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RB: ruffeled border : -

BL: basolateral membrane

FSD: functional secretory domain

VT: vesicular transport (transcytosis)
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Osteoclast in action

Breakfast, lunch and dinner for an osteoclast!
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Bone remodeling
depends on mechanical load
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Osteocyte senses load
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Osteocyte
orchestrates bone remodeling
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Nakashima T, et al. Nat Med 2011;17:1231-1234.
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Autologous bone is still the
gold standard bone substitute

Mandibular reconstruction following tumor resection by using titanium plates and screws
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Reconsidering Osteoconduction in the Era
of Additive Manufacturing

oz € wober, 0’23 Tissue

. Engineering
Osteoconduction:

Three-dimensional process of ingrowth
of sprouting capillaries, perivascular tissue,
and osteoprogenitor cells from a bony bed
into the three-dimensional structure of a
porous implant to use it as guiding cue to
bridge the defect with bony tissue.

=88 Osteoconduction myths

bone to implant contact (BIC)
CaP

Titan

The initial formed woven bone (blue) lays mainly In areas with bone and material, bone to implant
between the titanium surfaces and is covered contact is only 10-20% of the implant surface
with later formed lamellar bone (greyish-light blue)
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? Osteoconduction
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Reconsidering Osteoconduction in the Era
of Additive Manufacturing
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Osteoconduction: “‘w
Three-dimensional process of ingrowth ;
of sprouting capillaries, perivascular tissue,
and osteoprogenitor cells from a bony bed
into the three-dimensional structure of a
porous implant to use it as guiding cue to
bridge the defect with bony tissue.

Autologous bone is still the
gold standard bone substitute

Fibula (Wadenbein)

Principles of bone tissue engineering

Biomaterial Scaffold

mesenchymal stem cell
transplantation.or attraction

Cell induction

Factors




The bone inducing principle
2002

FDA
roval

Surface fraction of Bio-Oss in direct contact with
newly-formed bone

30% (SD 22.6, range 0-66%) * 57% (SD 16.2, range 29-81%)

Synthetic material with
cell based regeneration: PEG-Gel

control

PEG-Gel
with BMP

Principles of bone tissue engineering

Biomaterial Scaffold
D%

osteoconduction
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Triply Periodic Minimal Surface-Based Scaffolds
for Bone Tissue Engineering:
A Mechanical, In Vitro and In Vivo Study
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Additive Manufacturing of bone substitutes

Micro architecture

Conventional porous bone substitutes by
bone substitutes additive manufacturing

ce’

»> Pores randomly distributed > defined location of pores
> Bottle necks vary in size » defined bottle necks

&2 i Additive manufacturing
Integration into clinical workflow

Work flow vom CT file to stl- file for AM

+)‘N-_EJ -

clinic software prlntlng clinic
materialise
innovatars you can count on

Information about the Sti-file with information of the
defect dimension = macroarchitecture of the defect
macroarchitecture enables the production of

of the defect personalized bone substitutes




Architecture of bone substitutes

Macroarchitecture
e.g. the shape of the bone defect
Can be realized by additive manufacturing

Microarchitecture

Distribution of material in the scaffold
defines pore distribution, pore interconnection

Nanoarchitecture

Features of surface and the interior of material
e.g. roughness, microporosity,......

o Architecture of bone substitutes

Macroarchitecture
1. Personalized bone substitute

Additive manufacturing facilitates the control
over macro- and microarchitecture and puts

bone tissue engineering to the next level

1l Microarchitecture

2. Hrighly osteoconductive bone substitute

Which is the optimal microarchitecture to
speed up the healing of a bone defect?

Titanium based scaffold

Rapid prototyping/selective laser melting

implant design screening model

f-8-lens
laser window :
inert gas| ' ot scanned laser
pouscy SLM part

container in powder bed

heated, retractable
building stage

building chamber Ar atmosphere




Titanium based scaffold: lattice

Rapid prototyping/selective laser melting

Titanium based scaffold: lattice

Rapid prototyping/selective laser melting

7 Titanium based scaffold: lattice

& Rapid prototyping/selective laser melting

Bony area [%]

1 2 3 4 5 6 7 .
more than doubles the healing

- : i re
Optimized A ancy stem cells or growth factors

efficiency without the need for f
S1 S2 S3 sS4 empty




Titanium based scaffold: lattice

Rapid prototyping/selective laser melting

P= 0.035

Bony area [%]

0.001  0.001 0.001

o.:1 o:z o..s 0:4
Rod height/width [mm]

XTI

D Osteoconductive lattice structure
rod distance

D Osteoconductive lattice structure
rod dimension




Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Lithography-based Additive Manufacturing of
Calcium phoshate based implants

| monomers
* ceramic particles




"—'. 1 Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Post processing of the green body

after after after
building debinding sintering

6.90; 099

photopolymer ceramic particle dense material
(up to 60 vol%) (>99,4% T.D)

temperature

'. | Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Debinding and sintern yields in:

1. Initially, no biological materials can be used
(proteins, cells, bioactive substances)

"—'. 1 Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Debinding and sintern yields in:

1. no biological materials can be used initially
(proteins, cells, bioactive substances)

2. Bioglass will transform from an amorphous to a
crystalline state, will become a glass ceramic,
and loose bioactivity .




