial Process Engineering 1GB
and PlasmaTechnology

© Fraunhofer 1GB 7



Crosslinkable and Printable Biomolecules
Fom the extracellulartissue matrix

A Chemical modification

Introduction of

A crosslinkable functions A masking functions
e 0 th lovl o o acetyl
H;C j o CHs me a‘cry Oy J :I\ L. )
(.L.Hg L, modification HaG” \O/J CHa modification
(|:H3 (‘)Ha CH,
Os-C=CH, Os-C=cH, O\\C/é“:CHZ 9
1 | Ox o CHs | Py
HoN OH HN o} [ HN .0 CHs
HoN HzN HN._
CO = -
_C.__CHj _C.___CHz
° j;.ng_ ° EHZ
A Portfolio of modified gelatins
U GM2 i1 GM 2A8 M - methacryl -modification
i GM5 ) A - acetyl-modification
U GM5AS Numbers - denotation of amount of
uGM10 02z anhydride used during synthesis [1,2,3]

\

[1] E. Hoch et al., J. Mater. Chem. B, 2013, 1, 5675-5685. 7

[2] C. ClaaRRen et al., Biomacromolecules , 2018, 19(1), 42-52. i University of Stuttgart % FraunhOfer

[3] DE 10 2012 219 691 B4, Modifizierte Gelatine, Verfahren zu ihrer 8 *  Institute of - = IGB
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Herstellung und Verwendung, 2012. and Plasma Technology



Adjusted Degree of Methacryloylation (DM)
NMR-based Quantification

A Determination of absolute amount of methacryloyl functions
per gram gelatin through H-NMR

A Control of DM

A Mixed functionalization with crosslinkable methacrylic and
non -reactive acetyl functions.

- e Derivatives Gelatin Type B [2] Gelatin Type A [1]

1.75

%D — a acetyl groups
£ 125 —f L xk Total DM Total DM
- J— 45 [mmol/g] [mmol/g]
E o7 ] GM2 0.31 £ 0.02 0.34 £ 0.02
é 8% — GM5 0.63 = 0.05 0.62 + 0.03
€ 025 —
"] GM10 1.01 + 0.02 0.96 = 0.07
0.00 —

GM2 GM5 GM10 GMS5AS GM2AS

A DMs of gelatin type A and type B derivatives are indistinguishable

[1] C. ClaaRen et al., Biomacromolecules , 2018, 19(1), 42-52.
[2] L. Sewald et al., Macromol . Biosci., 2018, 18, 1800168-1800178.
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Chemical Modification of Gelatin
Impact on Polymer, Solution and Hydrogel Properties

~

A Il mpact of modification degree of GM( £

Polymer Properties
Isoelectric points (electric charge)
Hydrodynamic radius (size)
Solution Properties
Viscosity
Gelation temperature
Hydrogel Properties
Stiffness: sum of physical+chemical interactions

Biological function: Additives e.g.
hyaluronic acid methacrylate, S o i e o e i
heparin methacryl at e, hydroxyapat.

GM(A) = Gelatin Methacryloyl (Acetyl)
[1] L. Sewald et al., Macromol . Biosci., 2018, 18, 1800168-1800178.
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Tissue Specific Bioinks and Gelatin Formulations
Developed atFraunhofer|GB

A Bone specific ink [1]

A Vascularisation ink [2]

A Cartilage inspired matrix gradients [3]
A Ink-jet printing of gelatin solution [4]
A Pro-angiogenic coating [5]

A Spray-drying gelatin solutions

[1] A. Wenz et al., Biofabrication , 2017, 9, 044103.

[2] A. Wenz et al., Biotechnology and Bioengineering , 2018, 115(10), 2643-2653.
[3] S. Stier et al., J. Mater. SciMater Med, 2019, 30(3), 35.

[4] E. Hoch etal ., J Mater Chem B, 2013,1, 5675-5685

[5] C. Claassen et al. J. Mater. SciMater Med, 2019 submitted .
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Tissue specific inks
Bone matrix

A Fomulation with bone specific mineral component

A

A

GM2 + GM5 + methacryl -modified hyaluronic acid HAM (13%
biopolymer)
A Inorganic hydroxy -apatite HAp

A Adipose derived stem cells ( hASC)

: & & R0 ) 1
A Gelation temperatur and EREsE s
. . . r v L &
viscosity suitable for LR R :
extrusion b |
E e
[y St
I i o
[1] A. Wenz et al., Biofabrication , 2017, 9, 044103.
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Tissue specific inks
Vascularizationmatrix

A Soft matrices

GM2 + GM2A8 + unmodified gelatin (6.75% biopolymer)

Endothelial cells (ECs) +hASCs
Staining : PECAM-1 A cell-cell contacts

PECAM-1 DNA

A Vascularization matrix allows for formation of capillary -like
structures

A Combination of vascularization ink and bone ink.

[1] A. Wenz et al., Biotechnology and Bioengineering , 2018, 115(10), 2643-2653.i
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Tissue specific inks
Cartilage matriceswith glycosaminoglycan(GAG)gradient

A  Gradient

GM5AS5 + GM2AS8
+ methacryl -modified hyaluronic acid HAM (1%)
+ methacryl -modified chondroitin sulphate CSM (1%)

A Chondrocytes

A Layer by layer printing results in GAG gradient (stained blue)
A Viable chondrocytes (stained green)

[3] S. Stier et al., J. Mater. SciMater Med, 2019, 30(3), 35.
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Processspecific inks

A Supporting ink and bioink
Sacrificial ink, gelatin -based bioink

After printing :
Bioink and supportming sacrificial ink
structures

After removal of

A Fabrication of individualized geometries

\
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Processspecific inks

~

A Low viscous solution
High degree of modification

Bioink stabile printing

Deri- Mass
vate fractio 25 °C 37 °C
n
Yes

5% Yes
GMy, 10 % Yes No
15 % Yes No
5% Yes Yes
GM,A; 10% Yes ~
15 % No
k—d
C G
h-
0 LT
Q S

A Inkjet printing

[1] E. Hoch et al., J. Mater. Chem. B , 2013, 1, 5675-5685.
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Pro-angiogenic coatings based on gelatin

A Biobased hydrogels loaded with VEGF

Gelatin -Heparin on PET membrane
Albumin -Heparin on PET membrane

A Proangiogenic effect

[1] C. Claassen et al. J. Mater. SciMater Med, 2019 submitted .
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