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Abstract

Bone tissue engineering (BTE) resear¢hescharacteristics whichre needed to create the ultiate

bone scaffold which enhances cedsponse Limited research has been done regarding the effect of

GKS t2Aaa2yQa -bEHiotdratioR i thig gratluatio prajettvé tRerefore explore the
cellresponseon scaffolds with a differentvdtS 2 ¥ (G KS t 2 A 4 & 2-iaateriidward 2 & = | N
designed, manufactured, mechanically tested aheé response orpre-osteoblasts (MC3TFB1)was

explored The first experiment was performed at mesoscale. The thatmaterials, with cells, were

evalated with SEM imaging, presto blue and AR#Btg. The second experiment was performed at
micro-scale. The results of this experiment were evaluated with SEM imaging, actin staining and Runx2
staining. It was concluded that the auxetic metaiomaterial, with y S3 I G A @S t 2high a2y Q&
porosity and high stiffnesshowed an enancement of the cellesponseHowever, his could not be

confirmed by the 2D SEM imagéspotential application forite metabiomaterial that enhances the

cell responseis implemening this metabiomaterialin a designfor the surface of an implant to

generate fast bone ingrowth.
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1.Introduction

Every year, over two million bone grafting procedures are performed worldidéese bone grafts

help to heal defects that exceed 2 to 2.5 times the diameter of the tufigdone (i.e. large bone
defectsf. Small bone defects can heal by itself as human bone is continuously remodeling and
developing. Osteoclasts resorb old and damaged bone, followedhdypsteoblasts which produce

new bane®l. The bone remdeling cycles are similar, for battabecular and cortical bone, but cortical
bone remodeling proceeds in tunnels and trabecular bone remodeling proceeds at the surface (figure
1)“ 51, Besides healing small damages, bone is also aufjuissi architecture to the mecharitforces

it is subjected t&!. If large bone defects are lefintreated, they will only setheal for 10 percent.
Therefore, a bone scatflith can contribute to completely résre both structure and function of the
affected bones: %,

Pre-
Osteoclasts Active Pre-
Osteoblasts
Osteoclasts Mononuclear teopst Osteoblasts
Galls Osteocytes
S S
<
NERE 23 N el9 )
Resting BG) (T - s W
Bone ’ —

Surface Resorption Reversal Bone Formation Mineralization

Figure 1. Trabecular bone remodeling cycle. Rigteoclasts become osteoclasts anesorb bone. The
mononuclear cells prepare the surface for the osteoblasts. Thewsgt@oblasts become osteoblast and will
produce bone. These osteoblasts become osteocytes and will mineralize to finish the bone foffhation

Within the field of Bone Tissue Engineering (BTé&Search is being done fond the ultimate bone
scaffold that can be used to heal large bone defects. During the last few years, BTE has gained much
attention*®. BTE focues on the use of scaffold biomaterials that interagth bone cells and growth
factors. The aim is to engage an appropriate cellular response which is allowing skeletal regeneration
to heal a large bone defed. bone scaffold that mimics trabecular properties will easily blend into the
surrounding trabecular bone and will therefore form a good basis for a bone s¢affold

Bone scafflds can béuilt out of mechanical metdiomaterials. Biomaterials include materials which

are able to interact with elements of a living syst&imMechanical metdiomaterials are biomaterials

in which the smalscale architecture determines their maesgsale mechanical propertié 3l These
meta-biomaterials can be divided into two categories regarding their Poisson's ratio; conventional and
auxetic metabiomaterials. Coventional (i.e., norauxetc) metabiomaterials have a positive
t2A842yQa NI GAZ FYR NBFEOG (2 | EALf -bion2adriaNEaded A 2 Y
' yS3l GdA GBS andekhibi 2lafethiiconttactipi it response to axial coespiori®. These
mechanical metabiomaterials caralso be combined forming a hybrid meteomaterial'®l.

The mechanical methiomaterial should mimic trabecular bone that has a complex structure and
is reported to have some auxetic behaVWi®r The research on auxetic scaffold cell interaction is
limited. So far, Choi et al. (2016) looked into the cell proliferattd MG63 osteoblastike cells on
auxetic materials under compressith It showed that the auxetic designs had significant beneficial
differences in cell proliferation after 1 and 3 days of cell culturing, but after 5 days, the differences
were no longer significant. Another studlyat researchedthe scaffold celinteraction of auxetic
materials is from Zhang et al. (20%3) This research explored the cellular petion of 10T1/2 cells
on auxetic materialdy producing dime-lapse. Thecaffolds were solely exposed tcetforces applied
by the differentiating cells. The resutté this studyshowed an unusual cell division, which could lead
to genetic instabilityBoth studies showeéhcondusiveresultsand more researcls needed in this
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area of interest. In thigraduation projectwe willaddress this gap ithe literature and researclhe
OSKIF@A2NI 2F o02yS OStta 2y o02yS &b SaaldsRvih ag A (§ K F
L2 AAGA DS t 2 A & dgilydutiof aNdokvanfonalsietdiomaterdal, whereas negative
t2A43a2yQa NFYdAz aol F7 2thbonateridl.We also Secideddb toinbire the | y | d
two to createa hybrid scaffold.