Additive Manufacturing of bone substitutes

force [N/mm?]

TCP TCP
parallel to layers  perpenticular to layers

=

force [N/mm?]
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Bioglass Bioglass
parallel to layers  perpenticular to layet

TCP 300
mechanics

cortical
bone
Kortikalis
120-180
Nimm 2
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| perpenticular
= parallel

® Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Debinding and sintering yields in:

445 T. Goto et al: Resorption of synthetic porous HA

Table 1. Review of biodcgradability of synthetic HA matcrials and their features

Sintering Pore Follow-up
Investigator Year Subject  temperawre  Porosity  diameter (um) period Biodegradable

Wiater et al. 1981  Ra 900°C % Im-6m Yes
1200°C Im-6m

Klein et al®

Hoogendoor et al
Renoij cl al
van Blitterswijk et al*

van Bliterswijk et al®
Human
Dog
Dog
Human
Human
actal Human
Yoshida et al Human
Ubayama et al Human Wor20  6m-8ySm

A, Hydroxyspatite: 7, not stated; m, month y, year, w, woek




'-. 1 Lithography-based Additive Manufacturing of
Calcium phoshate based implants

Demand for debinding and sintern yields in:

1. no biological materials can be incorperated initially
(proteins, cells, bioactive substances)

. Bioglass will transform from an amorphes to a
crystalline state, will become a glass ceramic,
and loose bioactivity (above 500°C.)

. Calcium phosphates (HA) will loose their
degradability, since temperatures above 900°C
will increase crystal size and favors crystal
perfection.

TCP-based scaffolds

Pores and bottlenecks

TCP-based scaffolds

Pores and bottlenecks

&

mechanics

Maximum strength before failure




TCP-based scaffolds

Pores and bottlenecks

pore Boﬂlenec

Solid works

-6

unit cell

TCP-based scaffolds

Pores and bottlenecks

lengthofunit _pore bottieneck Maximal
acronym cell diameter diameter  porosity transparency
{mm] fm] [mm] %] %
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TCP-based scaffolds

Pores and bottlenecks




9
7 7 6 6 7 6 6 7 5 7 9 8 8 9

i

P= 0.012
P= 0.005
0.009
P 0.002

5 8 om s s om  mk e 0 Pl =

hitecture more than doubles the healing
y stem cells or growth factors

Opt;miiéd microarc
efficiency without the need for fanc

Osteoconductive porous structure
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Bone augmentation
FYY

Bone augmentation

Preclinical model for bone augmentation
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Models for Osteoconduction
and bone augmentation
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Bone augmentation
Pore desi

=

,!w Bone augmentation

Pore design
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1.0

Bone augmentation [mm]

0.0

Pore diameter [mm] 0.5
Bottleneck [mm] 0.5

'!‘1“ Augmentation/osteoconduction

Pore design
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bone augmentation
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'w Pore design microarchitecture
LLL

Osteoconduction  bone augmentation

Pore diameter for
optimal osteoconduction and
optimal bone augmentation
are different
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Filament design

microporosity and transparency.

Osteoconduction
directionality
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Osteoconduction
directionality

a Unitcell b
\I,Dmm

|1.0mm
0.5 mm|
0.5 mm

!. | Osteoconduction and directionality
Filament design

Filaments in
x and y-direction

osteoconducllon

Fllaments in
y and z-direction

%% Osteoconduction and directionality
Filament design

Filaments in
x and y-direction

os(eoconductlon

Fllaments in
y and z-direction

I=I-I




| Osteoconduction and directionality

Filament design
g '

jon is i t of
oconduction 1S independen
” o ess and distance if 100% of the

rod thickn o
fumniml  rods are aligned with bone g_ro_wth direction
Gisgoral g Ew

Filaments in
x and y-direction

g 8

Bony bridgin [
2

Bone grows in x, y-direction
all beams in direction of bone growth
Filaments in
y and z-direction

I I I ! Osteéconduction is dependent on

4 f 0

+  rod thickness and distance if only 50% of the
Only halve the beams in Flament | ligned with bone grth direction
direction of bone growth amora | TOds are alig| U=

Defect bridging [%]
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FW Bone augmentation

. Filament design
Filaments in i _
x and y-direction d :

N
|
ba g/
Filament (G

Filaments in
y and z-direction

g ! mi Bone augmentation and directionality

Filament design

Filaments in
x and y-direction
are not aligned to
bone augmentation




m Bone augmentation directionality

Filaments in H H
< and y.direction Filament design
non in direction of augmentation
[
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Bone augmentation depends on
rod thickness and distance if 0% of the rods
are allgr\ed with augmentation direction

