—— o v =%

I W e 2
UNIVERSITEIT ) =

GENT FACULTY OF SCIENCES

Department of Organic Chemistry
Polymer Chemistry and Biomaterials Research group

Tunable Hydrogel-Polyester Combination
Scaffolds for Tissue Engineering Purposes

Thesis submitted to obtain
the degree of Master of Science in Chemistry by

Jasper VAN HOORICK
Academic year 2013 - 2014

Promoter: prof. dr. Peter Dubruel
Copromoter/Supervisor: prof. dr. Sandra Van Vlierberghe



CONFIDENTIAL — DO NOT COPY, DISTRIBUTE OR MAKE PUBLIC IN ANY WAY: This
document may contain confidential information proprietary to the Universiteit Gent. It is
therefore strictly forbidden to publish, cite or make public in any way this document or any part
thereof without the express written permission by the Universiteit Gent. Under no circumstance
this document may be communicated to or put at the disposal of third parties; photocopying or
duplicating it in any other way is strictly prohibited. Disregarding the confidential nature of this
document may cause irremediable damage to the Universiteit Gent.



“None but those who have experienced them can conceive of the
enticements of science. In other studies you go as far as others
have gone before you, and there is nothing more to know; but in
a scientific pursuit there is continual food for discovery and
wonder.”(Frankenstein-Mary Shelley 1818)






Acknowledgement

First of all, I would like to thank professor Dubruel, not only for giving me the opportunity to
perform a Master thesis in the PBM group, but also for peaking my interest towards the field of
tissue engineering through the course “polymers for Bio-related applications”.

Secondly, I would like to thank Sandra as she has proven to be an excellent supervisor for several
reasons. Due to her ever so contagious enthousiasm, scientific creativity and optimistic nature
even the lesser days when everything in the lab seemed to fail where quickly turned around. In
addition, | would like to thank her for the given trust and support which resulted in the
opportunity to contribute to a book chapter, present a poster contribution at the BPG and the
submission of an abstract for the upcoming ESB conference. Also, she deserves my utmost
gratitude for all the time and effort put in the reading of my thesis along with her 24/7 availability
for feedback and advice.

Also | would like to thank professor Aleksandr Ovsianikov, professor Oskar Hoffmann, Marica
Markovic and Tristan Fowler for the work concerning the combination of the cell-encapsulating
gel-MOD solutions with the PLA scaffolds and the accompanying cell work.

Furthermore, special gratitude goes towards Lara, Ine, Sandra and Karolina for being running
partners which not only resulted in the application of the greek principle “mens sana in corpore
sano” but also granted the opportunity to discuss both scientific and non-scientific matters in a
relaxing atmosphere while staying in shape.

Also, 1 would like to express my thanks to my lab partners Els, Diana and Birgit, for their
guidance and help in finding my way around the lab and the occasional laughs. In addition, I am
very grateful towards Diana and Els for often working late, which granted me the opportunity to
finish my experiments in a nice collegial atmosphere while respecting the lab safety guidelines.

Furthermore, Annemie is subject to my appreciation for often partaking in scientific discussions
which often resulted in tackling of certain faced challenges. And in addition for sharing her
experiences towards working with hydrogel materials.

Also the other thesis students Niels, Niels, Dries, Bart and Stephanie deserve my gratitude for
sharing the experience of a master thesis and the exchange of sometimes valuable thoughts and
information. The same remark goes to everybody else in the group, but especially to Veerle
Boterberg who was always there for anyone needing technical support, or help in operating the
different devices present in the lab. In addition, I would like to thank the thesis students from
several other groups including Silke, Daan, and Maxime, Jente as well as Benjamin for the
companionship and animation during the lunch breaks.

I am also much obliged to Theo Buys of the central workplace for the help in the process of 3D
printing, without him, I wouldn’t have succeeded in the successful printing of 3D porous
scaffolds.

I would like to thank my friends and family for supporting me, and especially my significant
other Laura. For she was always there to cheer me up and support me during the most stressful
times, not only during the thesis but during my complete master years.



Unfortunately, to sufficiently express my gratitude to everyone who deserves it, | would have to
write an additional thesis consisting solely of an acknowledgement, so in conclusion | would like
to express my gratitude to all the members from the group, for their hospitality and kindness. And
I sincerely hope that this year will be the start of successful future cooperations.

Thank you very much for everything PBM,




Table of contents

Yol o1V 1=To F=d<T o a Y=Y o ST 0
L. INEFOTUCTION <.ttt b et bbbt b et eeb ettt b et eas 1
1.1 ProbIem StAIEMENT ......c.ooueirieiirieit ettt 1
1.2 Spinal anatomy and PathOPNYSIOIO0Y ......c..cveeririririneeee e 1
1.2.1 Anatomy of the intervertebral diSCS...........ovriiiriririe e 1
1.2.2 Pathophysiology of the intervertebral diSC..........coevveriiieiiiiececeeeee e 3
1.3 Conventional CliNICal tNEFAPIES ........cvecviereeieiieeee ettt s re e be e e e e e sraeanenes 4
1.4 Tissue engineering trEALMENTS ..........ccveviieieieiiieeerte st ete e ee e e e e e tesaeestesreesesteersessesraensesseessessesseensenees 5
1.4.1 Nucleus PUlPOSUS FEPIACEMENT .......cc.eiueieiieiirtietertestestet ettt sttt sb et et se e eneas 6
1.4.2 ANNUIUS TIDIrOSUS FEGENETALION......c..evteeeuieiieiirtieterte sttt ettt et sttt ettt sbe b be s e e e e eneas 8
1.4.3 Complete intervertebral diSC regeNEratioN..........coiveririerieieirieeesesereee et 9
1.5 Overview of applied MAtErialS..........cueiieieiiiieiec ettt et s aesreeraenne s 10
1.5.1 Hydrogel-based MAterialS...........ccueviiiriecieiieeesie ettt sttt et ste e et sraenaesreennenras 10
1.5.1.1 Physically cross-linked NYArogels .........c.ooueeieiiiieicecece et 11
1.5.1.2 Chemically crosslinked NYArogels..........coeveverirenieieieeeesereseee et 12
1.5.1.3 Crosslinking strategies for gelatin B ...........ccoevirererieiiieineseseeee e 13
1.5.1.4 Hydrogel appliCALIONS. .......cecverieeieriieieie et te ettt s ae st e e see e s e neeseensesseenaenees 15
1.5.2 Polyester-based MaterialS .........ccceviiieiiiicieeceeee ettt st re b be e eras 16
1.5.2.1 OVEIVIEW OF POIYESIEN TYPES ...cveeeeeiieteetesteeteste ettt ettt et sttt beste e e beeaeebesbeenneneas 16
1.5.2.2 Overview of polyester appliCationS ..........ceccveiiieiiiieeeee et 17

GRS Tor= 1 (0] (o o [=AV=] [o] o] 1] o RS TRSSRN 17
1.6.1 Solid Freeform FabriCatioN............coeciiiiiiiiieiiiiereece e 18
1.6.2 Cryogel formation: An iNtrOQUCTION ........ccveieiicieeseeeres ettt nes 20
1.7 IMIASTEr TNESIS ODJECTIVES.....eiitictietecte ettt ettt te ettt et e be et e sbeebeesbesteesaebesasasbessaensesteessensens 21
2. RESUILS 8NU DISCUSSION .......evitititerteieiet ettt ettt b s b e bt b e bt eb e se e bt ne e e e ene e 23
2.1 Synthesis and Characterization of Gelatin Derivatives as Hydrogel Building Blocks...................... 23
2.1.1 Development and Characterization of Methacrylamide-modified Gelatin (Gel-MOD)............. 23

2.1.2 Development and Characterization of Methacrylate-modified Gel-MOD (Gel-MOD-AEMA) 25

2.1.3 Development and Characterization of Photo-Reversible Gelatin (Gel-Coumarin).................... 27
2.1.4 Characterization of the physical gelation behavior of the gelatin hydrogel precursors.............. 29
2.2 Development and characterization of UV-crosslinked gelatin hydrogel films...........ccccoeeevvnienne. 31
2.2.3 Determination of the gel fraction of the crosslinked hydrogel films.........cccoceevvevivieeceniceeee 32
2.2.4 Determination of the swelling degree of the hydrogel films .........ccoooveiieveiiiece e, 33
2.2.5 Determination of the crosslink density using HR-MAS *H-NMR Spectroscopy ...................... 34

2.2.6 Rheological evaluation of gelatin-based hydrogel films ..........ccccooeieiiiieienire e 36



2.2.7 Evaluation of the biocompatibility of the hydrogel films...........cccooieoiiieieni e 39

2.2.8 Conclusions and fULUIe PEISPECLIVES ......eccvivieeieirieeetesteete sttt r et e resre e e besae e 41

2.3 Production of poly-lactic acid scaffolds using fused deposition modelling ...........ccccceeveveveneennnne. 42
2.3.1 Overview of printing parameters for fused deposition modelling..........ccceceeveverininencncinnne. 43
2.3.3 Generation of a 3D model for scaffold Printing ........ccccceeeeerireneneeeeeeee e 44
2.3.4 Characterization of the Printed SCaffolds...........ooeveiiirininirece e 45

2.4 Development of Poly Lactic Acid-Hydrogel Combination Scaffolds..........ccccceevvveeveiicceneieeenne, 51
2.4.1 Development of PLA-cryogel combination scaffolds..........cceovevivieveiieceiiceee e, 51
2.4.2 Combination of PLA scaffolds with cell-encapsulated gel-MOD solution.............cccceeveueennee. 56
2.4.3 Conclusions and fUtUIE PEISPECTIVES .......cceieruirierierieieieeet ettt sttt 60

3. General conclusions and fULUre PEISPECTIVES.........coeriruerieieieirieeie sttt 61
Addendum A (Introduction): Tables and additional information............ccccoeoveeeeveniecenencece e 63
AT TADIES ..ttt h bbbttt 63
ALTTOVEIVIBWS ..ottt h et bbbt b bttt b ettt e b et enes 74
A.11.1 Overview of available CEll SOUICES ........c.ooueuirieiriiiricccee e 74
A.11.2 Future developments and PErSPECLIVES .......cc.coveveieireririenierieieeeeet ettt sbe e eaeas 75
A.I1.3 Orbital symmetry required to enable suprafacial [2n + 21t]-cycloaddition of two alkenes....... 76
A4 Two-Photon polymerization (2PP) .......cceceeeeriieeeierieeeesie st ie e seeae e eee e ee e s sesressnense s 76
Addendum B: List 0f ADDIEVIALIONS ........ccveuiiriiiiiieieeee et 79
Addendum C: Materials and MENOGS. ........c.couruiieiiriiiieeieeee e 82
CLlIMIBEETTAIS ...ttt b et bt b ettt b ettt b et b et b e 82
Cll MEENOGS. ..ttt sttt ettt b e 83
C.111 Overview Of SYNthesis MEtNOUS ........cccverieieriiiieecee et s nras 87
C.HIL1 Methacrylation of gElatin B ........ccoeiiiiieeieceee ettt st s 87
C.11.2 Synthesis 0f gel-MOD-AEMA ...ttt st st a et sae e 87
C.111.3 Synthesis of 7-(2,3-epOXYPrOPOXY)COUMAIIN .....ccueeruireieiereereeeneesieeeesteeeeseesseesseseeeneessesneensenne 87
C.11.4 Synthesis Of gel-COUMANIN .......cceecieiiiiieieceeere ettt sre e e b e sre e e e 88
C.H1L5 BUFfEr COMPOSITION ....c.eeeiieeieiecieeteste sttt sttt s et e s re e s e sreesaensessnensenes 88
C.111.6 Production of 2D hydrogel films via film Casting...........cccocvvveevineevenieceseceese e 89
C.111.7 Generation of PLA-cryogel combination scaffolds ...........ccooeerieieienieieeee e 89
C.IV. In Vitro bioComMPatiDIlITY ........coeerieeeeee e e 90
C.IV.1 2D EXPEITMENTS.......eeeteeiietieteeiesttetestestte et ete bt eseeeesseeseessesseensesteeneesseeneesesseensesseensansesneensenns 90
C.IV.2 3D EXPEIIMENTS....cuieiteeeeeiieeetesteetestesteete s e estesteeseessesseessestesseessesseessaseessassesseensessesssensesseensenes 91
ATABNAUM D ottt bbbttt b ettt b et b et b e bt en bt st seen e 95