In thisgraduation projectwe will design, manufacture and mechanically test several bone scaffolds,
GAGK RAFFSNBY( O Néxigne wil 60 then2viitddhecgllQta achlirelinsighttn
their ability to regenerate bone. With differekinds of stainingproceduresand imaging techniques,
the cellresponsewill be evaluated

Theresearchof the cellular behavior of presteoblasts (MC3FB1) on the differenbone scaffolds
is based ontwo experiments. The first experiment Eerformed with meta-biomaterials created
according to the morphological and mechanigedpertiesof trabecular bone at mesoscale (i.e. bene
mimicking scaffolds)Ve usecconventional, ametic and hybridinitcellswithRA T FSNB Yy (i t 2 A &34 2\
but identical porosity. The mechanical properties of thmeeta-biomaterialswere retrieved usinga
mechanical compression test ardfinite element model. The second experiment is executed with
micro-scale meta-biomateriak, that are ten times smaller than theeta-biomaterialsof the first
experiment (i.e. micrescale scaffoldspPue to their small size, the bone cells will almostdanticalin
size. Therefore, this experiment explores whether the-psteoblasts are able to recognize the meta
biomaterial to which they are @ose® | YR Y2 NB & LISOA T A@ntdpfoBtheA & t 2
aforementionedmeta-biomaterials a conventional anduxetic scaffold were added with a similar
stiffness as the hybritheta-biomaterial As a controfjroup, an additionameta-biomaterialwas built
with cuboid unit celishathavel T SNB t 2.A 84382y Qa NI (A2

The aim of this graduation project is to expand the knowledggrding scaffold cell interaction, on

scaffolds with anegative, zeroorpositve 2 A 4342y Qa NI GA2d ¢ KA dalgoktt £ K2 LIS
02 FAdZNIKSNI AYLINRGZS . ¢9d ¢KAA NBLRZ NI énkandethel f 42 & F
MC3T3E1pre-osteoblasticcellresponse



2. Methods & Materials

To be able to research the scaffold cell interaction, different ri@tanatenals that act as scaffodd

hadi2 06S RS&aAAIYSR® ¢KS FANROG LI NI 2F (KSofthe§ OGA2Y
different metabiomaterials.Next, the fabrication of the methiomaterials and their morphological

and mechanical characterizan are describedThe final part involves thbiological characterization

of the metabiomaterialswith the MC3T3E1pre-osteoblastic celland the statistical analysis

2.1 Desigmof the metabiomaterials

The designs of the bormimicking scaffolds uskin thisresearchwill be based on the morphological

and mechanical properties of trabecular bone. Morphological properties give insighihandesign of

the structure and the mechanical properties include stiffness and strength of trabecular bone. Even
though they describ different thingsmorphological and mechanical properties are highly dependent
on each other.

Important morphological properties arporosity, pore size and trabecular spacing. The porosity
describes the void space of a struatuas a percentagef the total volume. Bone with a porosity
between 50% and 90% is considered to be trabecular BdriEhe void spaces in trabecular bone allow
vascularization and bone ingrowif. Osteoblasts generate new bone and need a trabedikar
porosity and a pore size of at least 30 to survivé® 2> b Sg 062yS Aa ONBIFGSR | C
law, this law states that bone will remodel in response to external loading, which differs according to
the anatomical locatiof?. At placesvheresmall mechanical forceme absorbed bone will create an
open rodlike structurewhich has a low densifyand at places whe high mechanical forceare
absorbed bone willcreate aclosed plate-like structurewhich has a high density (figureé?) The void
spaces that are created by these remodeling cycles cachbeacterizedby the trabecular spacing.
This trabecular spacing waxploredby seveal imaging techniques; magnetic resonance imaging
(MRI), mcro-computed tomography (mice€T) and ultrasourttd 242, The study of Rabiatul et al.
(2014¥%" reviewedthese results and shosd that the trabecular spacing varies between 360 and
1470umi28),

Figure2. Morphology of trabecular bone from femoral head takenabgcanning electron micscope(SEM).
1) Asymmetric open rotike, low density structure. 2) Asymmetric closed pltke, high density structufé’.

¢KS YSOKIFIYAOFf LINRPLISNIASE AyOfdzRS adAFFySaa |yl
ratio. An important mechanicgbarameter isbone mineral density (BMD). The BMDpissitively
correlated with the stiffness and strength of bdtfe Trabecular bone has a BMD that vatiesween
140 kg/n?and 200 kg/m, with an average of 185 kgAnThis variety is caused by the different forces
that are acting on the bone according to its anatomical location. As BMD is related softhess of
the bone, the stiffness also depends oretanatomical location. The stiffness shows to what extent



the structure resists deformation in the direction of the acting l@ad is dependent on its geometry
andli KS | 2 dzy JdRthe bilkkniadzialdZde stiffness of trabecular baaries between 0.2 GPa
and14.8 GPE*32. 1 OO0O2NRAyYy3I (2 .21t SiG Ifod ompdhoy WiIKS t 2
transverse direction which result2fry I AGNB&da | LBEWASRSt RPgINNARAtY2 X &
despite some auxetic behavior, was assumed by Ulrich €1399), Kowalczyk et al. (2003)iilr et
al. (1995), Pothuaud ell. (2002) and Rho et 1.997) to be 0.3%3#%7], This value can have a standard
deviation of 0.1, as it only resuliis an 8% change of the 2 dzy’ 3 Q& By 2 R dzf dza
The morphological and mechanigairametersdescribe the properties ofrabecular bone The
designs of the bonenimicking scaffolds that are used in tmeseach will, within defined ranges of
the parameters (table 1)nimic the trabecular behavioEE OS LJGE F2NJ 6 KS t 2A 4842y Qa
vary from negative over zero to positive according to our research set up.