-

R

Peek bona augmentstion (men]

Filament [men]
aiagonal (mm]

Filaments iny and z-direction
halve in direction of augmentation

i t of rod
I I . Bone augmentatlon is independen
thickness and distance if 50% of the rods

tion
Flement {m are aligned with augmentation direc
bone s i re Ao

!E Filament-based microarchitecture in
"_kf osteoconduction and bone augmentation

bone augmentation bone defect/osteoconduction

H @ 111 2
- | g |
Optimal filament microarchitecture for osteoconduction and bone
augmentation is different.
Major guiding cue is the directionality of the filaments but it can

be compensated by fin filaments and a small distance in-
between.

n Early phase osteoconduction

defect bridging [%]

Fil125G




i‘ Early phase osteoconduction

Cellular ~ Tissue
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Microarchitecture induced early phase
mesenchymal stromal cell differentiation

125 Mesenchymal stromal cell differentiation

Percentage of
mineralized tissue (%)

Fil0S0G Fil125G

- & Microarchitecture induced early phase
| : angiogenesis and vascularization

Filo50G Fil125G anglogenESIs




> Microarchitecture induced
| early phase angiogenesis

outside edge inside

Reductlon of filament dimension and distance from
1.25 to 0.50 mm induces early stage dlfferentlatlon_and
angiogenesis and translates into _ps__tggggn_qtul_f}i\flty

=1 £ 1 Natural bone microarchitecture

is gothic style

Microstructure of the Distal Radius and Its
Relevance to Distal Radius Fractures

Trabecular microarchitecture takes
up the load directly and is constantly
adjusted to actual loads during bone
turnover (Wolff's law
There is no evolutionary pressure on the
microarchitecture of bone for
optimization of osteoconductivity.

No need for biomimetics, since
osteoconduction is an artificial although
clinically highly relevant phenomenon.

;&@ Biomimetic or technomimetic
B mlcroarchltecture

Trabecular bone

(osie srucire) (A 4 PLA/B-TCP composite
Y processed by a supercritical
C0, foaming methodology

bone is a lightweight, load-
driven, gothic style 3D- structure

aiming towards high strength lightweight 3D- structure

high strength/low material

Adaptive Density Minimal in aerospace, aviation and EV
“technomimetics” §_urface (AFJMS) al_gori!hm e

Strength of |mplant is optimized for
a single location all locations




ADMS Adaptive Density Minimal S

ADMS autonomous ign algorithm c:
sing minimal re: hil
s image shc
t of the European Sj

Simplified
Complexity:
spherene
Parameter
Driven Design
Tools

ADMS based sh VOLUME FRACTION

THickgss

ADMS-lightweight microarchitectures

face geometry

ADMS is periodic and
adaptable to predefined load

Osteoconduction

“natural” pores or “artificial” n itectures

lattice




Osteoconduction

“natural” pores or “artificial” microarchitectures
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Bottle-
neck

Osteoconduction

lightweight microarchitectures

0.022

p= 0.001

0.036
ADMS ADMS ADMS lattice ADMS
500um 800pum 1100pym 800um 800um

hydroxyapatite titan




Osteoconduction

lightweight microarchitectures

b

SRR~
In osteoconductive AD _
2D-spheres fitting the maximal po\re igoul

and i i ingle
d TPMS microarchitectures sing
i d not exceed 1.53 mm.
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bridging [%]
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Pore diameter is more important than bottle-neck or percolation
¥
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1.0 1.2 1.4 1.6 1.8 20
Maximal pore diameter fitting in 2D sections [mm]

Mechanics

“natural” pores or “artificial” microarchitectures
Adaptive Density Minimal Surface geometry (ADMS)  lattice
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ADMS ADMS ADMS lattice
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: @ﬁ ADMS-lightweight microarchitectures

Adaptive Density Minimal Surface geometry

16 mm

ADMS ADMS is periodic and
1100um  adaptable to predefined load




Osteoconduction

lightweight microarchitectures versus lattice in critical size defect

A —=
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ADMS lattice
500 pm

Rm at failure [N/mm?]

lattice

Osteoconduction

lightweight microarchitectures versus lattice

defect bridging [%] )
bony regenerated area [%)

ADMS 500 pm lattice ADMS 500 ym lattice

T t1 Osteoconduction

lightweight microarchitectures

lattice ADMS/TPMS
strait curvy

=1

Strait and curvy microarchitectures
can be highly osteoconductive




Microarchitecture orchestrates
osteoconduction and bone augmentation

@ Reduction of filament dimension and distance from

#==—='|1.25 to 0.50 mm induces early stage differentiation.and
angiogenesis and translates into osteoconductivity

Strait and curvy microarchitectures can be_
highly osteoconductive. No need for biomimetics
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