D.I1 DSC results for different gelatin deriVatiVES...........ccveveiericeeeseeese et 95



D11 SWEIlING EXPEIIMENTS.....c.eiieieieieeieie ettt ettt s et estesae e sesteeneensesneensesneenseseeeneensens 97

D.HTHR-MAS NIMR SPECIIA. .. .ccuvieieiieeieeieeseesttestesstessteesteeseesssesstessseesseessesssessssesssessseessesssesssessssesnns 97
Addendum E: Production of PLA SCAFfOlUS.........coviiriiiriiicicccc s 102
E.l Pristine PLA Filament DSC, GPC, NMR T8SUILS .......uviiiiiiiiiietie ettt 102
E.lIl Example of a Gcode Applied for the Printing of a Scaffold with a pore size of 450 um and 5*5*3
MM as eXIErNal AIMENSIONS. .......civiiiriiieie bbbttt 104
E.1l Self-developed Gcode Generating Program Written in Visual Basic for Applications. ............... 105
E.IV DSC thermograms for printed PLA samples depending on sample maturity............ccccccecveeennee. 110
Addendum F: Submitted abstracts and poster PreSentations............ceceeeverererieniereeeneneseseeseseeeeeeee 112
F.1 2014 Belgian Polymer Group Meeting Poster Presentation ...........ccccceceeveveeceneseeseseeeese e 112
F.11 2014 European conference on BIOMALerialS. ........cccvecverieeeerinieeiesie ettt 113
F.1l 2014 Tissue Engineering International & Regenerative Medicine Society (TERMIS-EU)........... 114
RETEIENCES ...ttt ettt e a e bbb st b et et et et e st e st e bt s b e b e st et et et eneeneeae s 115
Addendum G: Nederlandstalige SAMENVALTING ..........cceirererierieieieereseseseee et 129
RETEIENMTIES ... ettt b et b e bbbt et et e s e e bt eb e b e st et et et et et eneenes 131

Addendum H: ENGLISN ATTICIE ..ottt st s b e beenaeseas 133









1. Introduction

1.1 Problem statement

Low back pain is one of the most common complaints throughout the modern western
society.[1][2][3][4][5] It can lead to a chronic disability for 10% of the patients resulting in a
huge economic burden for society. Lower back pain often goes concomitant with intervertebral
disc (IVD) degeneration.[3][4][6] As a result, tissue engineering (TE) solutions for VD gained
increasing attention during the last decade.

The spinal column is one of the largest components of the human skeleton. It serves a dual role as
it provides trunk flexibility while supporting the upper body weight.[7][8] In addition, it has to
function as an armor for the spinal cord and the nerve roots that pass through.[9] The spine is
composed of 33 stacked vertebrae, which sandwich an IVD. 24 of these vertebrae form a flexible

part while 9 vertebrae form a rigid part inside the pelvis. [7]

The IVDs act as the joint between the separate spinal column vertebral bodies. They are
responsible for flexibility and load transmission throughout the spine.[5] When they degenerate,
they lose height and therefore affect the entire spinal column, resulting in back pain and/or a loss
of mobility of the spinal column. In the long term, the degeneration of 1\VDs can result in spinal

stenosis which is the main cause of back pain for the elderly.[2]

The cause of IVD degeneration is not fully defined, yet it is anticipated to be the result of a
combination of factors including natural aging, mechanical compression, biological factors,
smoking, etc.[4][5][10][11] Interestingly, IVD degeneration typically occurs in an earlier stage
compared to the degeneration of other musculoskeletal tissues. The first signs of degeneration can

already be observed in about 20% of youngsters aging from 11 to 16 years old.[2][6]

1.2 Spinal anatomy and pathophysiology

1.2.1 Anatomy of the intervertebral discs

An IVD is a rather avascular system,[8] consisting of three main regions including the nucleus

pulposus (NP), the annulus fibrosus (AF) and the cartilaginous end-plates. [2] (see Figure 1, left)

The NP is the gelatinous core of the IVD,[3] with the major component being water (cfr. 65-85%
of its total weight).[2][5][12] It contains randomly organized collagen fibers and radially aligned
elastin fibers embedded in a highly hydrated proteoglycan (PG) gel. The main PG present is
aggrecan which generates an osmotic pressure originating from the presence of chondroitin



sulphate and keratan sulphate chains responsible for hydration.[2][10] In addition, the NP
consists of a low density of chondrocyte-like cells embedded in a disorganized matrix mainly
consisting of type Il collagen fibers. It shows fluid-like behavior, yet acts as an elastic solid upon
mechanical loading.[13] The shear modulus G* ranges from 7 to 21 kPa[14] while its

compressive elastic modulus varies between 3 and 15 kPa.[15]

The AF is more fibrous-like and consists of 15 to 20 concentric lamellae. These lamellae contain
parallel aligned collagen fibers, primarily type I, which are oriented at an angle of 62 degrees
relative to the spinal axis at the edges of the AF. The center of the AF mainly consists of collagen
type 1l fibers oriented at an angle of about 45 degrees relative to the spinal axis. [3][7][12][16]
The angle of the fibers of one lamellae layer is rotated over 180° in comparison to the fibers of
the previous layer.[13] Furthermore, the AF contains proteoglycans and elastin fibers which
connect the different lamellae thereby generating a high axial strength.[16] In addition to
collagen and elastin fibers, the AF contains elongated, fibroblast-like cells which are aligned
parallel with the collagen fibers.[2] The cells maintain the complex extracellular matrix (ECM)
structure to preserve the biomechanical properties of the AF.[5] The AF is characterized by a
shear modulus G* of 540 kPa.[17]

Finally, the cartilaginous end plates are thin horizontal layers consisting of an outer osseous
component and an inner hyaline cartilage region.[8] The central region consists of a hydrated PG
gel which is reinforced by collagen fibrils.[8] It enables diffusion of nutrients and waste to and
away from the disc.[13] The end plates act as an interface between the IVD and the vertebral
body. Furthermore, they prevent the NP from bulging into the vertebral bone.[8] In addition,
similar to the additional VD components, they mainly consist of collagen fibers aligned parallel
with the vertebral bodies. [2] The end plates are characterized by a shear modulus G* of 440
kPa.[17]

Collagen is the major component of the IVVD as it accounts for 90% of its dry weight. It serves
important mechanical properties as it absorbs water, together with the PG’s, creating a swelling
pressure which is large enough to maintain a distance between the loaded vertebrae. Compressive
loads are supported mostly by the pressurization of the NP, in combination with the minimal
hydraulic permeability of the AF thereby preventing the NP to burst. The bending and shear
stresses on the spine are borne mostly by the mechanically robust AF.[5] In addition, the collagen
fibers inside the end plates serve an anchoring function for the IVD to the vertebral bones. [2]

Various interesting features can be distinguished when considering 1VD tissue. First, the presence

of long, thin cytoplasmic cell projections can be observed which are typically absent in cells of

2



any other articular cartilage. It can be anticipated that they serve as sensors and communication
devices for mechanical strain within the tissue.[2] Secondly, there is an almost complete absence
of blood vessels and nerves in the entire IVD. If present, they are only observed in the outer
lamellae. [2][8] This feature causes a poor nutrient supply throughout the IVD. In addition, this
also leads to poor regeneration capacities[10][18] as the cells are completely dependent on
passive diffusion of nutrients through the end plates and subsequently the ECM. The nutrient
transport is thus very dependent on the composition of the ECM.[2] Finally, the IVD contains a

higher amount of PG compared to articular cartilage.

Figure 1: Spinal segment consisting of two vertebral bodies and an intervertebral disc (left)[2]; Overview of several stages
occurring during IVD degeneration including the time scale of possible interventions (right).[5]

1.2.2 Pathophysiology of the intervertebral disc

Disk degeneration disease (DDD) has significant consequences on the three parts of the IVD.
During skeletal maturation, the boundaries between the NP and the AF start to fade and the NP
loses some of its elasticity as it becomes gradually more fibrotic and less gel-like.[19][20] The
latter results in a drastic reduction of the biomechanical properties of the IVD.[3] Another

important aspect in DDD is an increase in endplate calcification.[21]

The origin of these phenomena can be traced back to changes occurring inside the IVD. At an
early age, notochordal cells are present in 1VDs.[11] Interestingly, these cells can generate large
amounts of ECM. However, upon maturation these cells gradually disappear, thereby reducing
ECM (re)generation. In addition, enzymatic breakdown of the proteoglycans results in a
reduction of the hydration of the NP. The endplate calcification reduces nutrient flow to the NP
and the AF resulting in necrosis of ECM synthesizing chondrocytes. The above-mentioned
process gives rise to a decreased ECM regeneration. As a result, the PG degradation is further
accelerated. [2][22][23][21] Finally, a drop in type Il collagen content is observed while an
increase in type | collagen is observed inside the NP. [14][23]

The degradation of 1VDs can result in several types of 1D failure including the occurrence of
tears in the AF resulting in bulging of the disc, herniation of the disc and loss of disc height due

to a reduction of the water content. [5] (see Figure 1: right)



The loss in water content due to a reduction of the PG present in the NP, reduces the ability to
maintain osmotic pressure upon mechanical load. The latter further increases the loss of fluid and
the stress exerted on the AF, leading to compression of the IVD. In addition, a height reduction in
one IVD generates an increased stress on other parts of the spine, resulting in a synergistic effect
of spinal complications and finally spinal stenosis.[2] Furthermore, the presence of aggrecan
prevents vascular and neural ingrowth. As a result, the degradation of PG’s gives rise to an
increase of vascular and neural ingrowth, which is anticipated to be an attempt of the body to
increase nutrient supply in order to restore the IVD.[8] The presence of nerves in a load bearing

system causes additional back pain as these nerves experience compressive forces.[24][2]

Another important aspect is the reduced organization of the collagen fibers inside the AF which
affects the biomechanical properties to a great extent.[2] The drop in biomechanical properties of
the AF can result in concentric tears (cfr. intervertebral disc disruptions, IDD) upon load.[2]
Through these tears, the NP can be (partially) extruded, leading to bulges and disc herniation,[22]

causing chronic pain because of the pressure exerted on adjacent nerves.[2](see Figure 1: right)

1.3 Conventional clinical therapies

Current treatments for low back pain associated with 1VD degeneration are aiming at reducing
discomfort and treating the symptoms rather than repairing the mechanical function of the
IVD.[2][3] They typically do not address the loss of disc height nor the mechanical functions
associated with IVD degeneration.[3] They can even further induce the degeneration due to
alterations in biomechanics[3] which result in a necessity for additional surgical

interventions.[25]

A first set of treatments are conventional, non-invasive techniques consisting of oral analgesics
and physical therapies. However, these treatments tend to focus more on pain relief rather than
addressing the cause of the problem. Furthermore, it typically takes months before ‘satisfactory’

results are obtained.[2]

Secondly, some minimally invasive techniques aim at reducing the pressure exerted on the nerves
which is caused by bulging and disc herniation. The above-mentioned techniques are referred to
as nucleotomy, (micro)discectomy and annuloplasty[24] and imply that part of the IVD, generally
the NP, is removed to reduce the pressure exerted on the nerves.[22][2][26] Although instant pain
relief can be observed in the short term, these techniques can lose their benefits because of the
poor regeneration properties of the IVD and the possible occurrence of additional degeneration

during longer timeframes.[16]



Alternatively, there currently exist two major invasive approaches to treat intervertebral
defects.[25] Spinal fusion or arthrodesis[13] fuses two vertebral sections around the damaged
IVD. It is currently the standard treatment for degenerative disk disease.[9] A second technique
includes a complete surgical removal of the traumatized IVD and its replacement by an artificial
one.[4][9][27][28][29][30] The latter technique has emerged as an alternative for spinal fusion to
address a possible loss of biomechanical properties. Recently, progress has already been realized
in this field by applying rapid manufacturing as a tool to construct patient-specific implants.[31]
Although this technique offers some benefits over spinal fusion, it still exhibits significant
drawbacks including a limited biocompatibility, inconsistent mechanical behavior which induces
additional stress on the column[27], a poor fixation which could lead to fusion[28][29] and the
production of wear debris on repetitive mechanical loads which can induce inflammatory
responses.[5][16][29][30](see Addendum A.I :Table 5)