/

Tablel. Morphological and mechanical parameters of trabecular bone.

Porosity | Pore size Trabecular Densty ,2dzy3Qét 2Aaazy
spacing modulus ratio

2.1.1 Bonemimicking scaffolds

Thedesigns othe bonemimicking scaffoldsvere made from conventional, auxetic and hybrid unit
cellsthat were patterned tocreate a specimen with the characteristics ofraeta-biomaterial. The
dimensions of the designs for the first experiment were based on the nodogital and mechanical
properties of trabecular boneMandal et al. (2009) showed that a higher porosity leadsigiher cell
proliferation®. To exclude this parameter from influencing the results, it was chosen to dessitn e
spedmenwith the same porositymeta-p-biomateria).

2.1.1.1Conventional metdiomaterial

Conventionalmet®d A 2 Y G SNA I £ & ISy SNI £t &4 Kho@e$corb sthudraia i A gS ¢
present in many natural materials and contributes to a light and stiff structure asdtvesiefore usd

for the desigr¥® “%L A crosssection of a conventional honeycomb structure iswhdn figure 3. The
geometrical dimensions and the mechanical properties of the honeycomb structure are dep@emdent
the angle’ and the cell rib length ratio H#. Jiang et al. (2019) showed that the bigger the ahgle
the higher the critical stralff!. Therefore, 4% the biggest angle that was usedthis study gavethe

best results and was used in the desighe studies of Gibson et al. (1982), Kolken et al. (2017) and
Jiang et al(2019) showed that the bigger the cell rib length ratio h/l, the higher the critical §ftdin

421 To get the exact dimensions of the cell ribs, we looked at the maogiwall properties of trabecular
bone. It was mentioned that osteoblasts need a pore size of at leagui®a0 survive!® 43l

Figure3. Crosssection view of a honeycomb structure.



In the end all specimens used in this experiment should have the same dimensions. This means
that every design was based on a unit cell with the same width and heajbes Using these
geometricalparametersh and | were determined anithe specimerwashbuilt in SolidWorks (Dassault
SystemesyélizyVillacoublay, Frate). The strut thickness of the unit cell was calculated to retrieve a
porosity of 75%, resulting in a strut thickne@3 of 65.1um (equations 14; absolute density = 290
1 E'Yo). Theexactdimensionsof the unit cellcan be found in figure Aand table 2 Theconventional
bone-mimicking scaffold (fwas made of a 6x6x3 cell arraig(fre 48B).

@E & OIGE BN & QA O Q EQND QM V@O [1]
wé & 0EBENAR & & “« - 72570y 2]
DE A oI GQAQE  mE & 6EIORIEY 2 0 3]
Géi éi Q0 pmTP [4]

(A)

00651

0.60

Figure4. (A) Design of the conventional unit cell with its dimensions in nBnDEesign o5, which is made
of a 6x6x3 cell array; measures 1.272x1.272x1.8 mm.

2.11.2 Auxetic metdiomaterial
Auxeticmeta-biomaterials have anegatite2 A 8 3 2 Y Q& NEBnadwh &ufeticlugitRell is thex&

entrant hexagonal honeycorfid. Typical for ae-entrant hexagonahoneycomb structure is that the
ribs are directed inwards (figure)** 4! Its mechanical propertiesre dependent on thangle’ and

the cell rib length ratio h/l.
s
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Figure5. Crosssection view of reentrant hexagonahoneycomb unit cell.
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With the parametersh, | and® (table 2) the specimenwas built in SolidWorksThe reguired
porosity of 75%ed to a strut thicknessof 42.37 um which can be found in figure 6A including all
dimensionf the unit cell Theauxetic bonemimicking scaffold (/) wasmade from a 6x6x3 cell array
andis shownin figure .

(B)

/0,04237

0,60

Figure6. (A) Design of theuxeticunit cell with its dimensions in mmB) Design ofp, which is made of a
6x6x3 cell array. Thi& measures 1.272x1.272x1.8 mm.

2.11.3 Hybridmeta-biomaterial
The hybrid metebiomaterial is a combin&n of the aforementioned conventional and auxetic unit
cells. The crossectional view of this combination is shown in figurandwas also dependent on the
angle’ and the cell rib length ratio/h

With the parameters h, | and (table 2),the unit ell and specimenwere built in SolidWorksWith
a strut thickness of 43.1m, a porosity of 75% could be achievad is showrin figure 8\. Thehybrid
bone-mimingscaffold(H,) wasmadeof 6x3x3 aray andcan be found in figureB

Figure?. Crosssection view from the hybrid unit cell.