1.4 Tissue engineering treatments

Tissue engineering is a scientific research field which aims at the development of novel
technologies to address the numerous challenges faced when dealing with tissue repair. On the
one hand, it aims at suitable alternatives for conventional organ transplants and all of its
associated hurdles. On the other hand, alternative treatments are also targeted for currently
unsatisfying treatments including 1VD degeneration.[32] A promising approach in this respect is
the use of biomaterials as starting compounds for functional scaffolds. Ideally, the scaffolds
developed should closely resemble the natural ECM while showing a predetermined macroscopic
shape. They can be introduced at the site of a tissue defect [22] to act as a support for stem cell
adhesion, differentiation and proliferation, in order to finally result in the generation of new
tissue.[32][33][34][35][36] An overview of the applied cell sources is given in Addendum A.1l1.1

As a result to the lack of fundamental treatment, increasing attention has been paid recently to
alternative, more sustainable treatments which focus on restoring disc height and biomechanical

functions by introducing tissue engineering approaches.[2][13][22][37][38]

A first approach to engineered IVDs is whole organ culture.[39] The focus thereby lays on
understanding the mechanisms behind IVD degeneration and the factors which enhance disc
regeneration ex vivo. Several factors are studied in that respect including the effect of mechanical
stresses exerted and nutrient supply on the cell viability[18], several areas of the IVD which show
increased or decreased cell proliferation, etc. The above-mentioned studies are key to realize the
regeneration of 1VDs.[5]



Three methods are currently under investigation for IVD regeneration including AF repair, NP
repair or replacement and total IVD replacement. The selection and the success rate of the
different approaches are often depending on timing and the nature of the observed

degeneration.[5] (see Figure 1:Right)

1.4.1 Nucleus Pulposus replacement

As the early symptoms of IVD degeneration can be attributed to transformations occurring inside
the NP, a lot of research is focused on augmenting or regenerating the NP.[19][40][41][25] In
general, the studies aim at increasing the PG content to restore the hydraulic pressure inside the
NP, which is crucial for its mechanical function. [5][38] The regeneration of the NP can be

extremely useful in the early stages of DDD prior to AF degradation.[42](see Figure 1:right)

Two approaches exist to realize an increase in PG content. First, the cells present in the NP can
be stimulated to upregulate their ECM production by administering growth factors such as TGF-f
and BMP-2.[3][6][38][23][36][38][36] Unfortunately, although these growth factors result in an
increase of the major ECM components collagen and glucosaminoglycans (GAGS)
[6][38][23][36], they can also lead to ossification of the AF. [43] Furthermore, the successful
introduction of growth factors in the NP has proven to be quite challenging, as a straightforward
injection only generates short-term effects. [16][38] The optimal approach is to introduce the
growth factors in a more permanent way by for instance gene transfer therapy.[6] Applying this
approach implies the introduction of a gene responsible for growth factor production into the
target cells which ideally results in a continuous production of the growth factor.[2]
Alternatively, the introduction of new cellular material might be essential as IVD tissue is
characterized by a very low cellular density and DDD decreases this density even further. As a
result, a stimulation of the ECM production in the native cells will not yield sufficient ECM.[3]
To address this cellular shortage, research is also performed to investigate the possibilities to
introduce new cellular tissue in the IVD. [44] A dual approach combining growth factors with the

introduction of new cellular tissue is anticipated to give the best result.[19][23]

In order to introduce cells, injectable biomaterials or cell-seeded scaffolds can be applied. The
former are generally in situ cross-linkable hydrogels showing similar biomechanics compared to
the native NP.[21][42][45] Alternatively, a cell-seeded scaffold can be useful for more extensive
injuries.[5] A non-exhaustive overview of the materials and cell sources required is shown in
Addendum A.l: Table 6.

Injectable procedures show some benefits compared to methods which require surgical
implantation. First, injectable procedures are minimally invasive thereby reducing potential
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inflammatory responses.[46][47] Furthermore, the slightest tissue damage present as a
consequence of a surgical intervention can be accelerated upon mechanical loading, which leads
to a faster degradation.[19] Secondly, the injection of a biomaterial ensures the entire void
present in the VD to become filled,[14][15] thereby improving implant fixation and reducing the
risk of implant migration.[17] However, the success rate of injectable materials is also affected by
the resealing strategy applied for the AF post injection.[25] Upon improper sealing of the
puncture, the NP can be excluded through the hole upon mechanical loading.[48][49] Although
some studies exist during which only cells are injected[44][50], superior results are generally
obtained when combining cells with injectable biomaterials to increase viability. A wide variety
of hydrogel materials has already been applied for this purpose including collagen,
[10][51]152][53] cellulose composites, [42] gelatin, [23] hyaluronic acid(HA)-gelatin-adipic acid
dihydrazide, [14] hyaluronic acid , [54] hyaluronan, [12] polyethyleneglycol/hyaluronic
acid/pentosan polysulphate (PEG/HA/PPS), [15] ferulic acid-gelatin/chitosan/glycerol phosphate,
[55] collagen I/PEG/HA, [47] hyaluronic acid/gelatin/adipic acid dihydrazide (oxi-HA/ADG),
[17] poly(ethylene glycol) PEG, [49] platelet rich plasma(PRP), [56] chitosan [21] (see
Addendum A.l :Table 6).

The use of scaffolds for NP regeneration also poses some benefits, as they provide additional
support in withstanding the mechanical loads exerted on the IVD during cell proliferation thereby
increasing cell viability. [11][26][48] Ideally, the scaffold applied should possess a similar or
slightly higher stiffness than native tissue. Conversely, in case the stiffness exceeds a critical
value, subsidence through the endplates can occur.[48][54] A second advantage of scaffolds is
that they provide space for new cells and ECM to be synthesized while enabling diffusion of
nutrients and waste, in contrast with injectable methodologies.[40] Unfortunately, the application
of scaffolds requires invasive procedures, thus increasing possible inflammatory responses[46]
while augmenting the risk of damaging nerves and adjacent tissue upon implantation.
Furthermore, since the scaffolds can never completely fill the entire void, there exists a risk
related to possible scaffold migration.[17] As a result, the success of an implantable scaffold is
very dependent on the implantation procedure.[48] To date, a plethora of materials is already
under consideration to produce suitable NP scaffolds including alginate, [22] collagen, [38][48]
silk-fibrin hyaluronic acid (HA) composites, [19] poly-glycolic acid/hyaluronic acid (PGA/HA),
[20] collagenli/hyaluronan/chondroitin-6-sulphate composites, [57][40] poly-lactic/glycolic acid
PLGA, [11][58] HA, [59] poly-lactic acid (PLA).[60] (see Addendum A.I: Table 6)



1.4.2 Annulus fibrosus regeneration

Since the biomechanical properties of the IVD are the result of the combinatory properties of the
NP and the AF, augmenting the NP as such will not result in satisfactory results for all
degeneration types.[16] Furthermore, damage to the AF upon introduction of an artificial NP
often results in an increase of AF degeneration which can induce NP depressurization.[5] In order
to address these issues, research is also ongoing on TE of the AF.[5][16][36][54] (see Addendum
A.l: Table 7)

One of the key issues in the development of suitable AF scaffolds is the simulation of the
lamellar structure, as this provides the key mechanical properties to the AF. [16][37] In the
absence of a well-organized scaffold architecture including the angular orientation of fibers
relative to the spinal axis, the cells are unable to organize their ECM into the highly organized
fiber network present in the AF, while the latter is essential to ensure sufficient mechanical
properties.[61] Another obstacle related to AF engineering is the fact that the AF is poorly
nutritioned and under continuous mechanical load, which decreases cell viability significantly. As

a result, tremendous differences can arise between in vitro and in vivo studies.[61]

The applied materials to produce scaffolds are often fibrous in an attempt to mimic the network
of collagen lamellae present in natural AF tissue.[5] The main difficulty is situated in obtaining a
suitable fiber orientation which mimics the collagen fibers present in the natural AF.[37] The
necessary fibers can be obtained from a variety of resources including synthetic and natural
[13][37][62] (e.g. silk) followed by processing by for instance electrospinning. [36][61][63][64]
In addition, some promising results have already been obtained using rapid manufacturing
techniques to closely mimic the complex natural structure of the AF.[4][65] The application of
rapid prototyping for scaffold production generates a highly powerful tool to produce patient-
specific scaffolds with a very accurate structure compared to the native AF, while enabling the
introduction of suitable biomechanical functions.[37] In addition, a superior porosity can be
obtained over electrospun fibers which results in an improved nutrient flow towards the cells.

[37] As a result, rapid prototyping is typically preferred over electrospun scaffolds.[31]

In order to develop AF scaffolds, a wide variety of materials is currently applied, as indicated in
Addendum A.l: Table 7, including collagen,[66] silk,[13][37][62] poly-caprolactone
(PCL),[61][63][67] poly-urethane  (PU),[4][68] PU-Poly carbonate (PC),[64]
alginate/chitosan,[69] fibrin,[70] and PLA[36][71].

Research has already shown the potential of introducing interesting features when performing
tissue engineering of the AF. For example, the application of RGD sequences on silk fibers
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resulted in a more inner AF-like cellular behavior. This thus might be considered as a tool to
locally finetune the scaffolds to acquire superior native AF-mimicking properties.[62] Another
feature includes the incorporation of growth factors such as TGF-B1 which results in an increase
of GAG and collagen production.[36] In addition, anti-inflammatory drugs (e.g. berberine) can be
applied to reduce inflammatory effects associated with the surgical implantation.[63]
Alternatively, when the surface polarity of a scaffold is modified, the cell viability and collagen
production can also be influenced.[64][71] Finally, research has already illustrated that the inter-
lamellar ECM is of utmost importance to increase the tensile properties of the AF scaffold.[61]
Several studies have also shown the potential of partial AF regeneration to restore local defects
(e.g. the hole created through NP replacement) which significantly increases the success rate of
NP regenerative procedures.[36][70] Ideally, hydrogels should be applied for this approach as
they can be injected and cross-linked in situ. When a bio-interactive cross-linker is applied, the

hydrogel can be sealed locally via a connection to the native tissue.[70]

1.4.3 Complete intervertebral disc regeneration

Most of the above-mentioned approaches aim at restoring a damaged IVD. However, in case the
degeneration has already proceeded to a critical extent, a full replacement is required[5] by
implanting a prosthetic device or by applying a tissue engineered construct. A tissue-engineered

IVD possesses several benefits over conventional prostheses including:

e no wear debris formation upon repeated load cycles[30]

e tunable (long-term) mechanical properties which can improve as a function of
time[72][73]

e absence of antigenicity and the ability to completely bio-integrate[59][74]

In addition, single tissue engineered parts of the IVD can cause issues related to a proper
attachment of the NP to the AF and vice versa.[75] As a result, recently attention has also been
paid to TE of complete 1VDs.[76] To this end, a combination of different materials and specific

arrangements is required in order to simulate the fibrous AF and the gelatinous NP.[5]

In order to combine the two IVD components, a variety of methods exists including molding
[72][73][77][74][78], electrospinning followed by injection[59] or cutting and crosslinking[75].
Together with a wide variety of production methods, a broad series of materials can be applied to
develop complete IVD-mimicking scaffolds. A non-exhaustive overview is provided in
Addendum A.I: Table 8 and includes PCL+agarose,[72][76] gelatin+acellular cartilage, [79]
Demineralized bonematrix gelatin (DBMG)/collagenll/hyaluronate/chondroitin-6-sulphate,[75]
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silk/fibrin/HA,[77] collagen/alginate,[74][78][80] poly-glycolic acid (PGA)/alginate,[73] and
PLA/HA [59][81].

Complete 1VD regeneration has already faced some challenges, as often the ECM content inside
the NP of complete IVD constructs was lower than in case of regeneration of only the NP. The
latter phenomenon is anticipated to occur as a consequence of insufficient nutrient supply in

larger in vitro and in vivo systems.[72]

To increase the scaffold bio-interactivity, research has already been performed by applying
compounds which are generally present in the native tissue to serve as scaffold materials. Using
this approach, the ECM of a native IVD can be closely mimicked thereby enhancing cell

interaction and differentiation.[75]

To date, IVD tissue engineering has mainly been performed in vitro. However, the results of
some in vivo studies were already promising, as it appeared that a poor nutrient supply and
mechanical loading did not preclude cell viability and ECM production. Furthermore, promising
results were also obtained with respect to bio-integration.[74][78] However, the surgical
procedure applied is a main issue determining the success rate as it has already been observed
that the implants in rats fail when the posterior longitudinal ligament is destroyed upon
implantation of the construct.[74] To give an idea over future developments and perspectives a

brief overview is provided in Addendum A.11.2.

1.5 Overview of applied materials
1.5.1 Hydrogel-based materials

Hydrogels are polymer networks which are able to absorb large amounts of water without
dissolving.[82][83][84] A polymer network originates in the linkage of several polymer chains
through cross-linking points (cfr. junction knots), preventing the material from dissolving in the

presence of large amounts of water.

Hydrogels can be classified according to their crosslinking procedure as there exist several
methods to generate hydrogels including chemical and physical strategies.[85] Two major
hydrogel classes can thus be distinguished (i.e. physically cross-linked materials and chemically
cross-linked hydrogels).

A wide range of hydrogel-based materials is currently under investigation for tissue engineering
purposes.[82] First, natural polymers including chondroitin sulphate, hyaluronic acid, chitosan,
cellulose, alginate, collagen, gelatin,[86][87] etc can be considered. Secondly, there also exist
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hydrogels composed of synthetic polymers including pluronics,[88][89] PVA,[90] pHEMA,[85]
PEG,[91][92], etc.

In the present work, gelatin will be selected as hydrogel because of its bio-interactive properties,
being a derivative of collagen which is one of the major ECM components.
[83][87][93][94][95][96] Furthermore, gelatin is cheap,[97] FDA approved[14] and bioresorbable
as it can be enzymatically degraded in the presence of collagenase.[93][94] Gelatin owes its
excellent bio-interactive properties among other to the presence of the peptide motif arginine-
glycine-aspargine (RGD) in its backbone which can easily interact with the integrins of
cells.[98][99]

In addition, gelatin is a natural, physically crosslinkable hydrogel characterized by an upper
critical solution temperature (UCST). The UCST of gelatin typically lies around 37°C which is
not optimal for tissue engineering purposes as it is very close to body temperature.[14] This issue
can be circumvented by chemically crosslinking gelatin, which will be discussed in detail in
section 1.5.1.3.

1.5.1.1 Physically cross-linked hydrogels

Physically cross-linked gels obtain their insoluble character from the presence of physical
interactions between the different polymer chains. They are often referred to as reversible
hydrogels as their crosslinking forces are a lot weaker than chemical bonds. In addition, they can
often be reversed by varying one or several environmental factors including the ionic strength,
the pH, the temperature, etc.[83][85] There exist three major physical crosslinking mechanisms:
ionic crosslinking, temperature-induced crosslinking and crosslinking through crystallization.
a) lonic crosslinking

lonic crosslinking can crosslink polyanionic compounds
by introducing polyvalent cations and vice versa. This
approach can combine two chains with a univalent

charge using a bivalent cation in a so-called egg box

model. A typical example of such hydrogels is alginate

Figure 1: lonic crosslinking of alginate by

of which its mannuronic and guluronic acid residues can : -
means of bivalent calcium ions

be crosslinked in the presence of bivalent calcium
cations.[85][100] (see Figure 2)
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b) Crosslinking through crystallization

Crosslinking via crystallization results in a gel by the presence of parts
crystalites

of the polymer chains which crystallize together forming junction zones.
The latter results in a partially crystalline hydrogel network, as observed
for polyvinylalcohol (PVA).[85][90] (see Figure 3)

swallen
amorphous

crosslinking scheme
incorporating crystalline
segments as junction zones
for swollen  amorphous
chains.[90]

c) Temperature-induced crosslinking

Some materials show gelation properties upon temperature variations.[82] These properties are
often the result of an arrangement of the polymer chains as a result of several van der Waals
interactions including inter-chain hydrogen bonding.[82] Two material types can typically be
distinguished including UCST materials (cfr. above this temperature they dissolve while below
this temperature, they gelify) and lower critical solution temperature (LCST) hydrogels (cfr.
hydrogels are formed above this critical temperature). Examples of such hydrogels are gelatin and
pluronics which are characterized by a UCST and a LCST respectively.[83][89][101] [102]

1.5.1.2 Chemically crosslinked hydrogels

Chemically crosslinked materials are generated by introducing crosslinks using covalent bonds.
Depending on the nature of the covalent bonds, chemically crosslinked hydrogels can be divided
into two categories including irreversible and reversible crosslinked materials.

1.5.1.2.1 Irreversible crosslinking

Most of the chemically crosslinked hydrogels are permanent or irreversible hydrogels. These
materials are obtained by introducing covalent bonds inside the network which join several
polymer chains in order to obtain irreversible hydrogels. Several strategies exist in order to obtain

a cross-linked network.

a) Cross-linking by radical polymerization
In this approach, several vinyl monomers are

polymerized in the presence of a mw

multifunctional  cross-linker,[85] thereby Palymerzaton

generating a polymer network in one single A \
Methacrylate Dextran Oligomethacrylate

step (e'g' pOIy(Z'hydrOXyethyl methacrylate, FigL_Jre 3: Cross_link_ing of methacrylated dextran through a
pHEMA). However, prior to application, the "¢ Polymerization €3]

unreacted monomers need to be removed as these reactive compounds might possess adverse
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biological effects.[83] Furthermore, this technique can be used to crosslink water-soluble
polymer chains after derivatization with polymerizable groups[85] (e.g. dextran derivatized with
glycidyl methacrylate).[103] (see Figure 4)

b) Cross-linking by reaction of complementary groups
A lot of water-soluble polymers are characterized by the presence of functional groups including

-OH, -COOH and -NH,. Interestingly, these functionalities can be applied to cross-link the
polymer chains by reacting them with complementary reagents.[85] For example, amines can
react quite easily with carboxylic acids using conventional carbodiimide coupling chemistry to
generate e.g. gelatin hydrogels. [82][104]

c) Cross-linking by high-energy irradiation
High-energy irradiation can be applied to produce cross-linked hydrogels by irradiating a
polymer solution containing vinyl functionalities. By the high-energy irradiation, radicals can be
formed on the polymer chain by e.g hemolytic scission of C-H bonds. These radicals can initiate
polymerization.[85]

d) Enzymatic crosslinking
Some enzymes can catalyze the covalent reaction between certain polymer chains. For example,
the introduction of glutaminyl groups on PEG enables crosslinking by glutaminase in the
presence of poly(lysine-co-phenylalanine).[85][105] This approach can be very interesting for the
development of injectable, in situ crosslinkable hydrogels.[53]

1.5.1.2.1 Photoreversible crosslinking

A photo-reversible hydrogel can be obtained by introducing functional groups which can
reversibly dimerize upon irradiation with different wavelengths.[106] (see Table 1) The obtained
hydrogels combine the benefits of strong covalent interactions with the ease of reversible
hydrogel manipulation observed for physically cross-linked materials.[34][107] In addition, these
materials do not require the presence of potentially toxic photo-initiators to result in hydrogel

formation.[34]

1.5.1.3 Crosslinking strategies for gelatin B

Gelatin can be crosslinked using various strategies. A frequently applied approach includes the
introduction of crosslinkable (meth)acrylamide functionalities through the reaction of the primary
amines of (hydroxy)lysine with (meth)acrylic anhydride. [82][86][87][108][109][110][111][112]
[113][114][115] The obtained gelatin derivatives can subsequently be polymerized using a redox-

, @ photo- or a thermal initiator upon applying the suitable trigger.
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In addition, many research groups have

9 XH-‘E—CH—CH CH,SH 1
Gel—NH—&_¢_cH, HAc e NH1
already utilized glutaraldehyde as crosslinker b - SR
[116][117][118] or conventional carbodiimide A e c

chemistry to couple the amines with 1-ethyl-

3-(3-dimethyl aminopropyl) carbodiimide

o==—n

(EDC)-activated carboxylic acids (in the s
presence of N-hydroxysuccinimide, NHS).

[82][119][120][121][122] Alternatively, the S S /
potential of enzyme-mediated crosslinking in E

2
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o
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the presence of transglutaminase and _ _ o
Figure 4: : Overview of commonly applied crosslinking

tyrosinase has a|ready been studied to strategies for gelatin: Methacrylamide-functionalized
gelatin obtained through the reaction with methacrylic

Introduce Covalent Ilnkages |n gelatln_based anhydride (A), thiolated gelatin obtained through the
reaction with N-acetyl-homocysteine thiolactone (B),

hydrogels (123] | However,  the - above- L e et o e
mentioned procedures typically result in using EDCand NHS (D)[168]

irreversibly crosslinked networks. To date, only a limited number of research groups have already
assessed the feasibility of realizing reversible crosslinking. Generally, the network formation is
then based on the electrostatic interactions occurring in the presence of oppositely charged
polyions. For example, Farris et al. have combined positively charged gelatin and negatively
charged pectin to develop reversible physical hydrogels.[124] In order to realize reversible
covalent crosslinks, Van Vlierberghe et al have already introduced thiol moieties using Traut’s
reagent or N-acetyl-homocysteine thiolactone.[125] In the presence of an oxidant (e.g. oxygen or
hydrogen peroxide), disulfide linkages can be introduced which can again be converted into thiols
(cfr. covalent crosslinks are broken) when a reducing agent is added (e.g. dithiotreitol). Figure 5
depicts a non-exhaustive overview of the most commonly utilized gelatin derivatives and
crosslinking schemes applied. For an exhaustive list of all crosslinking methodologies applied so
far for gelatin, some excellent reviews can be consulted.[126][127] In the present work, the
emphasis will be placed on methacrylation of the amine and carboxylic functionalities present in

the gelatin backbone.

An interesting alternative to introduce reversible covalent crosslinks, is the application of photo-
responsive moieties (as briefly discussed in section 1.5.1.2.1.) including anthracene, cinnamic
acid, thymine, stilbene and coumarin as they are capable of undergoing photo-reversible

dimerization upon applying a suitable UV-induced trigger. [128]

Generally, [4n + 4x]- or [2n + 2x]-cycloadditions occur depending on the applied moiety (see

Table 1). In the present work, emphasis will be placed on [2x + 2x]-cycloaddition as coumarin
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will be selected as proof-of-concept to develop photo-responsive gelatin. Dimerization occurs
through the transfer of electrons from one molecule (i.e. the donor) to a second (i.e. the acceptor).
The transfer typically occurs from the most energetic electrons in the donor (i.e. the electrons
which are present in the highest occupied molecular orbital (HOMO)) to the lowest unoccupied
molecular orbital (LUMO) of the acceptor. (see When light with a wavelength of above 350 nm
is applied, an electron can transfer from the HOMO of the alkene in coumarin to the LUMO. The
development of photo-responsive gelatin has already been scarcely reported as well. [129]

Coumarin Cinnamic Acid Anthracene
[130][131][132][107] [129] [91]

Stilbene Thymine

Table 1: Overview of compounds able to undergo Photo-reversible dimerization by application of a suitable UV-trigger.

1.5.1.4 Hydrogel applications

Hydrogels have many applications, yet the most ubiquitous one is the use of pHEMA for the
development of soft contact lenses.[130] In addition to ocular applications, hydrogels can also be
applied as drug delivery vehicles,[84] but the present study focusses on hydrogels for tissue
engineering purposes.