(A)

0,60/ 0,04367

Figure8. (A) Design of the hybrid unit cell with itBmensions in mm.B) Design oH,, which is made of a
6x3x3 cell array. Thig measures 1.272x1.272>8.mm.

Table 2 gives an overview of all dimensions of the abovementiangdells

Table2. Dimensions of the conventional, auxetic and hybrid unit cells.

Unit cell Gonventional Auxetic Hybrid
Total height (1m) 600 600 600
Porosity (%) 75 75 75
Absolute density { 3.;) | 290 290 290
K] 45 45 45

h/l 1.4 2.7 2

h (um) 210 410 300

[ (um) 150 150 150
Strut thickness |im) 65.1 42.37 43.67

2.1.2 Micrescale scaffolds

A second experiment is included to explore whether ME3T3E1 preosteoblasic cells are able to
recognize thespecimento which they are exposed his experinment included six differenspecimens
at micro-scale. The dimensions of sflecimeswereidentical(127.2x127.2x18QAm), being ten times
smaller ttan thespecimers usedin the previousexperiment Thespecimers were againdesigned in
SolidWorks and manufactured aticro-scale,consequently, these micrscale scaffoldeave almost
the same size as tHdC3T3E1 preosteoblasic celld?.

Three of the designs were similar to the designs used in the first experimgngmaller The
mechanical properties ofhe aforementioned hybrid unit cell formed the basis for tf@lowing
designs. A conventional and an auxetic unit cell were created, making suresfiecimers will
eventually mimic thestiffnessof the hybridmeta-biomaterial(meta-s-biomaterial) Theirstiffnesswas
calculated in a finite element (FE) model, ahdir strut thicknesswvas determined. The unit cells
shown infigure 9 were again repeated to form a 6x6x3 cell array. The porosity cdppleeimers were
defined as the ratio of thgolume ofeachspecimerto the theoretical volume of a corresponding solid
specimen équations1-4) and resulted ir78.1%porosityfor the conventional metas-biomaterial(G)
and64.1%porosityfor the auxetic metas-biomaterial(As).

10



(B)

60 /587

Figure 9. (A) Design of the conventional unit cell with a strut thickness of 5.67 BpD¢sign of the auxetic
unit cell with a strut thickness of 5.87 pm. The dimensions in the figure are in um.

Thefinal designhasa zero Poissd®@ &  Bdd Wilkfihction as a control group. This control group
was required since it may be difficult for osteoblasts to attach tosiimallspecimensand we want to
knowg KSGKSNJ 6KAa Aa RdzS (2 (KS yQaiRksyomawd KA2 © ¢
made of cuboid unit cells (figure 10) and repeated to form a 6x6x3 cell array. The porosity was
calculated with equation&-4 and resulted irB9%porosityfor the cuboid metas-biomaterial (CBH.

A - “ (B)

15

/391

60
30

Figurel0. (A) Design of the cuboid unit cell with a strut thickness of 3.91 um. The dimensions in this figure
are in um. B) Design oCB, which is made of a 6x6x3 cell array. Tismeasures 127.2x127.2x180 um.

The micresale scaffoldsare divided intotwo categories. The first categogpntainsspecimers
with the same porositymicro-p-scalescaffold and will include the downscalespecimendrom the
first experiment: ¢ A, and H. The second categocpntainsspecimensvith the same stiffnesgnicro-
s-scalescaffold3 and will include: €A, H and CB where His the samespecimenas H but is
comparedsolelyto micro-s-scale scaffoldsAn overview of all the dimensions of tiaovementioned
unit cellsof the micrescale scaffolds shown in tablé.
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Table3. Dimensions of the micrscale unit cells.

Micro-p-scale Micro-s-scale
Unit cell Conventional | Auxetic Hybrid Conventional| Auxetic | Cuboid
Total height 60 60 60 60 60 60
(Hm)
Porosity (%) 75.0 75.0 75.0 78.1 64.1 89.0
Absolute density 290 290 290 260 420 200
30
K¢ 45 45 45 45 45 0
h/l 1.4 2.7 2.0 14 2.7 2.9
h (um) 21 41 30 21 41 30
[ (um) 15 15 15 15 15 10.5
Strut thickness | 6.51 4.24 4.37 5.67 5.87 3.91
(um)

2.2 Fabrication

All designs of thepecimers were fabricated with an additive manufacturing (AM) technique called
direct laser writing. Due to the smaltale designs of thepecimers, the Photonic Professional GT
machine (Nanoscribe, Germany) was used. It uses gtwton polymerization (2PP) techniquédnere

two photons are absorbed by a photosensitive material (photoresist), which leads to
photopolymerization. The photopolymerization starts at the substrate whide bottom of the
specimenis formed. Once a single layer is completdae microscopic -drive for the mesoscale
structures, and the piezo stage ftite microscalestructures,lowerswhile the photopolymerization

still occursat its original Zposition This continues until thepecimeris formed*.