Hydrogels possess several interesting characteristics rendering them suitable for regenerative
medicine. Their mechanical properties closely resemble the mechanical behavior of certain
tissues. Moreover, as they enable the transport of oxygen, salts, nutrients and metabolites, they
can be considered ideal materials for cell cultivation. [15][19][131] In addition, hydrogels possess
a very low dry polymer level implying that they will not disturb the patient’s immune system to a
great extent. [46][132] Hydrogels are also extremely versatile as they can be functionalized with
bioactive compounds to mimic the ECM in order to increase the biocompatibility.[131] If in situ

crosslinking is possible, they are concomitant with minimally invasive procedures including
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injection to realize introduction in the body.[14][46] Finally, they also enable the incorporation of
drugs to reduce negative body responses or growth factors to increase the cell
proliferation.[14][15]

The tissue engineering applications of hydrogels are nearly limitless as a lot of research has
already illustrated the versatility of hydrogel materials and, more specifically, gelatin.
[82][96][108][110][133][134]

1.5.2 Polyester-based materials

Polyesters are interesting materials to be applied for tissue engineering applications as they
possess degradable ester linkages incorporated in their backbone. Both bulk degradation and
surface erosion can occur by hydrolytic chain scission of the ester bonds.[131][135][136]
Polyesters consist of monomer units linked together through ester bonds. These chains can be
formed through polycondensation between a carboxylic acid and an alcohol or ring opening
polymerization of lactones or cyclic diesters. [136](see Figure 7)

1.5.2.1 Overview of polyester types

Several types of biodegradable polyesters

Biodegradabla Polyaster

exist and can be classified into two

Aromatic

subcategories including linear or aliphatic

polyesters and aromatic polyesters
(see Figure 6).[137]

| PBS | | Modified PET || AAC |

| PBSA | | PBAT H PRMAT ‘

-—Non—Renswable

In the present master thesis, poly(lactic acid)

(PLA) will be selected as it is a relatively — piC. - Alpnatc-Aomatc Copolesters

PBAT - Poly(Butylene Adipate/Terephthalate)
PET - Poly(Ethylene Terephthalate)

cheap, renewable polyester with excellent — £88 -Poy(Bubiene Succinate)

PBSA - Poly(Butylene Succinate/Adipate)
PCL - PolyCapro Lactone

biodegradability, biocompatibility — and [ popectAdd)

PHB - Poly(Hydroxy Butyrate)
PHH - Poly(Hydroxy Hexanoats)

processing properties.[138][139] Furthermore i - poTaraistyions AdpateTerephinaate)

the mechanical and degradation properties of Figure 5: Overview of biodegradable polyesters.

the material can be tailored by variations in the processing conditions, influencing the crystal
structure.[140] In addition, the PLA surface can be modified with functional groups through
aminolysis to tune its biochemical properties in a straightforward manner.[138][141][142]
Moreover, PLA has already proven its potential as scaffold material in the field of tissue
engineering and I1VD regeneration.[60][101][135][140][141][143][144]

Two general approaches exist for PLA synthesis including polycondensation of lactic acid and

ring opening polymerization (ROP) of a cyclic lactide (see Figure 7). The selection of the
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. production method depends on the desired
\H\DH H—'* HOM J\&DH © "% molecular weight and the obtained polymer
o o properties.[137] Generally, low molecular weight

II TFJ\H/MH\HL compounds are obtained by polycondensation

Pollacic aid while high molecular weight polymers are yielded

Figure 6: Scheme of PLA synthesis by poly condensation
of lactic acid (above) and by ring opening through ROP.[137]
polymerization of lactide (below)

Three PLA types can be distinguished including PLLA (cfr. composed of L-lactic acid units),
PDLA (cfr. composed of D-lactic acid) and PDLLA (cfr. consisting of a mixture of L- and D-
lactic acid units). The majority of PLA occurs in the L-form as this stereoisomer of lactic acid is
more commonly produced in bacterial systems while it is the only stereocisomer which can be
synthesized by mammals.[137] The stereochemical aspect has a large impact on the melting
point, the crystallization rate and properties and the mechanical properties. PLLA and PDLA are
semi-crystalline polymers with a crystallinity of about 70%, a glass transition temperature of
around 50-60°C and a melting temperature of 180°C. As a consequence of its high crystallinity, it
shows a lower degradation rate in contrast to PDLLA, which is an amorphous polymer.
Interestingly, blending of PLLA and PDLA leads to an increase of the melting temperature up to
230°C.[137]

1.5.2.2 Overview of polyester applications

PLA is a commonly applied material with applications in the biomedical and the pharmaceutical
field due to its excellent biocompatibility and biodegradability. Furthermore, PLA is used widely
in domestic applications including garments, food packaging, bottles, cups and transaction cards,
etc.[137][145] Furthermore, as increasing attention is currently paid to a sustainable environment
and the renewability of materials, the share of PLA in everyday life applications is anticipated to

further grow.

1.6 Scaffold development

Scaffolds are interesting tools to create functional implants starting from stem cells grown in
culture as an alternative to transplantation of entire organs.[132] They can be constructed starting

from a range of materials including natural, synthetic and semi-synthetic polymers.[94]

When a suitable scaffold is produced, living cells can be seeded followed by cell proliferation and
differentiation. After successful proliferation, the seeded scaffold is introduced in the human

body to replace the tissue defect thereby facilitating the construction of new tissue.[132]

17



Typically, scaffolds have to perform several functions in tissue engineering. First, they should act
as a guide for cell growth showing a suitable macrostructure. Simultaneously, they should mimic
the natural cell environment and possess suitable surface properties. [33][34][93][94][146]
Secondly, they have to maintain sufficient mechanical support while the biodegradable scaffold is
gradually replaced by newly formed tissue.[34][93][94][132] Scaffolds therefore need to be
biocompatible, biointeractive, three-dimensional and very porous with interconnective pores
allowing a continuous flow of nutrients and waste products throughout the scaffold. [134][147] In
addition, they should possess a high surface to volume ratio and show controllable degradation
rates leading to non-toxic degradation products.[34] They should also show a defined mechanical
strength[35] comparable to the surrounding tissue.[32][99][132][148][149] In order to generate
structures with the above-mentioned properties, several techniques exist with their specific
benefits and drawbacks. Ideally, a combination of different technologies might offer the best
alternative.[93][150][151]

1.6.1 Solid Freeform Fabrication

Solid freeform fabrication (SFF) is the general term covering all techniques that enable the
production of objects through the sequential delivery of energy and/or materials.[146] However,
several other terms are also commonly applied in the field of SFF including 3D printing and rapid
prototyping (RP). Allthough the term 3D printing is often used to refer to al SFF techniques,
strictly speaking 3D printing actually involves the use of a binder on a powdered material, while
the term RP originates from the first solid freeform fabrication techniques which generated
prototypes during product development.[34][146][101] Since no material is lost during the
process and no (toxic) solvents are required for the production of structures, it can be considered
as a fast, a clean, a cost-effective and a material-efficient technique. As a result, it is also

applicable when small material quantities are available in early stages of research.[34][101][152]

SFF has grown into a very hot topic over the last years,[65] in part because of the expiration of an
important patent on fused deposition modeling (FDM) in 2009.[153] The latter was the starting
point for a boom in the development of SFF devices, resulting both in the optimization of the
technology as well as a decrease in the price. [34][101][154][155] Because of the increased
accessibility of RP, the range of applicable materials which can be processed has also expanded

significantly.

SFF techniques show some interesting advantages in contrast to conventional methodologies
applied for scaffold fabrication including soft particle leaching, electrospinning, supercritical CO,
treatment, gas foaming, etc. [101][131][148][149][156][157][158] For the latter approaches, the
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scaffold architecture is mainly process-determined rather than design-driven while the pore
interconnectivity is often insufficient.[147] A true benefit of SFF over these conventional
technologies is its ease to generate whatever macro-form showing a controlled interconnective
porous microstructure.[4][93][94][95][101][134][135][149][150][159] This interconnectivity is
essential as it enables the transport of nutrients and metabolites throughout the scaffold, resulting

in a more uniform cell distribution and increased proliferation.[32][147]

The large architectural freedom of this technology renders it promising for the development of
patient-specific tissue engineering scaffolds.[131][152] Starting from a 3D computer aided design
(CAD) which can be obtained through non-

-E material
o biocompatible/bio- invasive procedures including computed
[F==]
[o e ==] degradable materials
: COMERRer H tomography (CT) or nuclear magnetic
body sl A d c;xo\ Rapid . .
tomography  GeSn (CAD) T obping | shape:  resonance  imaging  (MRI),  exact
Systems | " :
r’ - - -
(living cells | S!S from. - 1 architectural replicas of the tissue defect
_________ patients l' Yy
o & individual with a well-defined microstructure can be
tissue S-ZE2 implantation 5~-- _~ culture E— s 3([1;:1?;1“:%
generated. [4][34][131][147][152][158]

Figure 7: General engineering strategy using rapid prototyping . . ] ]
techniques (left).[132] which slices the model mathematically into

59009 [159][160][161][162] When a 3D design is

obtained, it can be processed by software

horizontal layers to be deposited in a layer-by-layer fashion by the SFF device.[34][132][146]
(see Figure 8)

SFF can also be used for tuning the mechanical properties of the produced scaffolds by varying
the geometrical inner structure.[147][150] Since this technique can replicate very specific
designs, it enables the fabrication of 3D scaffolds showing a varying multiple layer design which
results in regions with varying mechanical properties within the same scaffold. This characteristic
can be important when considering spinal repair,[150][161] especially when mimicking the
complex AF structure in which the angular alignment of the collagen fibers gradually changes

from the edges towards the center.[2][4]

Two general approaches for scaffold development exist including direct and indirect RP. Direct
RP scaffolds are directly produced from a biomaterial and can be surface modified with bio-
active compounds to render them more biocompatible.[146] Indirect RP is a method to generate a
scaffold using a mold which is produced with rapid prototyping techniques.[101][131][160]

SFF techniques can be divided in three subcategories including laser-based, nozzle-based and

printer-based systems.[101] Laser-based systems apply photo-polymerization to introduce
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crosslinks in the polymer materials or to generate polymer chains in a monomer
solution.[159][163] Nozzle-based systems apply extrusion/dispension of (pre)polymers, while the
printer-based class employs a powder bed and deposits a binder that fuses the particles. In the
present work, the applied SFF techniques will be Fused Deposition Modelling (FDM)[153] (i.e. a
nozzle-based system)(discussed in depth in section 2.3) and two-photon-polymerization (2PP)
(i.e. a laser-based system)(discussed in depth in Addendum A.11.4[93][131]

1.6.2 Cryogel formation: An introduction

An alternative methodology to develop porous scaffolds is the application of a cryogenic
treatment to create cryogels. They can be formed starting from a monomer or a crosslinkable
polymer solution with the capability to gelify during a single step process at sub-zero
temperatures just below the solvent crystallization point. At this temperature, a moderately frozen
solution is obtained.[95][164][115] As a result, most of the solvent is frozen with the exclusion of
areas where some unfrozen solvent remains present (i.e. the non-frozen liquid microphase,
NFMLP). In these NFLMPs, an increase in the concentration of the crosslinkable precursors is
created (cfr. cryoconcentration) while the potential with respect to chemical or physical
crosslinking remains present.[82][115] Only in these NFLMPs, the material crosslinking will
occur, leading to gel formation while the frozen solvent crystals act as porogens.[95][99] Upon
thawing of these frozen solvent crystals, a porous interconnective network is retained showing a
high polymer gel concentration in the pore walls which leads to the significant mechanical
strength observed in cryogels. This process is schematically demonstrated in Figure 9.
[35][97][99]

The pore interconnectivity occurs because the ice crystals of the solvent grow until they find
another solvent crystal, thereby creating channels inside the crosslinked material.[95] By varying
certain parameters such as the freezing temperature or the polymer concentration prior to
freezing, the pore size of the obtained scaffold can be fine-tuned resulting in a size ranging from a
few to hundreds of micrometers.[35][95][97][99][164]

Cryogels are promising scaffold materials because of the straightforward processing technique,
the presence of interconnective pores, [98][164] their controllable degradation rate upon selecting
an appropriate material, the absence of additional (toxic) organic solvents required for
processing[99] and their high mechanical strength while showing a great elasticity.[35][97][99]
Due to their mechanical properties, cryogels can be a promising tool in the formation of the soft

NP upon tissue engineering the 1VDs.[2]

20



There also exist some drawbacks when using cryogels. Since the architecture is process- driven
rather than design-driven, a lot of time and effort needs to be invested in optimizing the different
parameters including the polymer concentration, the freezing temperature and duration (cfr. to
generate moderately freezing conditions to prevent complete freezing of the solution), the
concentration of the crosslinker and the initiator, the number of freezing cycles applied (to

increase the mechanical properties by secondary crystal formation), etc.[35][82]
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Figure 9: Principle of cryogel formation; 1. macromolecules in a solution, 2. solvent, 3. low-molecular solutes, 4.
polycrystals of frozen solvent, 5. unfrozen liquid microphase, 6. polymeric framework of a cryogel, 7. macropores, 8.
Solvent.[164]

1.7 Master thesis objectives

The aim of the present work includes the derivatization of gelatin in order to optimize the
hydrogel properties towards tissue engineering applications, more specifically, for spinal repair.
First, crosslinkable functionalities (i.e. methacrylamides, methacrylates and coumarin derivatives)
will be incorporated into gelatin to enable photopolymerization in the presence of a suitable
photo-initiator upon applying UV irradiation. To this end, two strategies will be elaborated and
evaluated. In a first approach, coumarin functionalities will be introduced on the gelatin
backbone. Interestingly, because of the photo-reactive dimerization potential of coumarin, the
formation of a reversible hydrogel network can be accomplished. In parallel, both methacrylate as
well as methacrylamide functionalities will be introduced on gelatin by reacting the amines and
the carboxylic acid moieties present with methacrylic anhydride and amino-ethyl methacrylate
respectively. These activated double bonds can subsequently be linked through photo-
polymerization by applying UV-irradiation in the presence of a suitable photo-initiator, thereby
resulting in a hydrogel network. Moreover, the mechanical properties of the obtained hydrogel
will be tuned by varying the amount of cross-linkable functionalities present. The obtained
hydrogels will then be characterized using HR-MAS *H-NMR spectroscopy,[111] swelling tests
and rheology. As a result the developed hydrogel can then become a suitable candidate for NP

regeneration.

In addition, a combination of the photo-crosslinkable hydrogel precursor with 3D printed PLA
scaffolds will be evaluated. The combination of both techiques could lead to materials exhibiting

the correct mechanical properties for AF repair, combined with the excellent cell-interactivity
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exhibited by the gelatin material. To this purpose, two approached will be assessed. In a first
approach, the developed methacrylamide functionalized gelatin derivatives developed will be
introduced into 3D printed PLA scaffolds followed by inducing porosity using a cryogenic
treatment or 2PP in order to develop porous, AF-mimicking scaffolds for spinal tissue
engineering. The scaffolds developed will be characterized in depth using, among other, optical
microscopy, micro-computed tomography, scanning electron microscopy and compression tests
to enable the assessment of, among other, the porosity, the microstructure and the mechanical

properties.

Secondly, the potential of performing photo-crosslinking of a hydrogel precursor in the presence
of cells will be assessed as a proof of concept for two photon polymerization (2PP) (see
Addendum A.11.4) to obtain well defined microstructures. To characterize this methodology,
several tests(Presto Blue staining, ALP staining, Live/dead staining, gene expression tests) will

be performed to obtain an insight of the effect of applying a UV treatment to a seeded hydrogel.
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2. Results and Discussion

2.1 Synthesis and Characterization of Gelatin Derivatives as Hydrogel Building
Blocks.

In the present work, gelatin was selected as one of the starting materials because of its
biocompatibility and its cell-interactive properties which can be attributed to the presence of Arg-
Gly-Asp (RGD) motifs in the gelatin backbone[165]. Gelatin is a biopolymer derived from
collagen as discussed in section 1.5.1. It is composed of a wide variety of amino acids which are
linked through amide linkages,[166] resulting in a linear backbone with several functionalities
present in the side chains. An overview of the amino acid composition of the gelatin applied in

the present work is presented in Table 2.

Amino Acid G.elat".] B
o Bovine hides

composmon (9/1009)
Aspartate 5,01+0,14
9,240,20
Serine 2,76 + 0,05
Histidine 0,61+ 0,01
Glycine 22,12 + 0,59
Threonine 2,18 £ 0,05
Arginine 6,74 + 0,14
Alanine 8,76 + 0,18
Tyrosine 0,21 +0,01
Valine 2,63 £ 0,08
Methionine 0,86 + 0,02
Hydroxylysine 1,26 = 0,03
Phenylalanine 1,76 + 0,04
Isoleucine 1,68 + 0,04
Ornithine 0,97 + 0,04
Leucine 3,24 + 0,07
Lysine 3,49 + 0,08
Proline 14,35 £ 0,40

Table 2: Amino acid composition of the gelatin type applied in the present work.[167]

2.1.1 Development and Characterization of Methacrylamide-modified Gelatin (Gel-MOD)

The methacrylation of gelatin B was accomplished by the reaction of the primary amines present
in gelatin B with methacrylic anhydride. The reaction resulted in the introduction of crosslinkable
methacrylamide functionalities.

Gelatin type B contains several amino acids with pendant free amines including (hydroxy)lysine,
histidine, arginine and ornithine. At a pH of 7.3, the guanidium group of arginine is protonated,
rendering this amine inactive towards a nucleophilic attack. In addition, although the imidazole

group of histidine is prone to reaction, unstable products will be formed. As a result, only the
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primary amines of (hydroxy)lysine and ornithine are partially deprotonated, rendering them
suitable to enable reaction.[168] As the reaction continues and deprotonated amines are modified,
the acid-base equilibrium ensures a continuous generation of deprotonated amines able to react
with methacrylic anhydride. Using the amino acid composition presented in Table 2 to determine

the amount of reactive amines, a total of 0.0385 mol amines are present in 100 g gelatin

B.[168][169]
P\ G A
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Figure 10: Scheme illustrating the methacrylation of gelatin B.

el

Gelatin B was dissolved in PBS buffer (pH 7.3) at 40°C under vigorous mechanical stirring. After
complete dissolution, 2.5 equivalents of methacrylic anhydride were added relative to the amount
of free amines present in the gelatin solution. After 1 hour, the gel-MOD was purified through
dialysis against Milli-Ro water (Molecular weight cut off (MWCO): 12000-14000) at 40°C and
isolated by lyophilization.

The degree of substitution (DS) was determined by *H-NMR spectroscopy using D,O as solvent
at an elevated temperature (40°C) to prevent gelation through the formation of triple helices. An
example of a 'H-NMR spectrum of gelatin B which was reacted with 2.5 equivalents methacrylic

anhydride is shown in Figure 11.
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Figure 11: *H-NMR spectrum of Gel-MOD through the reaction with 2.5 equivalents methacrylic anhydride.

As gelatin consists of more than 20 different amino acids (see Table 2), a complex *H-NMR
spectrum is typically obtained, yet, a complete elucidation of the spectrum was beyond the scope
of the present work. The current study only aims at the quantification of the DS by examining the
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characteristic peaks present in the spectrum as a consequence of the reaction. The reference peak
selected is present at 1.12 ppm, which corresponds to the resonance of the valine (Val), the
leucine (Leu) and the isoleucine (lle) side chains (see Figure 12). These hydrophobic alkyl side

chains can be considered chemically inert and can therefore serve as a suitable reference signal.

o} o} <]
HgN—CH—JC!—OH H;N—::H7¢|:| —O0OH HzN—CH—ﬂ —OH
CH—CH; c‘:u—cm CH;
L, L if

CHy CHy

Valine Leucine Isoleucine
Figure 12: Amino acids present in gelatin B which are applied as NMR reference signal.

The reference peak corresponds with 18 protons and 0.3836 mol/100g gelatin which can be
calculated using Table 2. By comparing the integration of the signal corresponding to the
characteristic methacrylamide peaks with the integration of the reference signal and taking into
account the total amount of primary amines available for reaction (i.e. 0.0385 mol/100g) the DS

can be calculated as indicated in equation (1).

(15.51ppm+15.75ppm) ]
2

0.0385- 0L

DSamines (%) = | 0

«100 1)

I1.01ppm )
0.3836 mol/100g

|

2.1.2 Development and Characterization of Methacrylate-modified Gel-MOD (Gel-MOD-AEMA)

In order to further increase the mechanical properties of crosslinked gel-MOD hydrogels,
additional crosslinkable functionalities were also incorporated on gel-MOD. The latter was
achieved by introducing additional methacrylate functionalities onto the carboxylic acids present
in aspartate and glutamate present in gelatin B (see Figure 13). The overall amount of carboxylic
acids prone to reaction can be calculated from the amino-acid composition of gelatin B (Table 2,
cfr. 100 g gelatin B contains 0.1098 mol carboxylic acids). The coupling reaction was executed
through a condensation reaction of the amines of amino-ethyl methacrylate (AEMA) and the
carboxylic acids present in gelatin via their activation using N,N-(3-dimethylaminopropyl)-N-
ethyl carbodiimide (EDC).[85] As EDC is often used as a zero-length crosslinker for several
biopolymers containing amines and carboxylic acids, the DS of the starting material (i.e. gel-
MOD) was required to be sufficiently high to prevent crosslinking of the residual unreacted
amines after addition of EDC. [85][119][120][121][122][168][170]
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Figure 13: Amino-acids present in gelatin B containing carboxylic acids in their side chain.

Gel-MOD was dissolved in degassed DMSO under inert atmosphere at 50°C under continuous
stirring. To activate and stabilize the carboxillic acids 1 equivalent of EDC and 1.5 equivalents of
NHS were added. After one hour of reaction time, 2 equivalents of AEMA and 0.01 equivalents
of inhibitor (4-ter-butyl catechol) were added to prevent spontaneous crossslinking of the
incorporated methacrylate functionalities. After overnight reaction the gel-MOD-AEMA was
purified through via dialysis against Milli-Ro (MWCO: 12000-14000 Da) at 40°C and isolated by
lyopilization.
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Figure 14: Reaction scheme of gel-MOD-AEMA in DMSO.

The DS was quantified using *H-NMR spectroscopy at an elevated temperature (40°C) using D,O
as solvent. An example of a *H-NMR spectrum of Gel-MOD-AEMA using 2 equivalents AEMA
is shown in Figure 15.
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Figure 15: *H-NMR spectrum of Gel-MOD-AEMA after reaction with 2 equivalents AEMA.

In the *H-NMR spectrum, the presence of two additional characteristic peaks can be observed
compared to the spectrum of gel-MOD. These peaks can be attributed to the methacrylate
functionalities introduced in gel-MOD through the reaction with AEMA. As there is a slight
overlap between the signal at 5.94 ppm of the methacrylate with one of the methacrylamide

signals, only the peak at 6.34 ppm was taken into account for the quantification of the DS.

Comparing the integration of the characteristic methacrylate signal with the integration of the
reference signal of Val, Leu, lle (see section 2.1.1) yields the DS of the carboxylic acids when the
total amount of carboxylic acids present in the gelatin is taken into account (i.e. 0.1098
mol/100g).

I6.34ppm

0.1098m—Ol

_ 100g
DSCarboxyllic acids(%) = |7 Tiizppm < * 100 % (2)
0.3836 mol/100g

2.1.3 Development and Characterization of Photo-Reversible Gelatin (Gel-Coumarin)

2.1.3.1 Synthesis of epoxide-modified 7-hydroxycoumarin

A first step required to enable the functionalization of gelatin with coumarin is the derivatization
of the hydroxyl functionality of 7-hydroxycoumarin into an epoxide to enable a nucleophilic

attack of the deprotonated amines present in gelatin (cfr. Sy2 reaction). The functionalization was

performed through a nucleophilic substitution using epichlorohydrin in alkaline conditions.
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Figure 16: Synthesis of 7-(2,3-epoxypropoxy)coumarin.

7-Hydroxycoumarin was first dissolved in ethanol. Next, an aqueous solution of KOH was added
after which the mixture was stirred at room temperature. After 30 minutes, epichlorohydrin was
added and the temperature was increased to 100°C followed by stirring for 2.5 hours while
refluxing. Subsequently, the solvent was evaporated in a rotary evaporator at 40°C under reduced
pressure. The dry residue was purified through extraction with chloroform which was
subsequently evaporated in a rotary evaporator under reduced pressure. A final purification step

was performed by means of recrystallization in warm ethanol followed by filtration.[171][172]

2.1.3.2 Functionalization of gelatin B with 7-epoxypropoxycoumarin

The coupling of 7-epoxypropoxycoumarin to gelatin B was performed through an S\2 type
reaction using the deprotonated amines present in gelatin as nucleophile (see section 2.1.1) to
induce an epoxide ring opening reaction. The reaction was performed in dimethylsulfoxide
(DMSO) as 7-epoxypropoxycoumarin is too hydrophobic to dissolve in an aqueous solution.

GEL——NH; W\/O ° °
(&
/
iDMSO. 50°C
GEL

~

NH
)vo 0. 0
HO
s
Figure 17: Synthesis of Gel-coumarin.

The DS was quantified using *H-NMR spectroscopy using d-DMSO as solvent at an elevated
temperature (i.e. 50°C). An example of a 'H-NMR spectrum of gel-coumarin compared with the

spectrum of gelatin B is shown in Figure 18.
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Figure 18: 'H-NMR spectrum of gel-coumarin (red) versus gelatin B (green).

The aromatic peaks of the coumarin functionalities can be distinguished at 6.25, 6.96 ppm, 7.60
and 7.95 ppm. The quantification was performed by comparing the integration of the Val, Leu,
lle reference peak at 0.86 ppm (see section 2.1.1), which corresponds to 18 protons, with the
integration of the characteristic coumarin peak at 6.96 ppm which corresponds to 2 protons.
Again, the total amount of free amines (0.0385 mol/100g) was taken into account to enable the
determination of the DS. The other peaks were not taken into account for quantification purposes
as the peaks around 7.60 and 7.95 ppm overlap with the signal of the aromatic side chains of

Tyrosine and Phenylalanine present in the gelatin B backbone.