EachCADdesign was imported into the printing preparation software Describe (Nanoscribe,
Germany), iwhich the print job could be prepared by slicifiigne-mimicking scaffold: 2; micrscale
scaffold: 1)and hatchingboth: 0.5)the specimen The resulting job file was imported in the Photonic
Professional GT machine (Nanoscribe, Germany) and the maaiihmaterial were prepared.

The microscope objective 25x (numerical aperture [NA] = B.8gcommended for mesoscale
structures. This microscope objectivequiresa droplet of photoresist (HS, Nanoscribe, Germany)
andan ITGcoated glass substrat&l@noscribe, Germany) in a DiLL writing mtaprint (figure 11)#7":

48l The micrescale scaffoldsvere alsobuilt using thiscombinafon to enable the comparison of the
results(table 4) Next, thespecimenhas to be developed bymmersingthe specimenin propylene
glycol monomethyl ether acetate (PGMEBigmaAldrich, Germanyfor 25 mintes, followed by 5
minutes ofrinsing withisopropy! alcohol (IPASigmaAldrich, Germanyin an air safety cabinétl.

| /<« ITO glass
. .
A < IP-Sresin
Two-photon polymerization
Dill configuration

<« 25xObjectiw lens

Figure 11. Two-photon polymerizationprocess with ITO glass,-8resin and 25&bjective lens inDiLL
configuration ofthe Photonic Professional GT machine (Nanoscfisemany$?.
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Table4. Printer settings usetb fabricatethe specimers of both experiments.

Bone-mimicking scaffolds Micro-scale scaffolds
Scan speed! ") 50000 50000
Laser power (%) 50 70
Interface position (t1m) 1 1

2.3 Morphological characterization

The morphologicaparametersof the manufacturedspecimers were characterized using the VHX
6000microscopeg(Keyence, Osaka, Japamhe strut thickness of eachpecimenwvas measured at ten

different places and the mean was taken. With equatit® RS&AONAR O SR Ay méakS LI NI
manufacturedporosity of allspecimeswas calculated.

2.4 Mechanical characterization

The mechanical properties of tlepecimers are dependent on thie smallscale architecture and the
bulk material“® %1l Thematerial properties wereretrieved witha mechanicatompression tes. The
results of this mechanicabmpressiontest were used in a FE model to obtain the proper bulk material
properties. Thereafter, these material properties mwaised to calculate the mechaniqzdrameters

for all specimes used in this study.

2.4.1 Mechanical testing

Themechanicatompressiortest was performedvith four hybrid bonemimicking scaffoldbased on

ISO 13314:201% %3 Eachspecimernwas placed between the compression plates of the mechanical
compressiontesting machine LLOYD LR3Hoyd Instuments United Kingdom (figure 12).
Comparable to test parameters used in the studies of Linde et al. (1991) and Keaveny et al. (1994)
(constant deformation rate of 0.05 mm/s for a 5x5x5 mm specimen; constant deformation rate of 0.04
mm/s for a specimenvith a diameter of 6 mm and a lengtlf 8 mm, respectively) the mechanical
compression test was performed with a constant deformation rate of 0.025 mm/s for a
1.272x1.272x1.8 mm specimemtil + 40% strain was reach&t%%l The samples were tested with a

5N loadcell, and the displacement and force were registered.

Figurel2 The LLOYD LR5K testing machine. The specimen was placed between the compression plates. The
top platecompresgd thespecimenuntil a 40% strain was measured.

With the results of the mechanicabmpressiorest, a stressstrain curve could be made. Tleisrve
showed whe the first layer of the structure failed ara@peak force was reached. The strat) as
calculated usinghe displacement and the initial height of tlepecimen(equation5s), the stress ()
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was calcudted usingthe force and the area on which this feravas appliedequation6), and te

. 2 dzy 3 Q& i.¥ stikmdxfsiyaf thémeta-biomaterialcould then be calculated using the slope of
the linear region of the stresstrain curve (equatio?)®®. Thestiffnessof the specimerwas used to
calculatethe bulk material propertiet a firite element(FEmodel

R S [5]
£ 00 & (6]
000 d - [7]

2.4.2 Finite Element Modeling
Totranslate theresults of the mechanical compression testhe material properties, a FE model was
used. This FE model is a computational mot®f simulates the compression test. The 2 dzy 3 Qa
modulus of thebulk material vasadjusted until thestiffnessof the specimenn the FE modehimicked
the stiffnessof the specimemmeasured in thanechanicatompression tests.

The computational model was made in Abaqus (Dassault Syst¥d@lessVillacoublay, FrangeTo
mimic the physical test, the geometry of tpecimenwas imported from SolidWorks. Tlspecimen
gl a FaadzySR (2 o0SKIFI@S ta Iy Aaz2GNRLANOF Sf2dniaA®a Y
modulus yet to be determinétf. Thespecimernwas meshed in 411980 quadratic tetrahedral elements
of type C3D10 witlanapproximate global sizef 0.1. Due to the complexity of trepecimen a bigger
mesh was not possible. Two reference points (RPs) were added, one above and one below the
specimen(figure 13). The top of thespecimenwas connected to the top RP, and the bottom of the
specimenwasconnected to the lower RP, both by a coupling constraint. A job with the static general
step including the displacement/rotation boundary conditions of both R 16.7% strain was
reached (table 5) was submitted. With the resulting reaction force arlde accompanying
displacement, thestiffnessof the specimenwasO f Odzf F G SR® . & &deadSYlFaaol -
modulus of the bulk material, and calculatithg stiffnessof thespecimentheactual, 2 dzy 3 Qa Y 2 Rdzf «
of the bulk material could be deterimed. This could then be implementada FE moddb determine
the stiffness and Poiss@ratiofor all specimers.