(Is.96ppm)
2

0.0385 mol

DSAmines(%) = |—F—22 %100 (3)

Io.g6ppm )
0.3836 mol/100g

| |

A maximum DS of 45% was obtained.

2.1.4 Characterization of the physical gelation behavior of the gelatin hydrogel precursors

Depending on the functionalization of gelatin, a difference in physical gelation properties can
potentially occur as the moieties introduced can hamper the formation of triple helices.[125]
Several aspects can play a role in this process including the molecular weight, the
hydrophilicity/hydrophobicity and the substitution degree of the incorporated functionalities. In
contrast with unmodified gelatin and gel-MOD, the gel-MOD-AEMA derivative developed was
soluble at room temperature. Previously, the same phenomenon has already been observed for
gel-MOD-DOPA. For that derivative, the carboxylic acids of gelatin were functionalized with
dopamine, whereas for gel-MOD-AEMA amino-ethylmethacrylate was introduced.[170] Both for
gel-MOD-DOPA as well as for gel-MOD-AEMA, the amines and the carboxylic acids present in

gelatin have been consumed during the modification. As a result, it was anticipated that this
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modification could potentially inhibit the formation of triple helices to a certain extent. To further
investigate this phenomenon, differential scanning calorimetry (DSC) was performed on several
gelatin derivatives developed via a protocol described by Prado et al.[173]

DSC is a characterization method which enables to determine phase transitions inside a material
(e.g. glass transition temperature (T4) and melting temperature (Tm)). In this method, the required
heat applied to a sample is quantified relative to the heat applied to a reference sample for a
certain change in the temperature at a predetermined rate. When a material undergoes a certain
phase transition, it requires additional or less energy compared to the reference sample. By
plotting these differences in applied heat (cfr. the enthalpy) versus the temperature, a thermogram
is obtained in which the phase transitions are visualized as peaks or shifts in the base line which

represents the heat capacity (C,).
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Figure 19: Plot depicting the UCST and the associated heat exchange for gelatin B, gel-MOD 87 (DS,mines 87%0), gel-MOD
97 (Dsamines 970/0) and gel'MOD'AEMA (DSammes 97(%); DScarbcxyIlc acids 41%)-

In the present study, the difference in applied heat to the gelatin solutions (10 w/v%) was
monitored using miliQ water as a reference (see Addendum D.I for thermograms). Figure 19
depicts the influence of the modification on the heat exchange and the UCST of the material.
Interestingly, the modification of the amines of gelatin does not influence the UCST, vyet, it will
inhibit the formation of triple helices to some extent as reflected by the smaller difference in heat
capacity upon dissolution. Furthermore, this effect is more pronounced upon increasing the
degree of modification of the primary amines. For gel-MOD-AEMA, a weak transition could still
be observed despite the room temperature solubilizing behavior. However, this transition takes
place at a lower temperature while the energy associated with this transition is drastically
decreased. These results further support the postulated idea that the modification of both the

amines as well as the carboxylic acids will partially inhibit the formation of triple helices.
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2.2 Development and characterization of UV-crosslinked gelatin hydrogel films

As briefly discussed in section 1.5.1, gelatin B is a material which is characterized by UCST
behavior. As the UCST (i.e. 22°C see section 2.1.4) is not ideal for tissue engineering
applications because of hydrogel solubilization upon in vivo application, the introduction of
crosslinkable methacrylate and methacrylamide functionalities is essential. In the present work,
crosslinking was performed by applying UV-irradiation in the presence of a suitable photo-
initiator. A photo-initiator is a light-sensitive compound which can absorb energy from UV-VIS
irradiation to transfer to an excited singlet state. When returning to the ground state, the absorbed
energy is dissipated through the fracture of a chemical bond, resulting in radical formation. These
radicals can then react with the double bonds present in functionalized gelatin to induce

polymerization which results in the formation of a hydrogel network.

In the present work, Irgacure 2959 (i.e. 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-
propanone) was selected as photo-initiator because of its proven cytocompatability.[174][86]
Irgacure 2959 is a Norrish type I indicator which implies that it will undergo a photochemical a-
cleavage upon relaxation resulting in the formation of two radical compounds including a

benzoylradical and a hydroxylalkylradical (see Figure 20).

Figure 20: Scheme demonstrating the photocleavage of Irgacure 2959 upon applying UV irradiation.
To enable the characterization of the different gelatin derivatives, a crosslinked hydrogel film was
produced via a film casting approach. In this method, a hydrogel solution containing the photo-
initiator is injected between two glass plates separated by a silicone spacer. When the mold is
sufficiently filled, it is stored at 6°C to induce physical gelation followed by photocuring by
applying UV-A irradiation for 30 minutes (see Figure 21).
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Figure 21: Scheme demonstrating the film casting and crosslinking principle.
Using this method, four different hydrogel films were prepared with a thickness of 0.5 mm (see
Table 3). The various derivatives were generated via the strategies described in sections 2.1.1 and
2.1.2 with the exception of gel-MOD (DS 97%) and gel-MOD-AEMA (DS 97%) which

underwent two subsequent methacrylation cycles to yield a higher DS (i.e. 97%).

Sample type DS (NH,) DS (COOH)

gel-MOD 82 82 % -

gel-MOD 97 97 % -
gel-MOD-AEMA 87 87 % 30%
gel-MOD-AEMA 97 97 % 27 %

Table 3: Overview of the different hydrogel films developed.

2.2.3 Determination of the gel fraction of the crosslinked hydrogel films

The gel fraction of a hydrogel material represents the insoluble weight fraction of a dried
hydrogel. It provides an indication of the crosslink efficiency as the unreacted chains will remain
soluble at 37°C and will thus leach out of the sample during incubation above the UCST. In order
to evaluate the gel fraction, the mass of a freeze-dried film was determined followed by an
overnight incubation in distilled water at 37°C. After the incubation period, the gel was freeze-
dried again prior to determination of its dry mass. The masses obtained prior to and after
incubation were subsequently compared to determine the gel fraction using the following

formula:

gel fraction (%) — Wd,after incubation *100% (4)

Wd,before incubation
wy = dry weight

Figure 22 shows an overview of the gel fractions obtained for the different hydrogel films after
30 minutes UV-A irradiation. Generally, a relatively high gel fraction was obtained which is
beneficial for tissue engineering applications, as the probability for leaching out of potentially
harmful hydrogel precursors will be limited. The gel-MOD (DS 97%) film exhibited a
significantly (T-test, p<0.05) lower crosslinking degree which is anticipated to originate from the

lower molecular weight of the hydrogel derivative due to additional hydrolysis during the second
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methacrylation cycle. A lower molecular weight results in a shorter chain length and thus in a

reduced number of crosslinkable functionalities present per chain.
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Figure 22: Plot depicting the gel fractions of the prepared hydrogel films.

2.2.4 Determination of the swelling degree of the hydrogel films

The swelling degree of a hydrogel material is an important characteristic as it determines the
maximal amount of water it can absorb. This parameter is very relevant when aiming at tissue
repair as it provides insight in the cellular environment to be created (e.g. diffusion rate of
nutrients and waste throughout the hydrogel). In order to determine the swelling degree of the
hydrogel films, samples with a diameter of 12 mm and a thickness of 0.5 mm were freeze- dried
followed by determining the initial dry mass. Next, the samples were incubated in a phosphate
buffered saline (PBS) solution at 37°C to mimic in vivo conditions. At predetermined time points,
the samples were removed from the solution and their mass was determined after gently dipping
with tissue paper to remove residual water present on the surface. The swelling degree was
calculated by dividing the difference in mass between the swollen hydrogel and the initial dry
hydrogel by the initial dry mass. In order to correct for the loss of the sol fraction during the
experiment, the initial masses were corrected using the data obtained from the gel fraction

experiments (see Addendum D.II and section 2.2.3).

Swelling degree (%) = % * 100% (5)
d
l fraction (%)
Wa= (ge Talco(;on ) * Wd,before the experiment (6)

wy = corrected dry weight  w;, = hydrated weight
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Figure 23: Plot depicting the equilibrium swelling degrees for the prepared hydrogel films.

Figure 23 depicts the equilibrium swelling degrees obtained in the swelling experiment. As
anticipated, the plot reveals that gel-MOD-AEMA hydrogels exhibit a much lower swelling
degree as the gel-MOD hydrogels. As the introduction of the AEMA functionalities doubled the
amount of crosslinkable groups present in the gelatin, a denser network possessing more junction
knots per volume unit was formed. These crosslinking points will limit the swelling capacity as
this is an osmotically driven process and the mobility of the polymer chains inside the network is
hampered. Surprisingly, the gel-MOD (DS 97%) hydrogels exhibit a significantly higher swelling
degree (T-test, p<0.05) compared to the gel-MOD (DS 82%) hydrogels despite a larger degree of
methacrylation. This observation can be explained by the decrease in molecular weight of the gel-
MOD (DS 97%) due to the occurrence of additional hydrolysis during the second methacrylation
cycle. This reduction yields shorter chains with fewer crosslinkable functionalities per chain,

generating a network with less crosslinking points.

2.2.5 Determination of the crosslink density using HR-MAS *H-NMR spectroscopy

In order to perform a quantitative characterization of the crosslink efficiency of the produced
hydrogel films, high resolution magic angle spinning (HR-MAS) *H-NMR spectroscopy has been

applied in the present work.

In contrast with conventional *H NMR spectroscopy, HR-MAS NMR spectroscopy enables the
characterization of crosslinked polymer networks which show sufficient mobility upon swelling
in a deuterated solvent. Using this approach, line broadening effects originating in the presence of
dipolar coupling and magnetic susceptibility are minimized.[175][176] HR-MAS NMR
spectroscopy applies a fast rotation (cfr. of kilohertz order) on the sample at a magic angle of
54.7°(0) relative to the static magnetic field. This rotation neutralizes the line broadening effects
defined by a (3cos?0 -1)/2 orientation dependence from the spectrum.[175] In addition, swelling
of the hydrogel material in a deuterated solvent reduces the line width even further as it enables

the polymer to obtain an increase in rotational mobility.[111] Consequently, materials with a
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higher degree of crosslinking (DC) will experience a reduction in polymer chain mobility which

results in broader peaks as compared to materials with a lower DC.[177]

To determine the DC, the integration of the signals corresponding to the methacrylamide and/or
the methacrylate functionalities present in gel-MOD and gel-MOD-AEMA respectively have
been compared before and after sample crosslinking. The signals were first normalized using the
Val/Leu/lle signal at 1.1 ppm in order to ensure a quantitative comparison. The degree of
crosslinking was then calculated from the difference between these normalized values using the

following equation:

(115.75ppm+116.20ppm _ I§.75ppm+lg.20ppm
1 1 ppm 111ppm
DC(%) = ppm l. +100 % 0
(15.75ppm+16.20ppm>

L
1.1ppm

i = initial uncrosslinked material c¢ = crosslinked material

The crosslink efficiency of the methacrylamide and the methacrylate functionalities was also
determined separately by applying the above-mentioned formula excluding either of both signals
(see Addendum D.I11).
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Figure 24: Crosslink efficiency of the methacrylamide and the methacrylate functionalities as well as the combined
efficiency of both functionalities determined using HR-MAS *H-NMR spectroscopy.

Figure 24 depicts the obtained crosslinking degree both for the methacrylate as well as for the
methacrylamide functionalites and combinations thereof for the hydrogel films developed. The
results illustrate that crosslinking was less proficient for the films with a higher amount of
methacrylamide functionalities (i.e. gel-MOD, DS 97% versus gel-MOD, DS 82%), which is in
agreement with the gel fraction determination and the swelling behavior (see Figures 22 & 23)
and results from the reduction in molecular weight of gel-MOD (DS 97%). Interestingly, the
AEMA derivatives exhibit a higher crosslinking degree. The latter was anticipated as an increase
in the amount of crosslinkable functionalities will increase the probability for two functionalities
to reside in close proximity to one another during UV irradiation. In addition, the crosslinking of
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the methacrylate functionalities seems to be more efficient compared to the crosslinking of the

methacrylamide functionalities.