Figurel3. Overview of the FE model withy/Hs. The boundary conditions of the compression test are shown
at the RPs.
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Table5. Displaement/rotation boundary conditions of the RPs for the compressionuast 16.7% strain

RP top | RPbottom

Ul 0 0
U2 -0.2 0
U3 0 0
UR1L O 0
UR2 O 0
UR3 O 0

Besides the RPs, a set of nodes was composed to measure the widthspietienen(red ts in
figure 14). Before the job was submitted, the width of tlspecimenwasidentified by the distance
between the red dots (initial width). Together with the width of thgecimenafter compression, the
t2A43a2yQa NI GA2 600 sBandd 0O f Odzf I G SR dzaAy3a Sljdzr A2

Figureld. Overview of the FE model bif/Hsincluding the mesh. The red dots show the measurement points

R (8]
0 — (9]

¢CKA&d C9 Y2RSt gl a | taz2 dzaS Rtiolree RRSanEMAHMES of 1 KS €
the coupling constraints were relocated to each side of specimen whereas the measurement
points were relocated to the top and bottom of trepecimen A last, the displacement/rotation
boundary condition was altered ta displacement irthe x-direction. Using equations 8 and 9, by
Fft GSNAYy3I GKS ¢gAROK (2 KSAIKEG Ol tdzSas GKS fFG§SNT €

2.5Biological characterization

After manufacturinghe specimersandobtainingtheir mechanical and morphologigarameters the
scaffold cell interactiorand cell functiorcan be exploredby several staining and imaging technigues
(table 6).

Before the start of the experiments, abecimers were sterilized with the classic autoclave
machine (Prestige Medical, NewrkoUnited States) to make sure they were not contamin&ted he
cells were cultured in a mixture of alpha minimal essential medil#h,penicillirstreptomycin and
10% fetal bovine serumt MEM) (Thermo Fishéty. Allspecimers were exposedo a cell culture of
pre-osteoblasts (MC3TFB1). This cell line is used because the-gmeoblasts differentiate to
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osteoblass after adding the growth factors ascorbic acid (1:1000) and-gbtzerol phosphate (1:500)
(SigmaAldrich)®°l. Osteoblasts are the cells thedntribute to bone formation and we are interested
to seehow these cells respond on specinsnith negative, zer@r positvet 2 A 3 a2y Qa NI (A 2

Table6. Overview of the performed imaging and staining techniques at each evaluation day.

Bone-mimicking scaffolds

Day 1 3 7 11 14 21
SEM X X X
Presto Blue X X X X X

Metabolic activity

Alizarin Red S X

Mineralization

Micro-scale scaffolds

Day 3 7
SEM X X
Actin X X
Cell oytoskeleton

Runx2 X

Celldifferentiation

2.41 Bonemimicking scaffolds

The experimentusingthe bonemimicking scaffold$ncluded the staining and imaging techniques
shown in table6 andwas performed twice, at different time pointso ensure the reliability of the
results For each experimensix bone-mimicking scaffolds of each design were detached from their
substrate, sterilized and placed into a-24Il plate. The bonenimickingscaffolds were cultured in
500l "MEM with 450.000 MC3TBL1 cells for a total of 21 days. A contyodupof 20.000MC3T3E1
cellswithonyr a9a 61 & Ay Of dzR S Rsréspondvith@uvasgednien Thewell pud f
was then incubated (37C, 5% C£)to imitate the temperature othe humanbody. Every two days,
the medium was refreshed with 5Q0 differentiation medum ¢ MEM mixed with ascorbic acid and
beta-glycerotphosphate)To evalude the results, he cell interaction and cell function weexplored.

2.4.1.1 Cell interaction

The morphology of the cells on the surface of the bomenicking scaffoldsvasimaged with the
scanning electron microscope (SEM) (ISMOLA, JEOL, Tokyo, Jap&@BM imaging requires
preparation of fixing the cells lwashing the cells twice with PBS (Thermo Fisher), fixing for 15 minutes
with 4%formaldehyde (Sigmaldrich) and washig twice with PB$he samples were dried by washing
two times for5 minutes with distilled water, 15 minutes with 50% ethanol, 20 minutes with 70%
ethanol and 20 minutes with 96% ethanol, followed by two hours air dry.speeimers were gold
sputtered (Ato Fine Coater, JEOL JE3D0, Japan) and observed with the SEM at an accelerating
voltage of 15 kMimageswere takenon days 3, 14 and day 21 from the top and with a’ahgleview.

The cell interaction can also be visualized by actin staining. Tmigt@rocedure is described in
the part micrescale scaffolds, as for now, itasly performed to explore its added value towards SEM
imaging.

To gain insight to the cell interaction, themetabolic activity of the viable ceNgere evaluatedon
days 1, 3,7, 11 and 1BY. Thespecimers were transferredto a new 24well plate to make sure that
only the metabolic activity of the cells that were attached to #pecimenwasmeasured anahot the
metabolic activityof cells that were on the bottom of the well plate the ones that werdloating
around A 500ul mixture ofr MEM and Presto Blue (10%) (Thermo Fisher)pi@etted in two empty
wells and added tohe specimers, followed by a onehour incubation at 37C. After one hour, 100!
of the medium of each well was pipetted into a-@@ll plae, while the remaining mediumvas
refreshed and the 24vell plate including thespecimers, was put back in the incubator. The
fluorescence (5395 nm) of the 9@vell plate was measured with a Viktor X3 microplate reader

16



(PerkinElmer, Groningen, Nethert#s)*°.. The results of théluorescencenf the mediumwith the cells
were reducedby the mean results of th8uorescence of the medium without theells Finally to
enable the comparison of the resultall results were normalized over the surface aafaeach
specimen

2.4.1.2 Cell function

The cell function of mineralization waseasurel with an alizarin red S (ARS) staining (Sigidaich)
which highlights the formed calciumon the specime®. Since alcium is only produced by
osteoblasts that are at least Idays old the mineralizatiorwas measuredon day 213, After fixing
the cells, the staining was performed by adding a 2% ARS solution (pHircdildgingin the dark at
room temperature for 8 minutes and waslngeight times with distilled waté¥*. This procedurgave
the calciumared colorandimagesof the top and bottonwere madewith the VHX6000 microscope
with a magnification of 300.

2.4.12.1Image analysis

Theimagesof the ARS staininfjom each specimen (n=4yere quantified with ImageJ (opesource
image analysis software, http://rsb.info.nih.gov/ij/index.htfl} The meargrey valuewas measured
and normalized wer the surfaceareaof each specimenFinally,a bar graph was madiom these
results

2.4.2 Micrescale scaffolds

The second experiment was designed for the mirale scaffolds and should mimic the experiment
of the bonemimicking scaffolds. Howevehe fact thatthe size of the micrscale scaffolglis almost
identicalto the size ofthe pre-osteoblastsensures that e cells will cover this micrscale scaffold
faster than the bonamimicking scaffoldConsegently, the cell culture will last for only 7 dagsdwe
cannot perform the exact same procedures. We performed SEM imagidgy 3 andon the last day

of the experiment, day 7. The fact that the miegcale scaffolds are attached to their substratakes

that the metabolic activity of the cellsamot be measured accuratelywe dther measure too many
cells or we destroy the matil. So, hstead ofmeasuring the cell interaction by the metabolic activity
with presto blue, we chose taneasure the cell interaction by the spreading and morphology of the
cells withan actin staining. Thiactin staining shows the cytoskeletand nudeusof the cells ands
measured at different points time. Finally, he cellfunction ofmineralization withARS stainingan
alsonot be appliedon these scaffolds, since the duration of this experiment (7 days) is too short for
mineralization to occt®®. Another test that can show theel functionis the Runx2stainingwhich
identifies thecellsthat are differentiated from preosteoblasts to osteoblads.

The experimentfor the microscale scaffoldsncludngthe staining and imaging techniquesich are
shown in table6, was performed three times, at different time points ensure the reliability of the
results For eab experiment, fourspecimers of each micrescale scaffold were sterilized and placed
into four 6-well plates. Thespecimensvere cultured in 2 mt MEM with 50.000 MC3TFB1 cells for a
total of 7 days. The weplate was then incubated (3T, 5% C£)to imitate the temperature of the
humanbody. Every 2 days, the medium was refreshed with @l0@ifferentiation medium {MEM
mixed with ascorbic acid and taeglycerotphosphate).

2.4.2.1. Cell interaction

To show themorphology of the cells on the surface of the micale scaffolds, SEM images were
takenon days 3 and 7. Thespecimensvere prepared according to the procedure mentioned above
and imageswere taken from the top and a 4&ngleview.

An actin staining W, with a fluorescence microscopkighlightthe cytoskeletorand nucleusof a
cell. By evaluating the cytoskeleton days 3 and 7, the attachment and spreading of the osteoblasts
on thespecinenswill be obtainedand by evaluating the nuclews days3 and 7, unusual cell division
could be obtainel§®. The actin staining requires preparationfodng the cells, followed witlstaining
by permeabilizing the cells with 0.5% Triton/PBS (Sigtdeich) for 5 minutes at'€, followed bys
minutes in 1% BSRBS at 3T, one hour at 3T in a mixture of 1% B3I?3S and Rhodomine
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Phalloidine (1:100)0 highlight the cytoskeletonfollowed bywashing three times fob minutes at
room temperature with 0.5% Tween/PBS (Sigitdrich) one hour at room temperature ia mixture

of 1% BSA/PBS and DAPI (1:1000) to highlig nucleus, and washing three times ®minutes at
room temperature with 0.5% Tween/PBBhe staining was captured using the ZOE Fluorescent Cell
Imager (BieRad, Hercules, CA). Tineageswere talen from the top layer oach specimermandwere
analyBR |4 RSaONX 0 SR elbyr grapsiowetShatlthg highér éha @ddirbensityKof
the actin staining, the lower the grey value.

2.4.2.2. Cell function

At last, thefunction of the cells wasvaluated by a Runx2 stainiran day 7 thatidentifies the
differentiation of the cell§”. Therefore, the cells were fixed and the isitag was performed by
permeabilizing the cells with 0.5% Triton/PBS for 5 minutes’@t #llowed by5 minutes in 1%
BSA/PBS at 3Z, one hour at 3T in a mixture of 1% BSA/PBS and Runx2 primanjqudy@ntibody
(1:250), washing three times f&minutes at room temperature with 0.5% Tween/PBS, one hour at
37C in a mixture of 1% BSA/PBS and secondary antibody Alexa Fluor 488 (1:200) and washing three
times for5 minutes at room temperature with 0% Tween/PBS he staining was captureat the top

layer ofeachspecimerusing the ZOE Fluorescent Cell Imager.

2.6 Statistical analysis

The first statistical analysis was performed to test the reliability of the experiment. Each experiment
was performed multiple times, from which the results werevaluated to identifysignificant
differencesbetween the results measured at differetitne points. Ideally, no differenceare found

and all results of the same experiment candmnbined The statistical anadys was performed using
SPSS (IBM Statistics, New York, United States)theitindependent variable théime point of the
measurement and the dependent variable the grey value or metabolic activity. At first, a Shapiro

2 Af1Qa 0S4l ¢ athedBddmd/NMMNIYR {2 RASAGINAO6dzGSR 6L B nd
test to check if the homogeneity of variance could be assumed)p3). If both tests succeeded, an
independent ttest for the bonemimicking scaffolds, and the oneay ANOVA test fahe microscale
scaffolds was performedf one of these assumptions was not met, we referred to Jaccard (#898)
According to this study, an independenrteist or oneway ANOVA cariils be performed if the sample
sizes are equal and the ratio of the largest group variance to the smallest groapoeis less than
threel®, A significant diffeence was obtained by p < 0.05. When the data did not meet the
assumptions nor the rules by Jaccard (1998), the-pamametric ManAWhitney test instead of the
independent ttest, and the Krskal-Wallis test instead of the oray ANOVA teswas performed®!,

All quantitative results were evaluated tdentify significant differences between thepecimers.

The statistical analysis &g performed for three differentbone-mimicking scaffolds, three different
micro-p-scale scaffolds and four different miesescale scaffoldsEach evaluation day was tested
separately, the independent variable was the desigspefcimenand the dependent variable was the
grey valueor metabolic activity.The data wadested on normal distributon and homogeneity of
variance if both tests succeeded, a orveay ANOVA test waepgormed. If one of these assumptions
was not met, we referredgainto Jaccard (19985. A sgnificart differencewasobtained byp < 0.05.

If a significant difrence was obtained, a Bonferroni post hoc test was executedxfain the
differences When the data did not meet the assumptions nor thies by Jaccard (1998), the non
parametric Krekal-Wallis test was performd®!. Significance was again assumed at p < 0.05. If a
significant difference was obtaad, a ManAwWhitney test with Bonferroni post hoc test was executed
to show which designs differed from one another.

Besides the onavay ANDVA or norparametric Krekal-Wallis test, a regression analysis was
performed for the micrescale scaffolds that @e normally distributed and showed homogeneity of
variancé®®. The dependent variable was tlygey value and asindependent variablgswe usedthe
parameterst 2 A & & 2 ys(iféiesshidd gbrogty. This analysis showed how mudtthe variance of
the resultscould be explained by the variance of the parametdtsalso tells us whichbarameter
influencesthe results the most.
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3. Results

The research was performed according to the aforementioned methods and materials. At first, all
results regarding the bonmimicking scaffolds are described, followedddyresultsregardingthe
micro-scale scaffolds.

3.1 Bonemimicking scaffolds

3.1.1Morphologicakcharacterization

The manufactured boneiimicking scaffolds are shown in figurd and appendix 7.1.The method
used to print thesespecimers influences the morphological properties. Thenmanufactured
morphological properties of thepecimers are shownin table 7. The manufactred porosity of the
specimersis lower than the designed porosify5%). Nevertheless, the porosity still withinthe limits
of 50-90%required forthe bone to be trabecular.

A Hp

Figurel5. Printedbone-mimicking scaffolds wher&y shows & (B) showsA, and O shows i

Table7. Porosity (%) of the bormimicking scaffolds with their standaradation (std).

Specimen Designedporosity | Mean manufactured Manufacturedporosity
porosity std.

G 75 74.1 1.0

A 75 73.3 2.6

Ho 75 71.9 2.9

3.1.2 Mechanicatharacterization
The material properties were obtained by a mechanical testfrBim which thetest resuls were
used to create atressstrain curve This curveshowed where the first layer of the structure failed
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