2.2.6 Rheological evaluation of gelatin-based hydrogel films

Rheology studies the deformation of flow and matter under the influence of a certain applied
stress. It provides the ability to study materials with a mechanical behavior which cannot be
described using conventional elasticity and Newtonian fluid mechanisms. Polymers are materials
whose mechanical behavior can typically not be described using the conventional theories

discussed below in brief.

The mechanical behavior of a material can typically be described using two ideal theories. On the
one hand, an ideal elastic material will undergo a reversible deformation proportional to the
applied tension. The deformations in these materials can be described using Hooke’s law (cfr.
spring model).[83][168]

T(6) =G * y(t)
T = shear stress G = shear modulus y = strain

On the other hand, ideal viscous materials will undergo an irreversible deformation proportional
to the applied tension and time and inverse to the viscosity. These deformations can be described
using Newton’s law (cfr. the dashpot model).[83][168]

T(t) = n* y(t)
T = shear stress 1N = viscosity Yy = shear rate

Typically, polymers undergo visco-elastic behavior, which is a combination of both. They will
undergo a partial reformation with a delay when the applied stress is removed. To examine these
materials, rheology (also referred to as dynamic mechanical analysis) is often applied to perform
an oscillatory assay. In the present work, rheology was performed using a plate-plate geometry.
In this geometry, the sample is placed onto a glass plate under which a UV light source is
mounted and which can be triggered on demand. A second plate is then placed on top at a
predetermined distance (i.e. gap) to ensure close contact with the sample. The tests were

performed by applying a controlled shear strain characterized by an oscillatory sine function:

y(©) = yosin(wt)

Yo = amplitude w = frequency
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The corresponding shear stress is then a phase-shifted sine function:
7(t) = 1osin(wt + &)
6 = phase shift angle

d = 0° for ideal elastic behavior, 6 = 90° for ideal viscous behavior and 0° < § < 90° for visco-

elastic behavior (see Figure 25).
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Figure 25: Preset shear strain function y(t), and resulting shear stress function z(t)(left), applied during a rheological
experiment (right).[168]

Two important parameters for the characterization of visco-elastic materials include the storage
modulus G’ and the loss modulus G”’. G’ is a measure for the energy stored during deformation
which will reverse deformation after removal of the applied load and is thus associated with the
elastic behavior of the sample. G” corresponds with the energy consumed by the sample during

the deformation and is associated with the viscous behavior of the material.[83][168]

To
G'(w) = —cos(d)
Yo

G'(w) = o sin(8)
Yo

In order to determine the linear visco-elastic range (LVE range) of the gelatin hydrogels, an
amplitude scan was performed on a crosslinked gel-MOD (DS 82%). This measurement was
performed in order to select a suitable strain to be applied during the consecutive measurements.
To determine the LVE range, the sample was subjected to increasing strain at a constant
oscillation frequency at a stable temperature (21°C) (see Figure 26, left). The LVE range of gel-
MOD stretches from 0 to around 0.3% strain. For the consecutive measurements, a preset strain
of 0.05% was selected. A frequency sweep was performed at a constant temperature (21°C) and
a constant strain of 0.05%. The recorded mechanical spectrum revealed that both the elasticity
modulus as well as the viscosity modulus of the material are characterized by a pronounced

plateau. Consequently 1 Hz was chosen as a frequency for all measurements.
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Figure 26: Amplitude sweep of crosslinked gel-MOD (DS 82%, 2 mol% Irgacure 2959) (left) and frequency sweep of
crosslinked gel-MOD (DS 82%, 2 mol% Irgacure 2959) (right).

The rheological experiments have been performed to compare the mechanical properties of gel-
MOD-AEMA and gel-MOD and to determine to what extent the introduction of additional
methacrylate functionalities will result in an increase in mechanical properties. In a typical
experiment, an uncrosslinked sample was positioned between the plates of the rheometer,
followed by applying UV irradiation enabling the monitoring of the crosslinking effect on the
mechanical properties. As gel-MOD-AEMA does not form a physical gel at room temperature,
the sample was in situ cooled to 5°C for 15 minutes to enable physical gelation prior to the

rheological measurement.

Figure 27 depicts the influence of the UV crosslinking on the storage modulus and the loss
modulus for two gelatin derivatives (i.e. gel-MOD-AEMA 97 versus gel-MOD 97). The plots
indicated that the initial storage modulus decreases with increasing degree of modification due to
a poorer physical gelation as already discussed in section 2.1.4. Secondly, the increase in storage
modulus upon UV crosslinking of gel-MOD-AEMA is about two times higher compared to the
gel-MOD derivative.
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Figure 27: Monitoring of mechanical behavior under the influence of photo-crosslinking of gel-MOD (DS 97%) (blue) and
gel-MOD-AEMA (DS 97%) (red).
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2.2.7 Evaluation of the biocompatibility of the hydrogel films

The cell work on the hydrogel films was performed in the Tissue Engineering Group of Prof.
Maria Cornelissen (Department of Basic Medical Sciences, UGent). The hydrogel films were
sterilized using ethylene oxide (cold cycle) while the hydrogel precursors were sterilized through

filtration.

2.2.7.1 Live/dead staining

In live/dead staining experiments, the cell viability is assessed by the addition of calcein-AM (i.e.
the acetoxymethyl ester of calcein) and propidium iodide to the cell-seeded films. The non-
fluorescent calcein-AM dye is a lypophillic compound which can pass through the cellular
membrane. Inside the viable cells, calcein-AM is converted into a green fluorescent calcein by
intracellular esterases (see Figure 28). Propidium iodide (PI) on the other hand cannot penetrate
the cell membranes of living cells. However, in dead cells, the membrane is no longer intact and
Pl will gain access to the nucleic acids where it will intercalate thereby inducing a red
fluorescence of dead cells (see Figure 28). A combination of both effects leads to a qualitative

image obtained via confocal microscopy revealing the living and dead cells.

Calcein-AM

Propidium lodide

DNA Intercalation
Red fluorescent

Figure 28: Principle of live/dead staining

Confocal microscopy is a form of microscopy most often applied in biomedical science to obtain
images of 3D samples which were labeled with a fluorescent probe. Conventional light
microscopy does not allow the generation of a high resolution image as fluorescence of
specimens out of the focal plane would interfere with the measurements. To address this issue
confocal microscopy is used where rather than complete illumination of the sample, confocal
microscopy applies one or more focused beams of light to scan the entire sample. The sample can
then be visualized by moving the point illumination through the sample resulting in only local
detection of fluorescence and merging all these images into one high resolution composite

image.[178]
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Figure 29: Live/dead staining images obtained 1 and 7 days after seeding for gel-MOD 82 (A,E), gel-MOD 97 (B,F), gel-
MOD-AEMA 87 (C,G) and gel-MOD-AEMA 97 (D,H), (scale bars represent 500um).

Evaluation of the images obtained 1 and 7 days after seeding of the hydrogel films with human
foreskin fibroblasts (HFF) using the live/dead staining assay resulted in some interesting
observations. It seems that all samples exhibited nice cell attachment and cell proliferation
results. In addition, only few dead cells were visible on the samples after 1 day with almost no
dead cells present after 7 days. These observations prove that the introduction of extra
crosslinkable methacrylates does not negatively influence the biocompatibility of the gelatin

hydrogels.

2.2.7.2 Qualitative determination of cytotoxicity on hydrogel precursors: MTT assay

MTT Mitochondrial
3 _— =

Reductase 4 Formazan

Figure 30: Principle of MTT assay
3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) is a yellow dye, which
colors purple upon reduction by mitochondrial succinate dehydrogenase. When the yellow dye
enters the cells, it will be reduced in the mitochondria to yield an insoluble dark purple formazan
product.(see Figure 30) After solubilization of the cells in an organic solvent, the formazan
reagent can be measured using spectrophotometry. As the reduction will only take place in

metabolically active cells, the spectrophotometry results give an indication of the metabolic
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activity. When the results are quantified relatively to a control experiment, an estimation for the

cell viability can be obtained.[179]
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Figure 31: Plot depicting the cytotoxicity for several concentrations of hydrogel precursors gel-MOD, DS 82% and gel-
MOD-AEMA, DS 87%) relative to a control.

Figure 31 depicts the influence of several concentrations of uncrosslinked hydrogel precursors
both for the gel-MOD-AEMA (DS 87%) material as for gel-MOD (DS 82%) material. A
comparable decrease in cell viability is observed both for the gel-MOD (DS 82%) as well as for
gel-MOD-AEMA (DS 97%) relative to the tissue culture plate control group. This decrease in
cell viability probably originates from the presence of methacrylate and methacrylamide
functionalities as well as factors which can be ascribed to the gelatin base material. However, the
cytotoxicity of the gel-MOD-AEMA precursors is not significantly different compared to the
cytotoxicity of the gel-MOD precursors which have a proven biocompatibility.[86][134] Another
interesting observation is the fact that the cell viability remains practically constant for various
concentrations of hydrogel precursors. This remarkable observation indicates that the
methacrylates/methacrylamides do not exhibit a cytotoxic effect, and the decrease in cytotoxicity

might be attributed to other factors.

2.2.8 Conclusions and future perspectives

The introduction of additional methacrylate functionalities by the modification of the carboxylic
acids present in the gelatin backbone hydrogel is a viable method to obtain a biocompatible
hydrogel with higher mechanical properties. Cytotoxicity studies revealed no increase in the
cytotoxicity of gel-MOD-AEMA both for the crosslinked as well as for the reactive precursors
compared to gel-MOD despite the presence of additional crosslinkable functionalities.
Furthermore, swelling tests and HR-MAS NMR spectroscopy measurements indicated that the
crosslink efficiency in gel-MOD-AEMA was substantially higher compared to gel-MOD.

However, the different characterization experiments also revealed that the application of a second
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methacrylation cycle to yield a gel-MOD with a higher DS, has a negative influence on the
mechanical properties of the material. This effect probably originates in a decrease of the
molecular weight of the hydrogel precursors resulting in fewer crosslinkable functionalities per
chain. These observations have to be further investigated by applying gel permeation
chromatography (GPC) and viscosimetry for molecular weight determination. In addition,
additional rheological characterization needs to be performed on Gel-MOD-AEMA derivatives
with different degrees of substitution.

2.3 Production of poly-lactic acid scaffolds using fused deposition modelling

The aim of the present study was to apply a combination of poly-lactic acid (PLA) and gelatin B
derivatives for the production of hydrogel-polyester combination scaffolds for tissue engineering
purposes. The PLA scaffolds ensure sufficient mechanical properties while the gelatin derivatives

introduced typically increase the bio-interactivity and the biocompatibility of the final construct.

The PLA scaffolds were produced using fused deposition modelling (FDM). This equipment
applies a thermoplastic polymer filament as starting material which is fed through a heated nozzle
using rollers. The heat of the nozzle melts the material and by movement of the nozzle in the X-Y
plane, the material can be deposited. [101][132][149] (see Figure 32) After the deposition of a 2D
layer in the X-Y plane, the platform moves downwards to enable the deposition of a subsequent
layer, thereby generating a 3D structure.[154][152] The different layers are connected because
the molten polymer causes the previously deposited layer to soften.[159] Fused deposition

modelling can generate structures with a resolution in the micrometer range, which is mainly

A/

Figure 32: Scheme of FDM principle.

limited by the nozzle diameter.[159]

“e

The FDM technique exhibits an additional advantage over other nozzle-based systems since the

continuity of the filament prevents the material from intruding inside the pores (for a reasonable
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distance) prior to solidification. As a result, no additional (potentially toxic) support materials are

required which typically have to be removed afterwards.[159]

The majority of FDM applications are currently situated in the field of hard tissue replacement
since FDM does not enable the application of hydrogel materials typically required for soft tissue
engineering.[132] The main drawback of of the FDM principle is the requirement to start from
preshaped, solid polymer filaments exhibiting specific dimensions and properties to enable their

feed through the rollers towards the nozzle.[149]

2.3.1 Overview of printing parameters for fused deposition modelling

In order to realize reproducible 3D scaffolds, several printing parameters can be finetuned
including the nozzle diameter, the printing temperature, the printing speed, the layer height and
the starting material. A first essential parameter in the FDM process is the nozzle diameter as it is
the limiting factor regarding the minimal width of the polymer struts which can be realized. In the
present work, the applied nozzle possessed a diameter of 400 um, limiting the theoretical
minimum strut width to 400 um.[180] In addition to the nozzle diameter, the printing temperature
can also affect the FDM process to a great extent. It determines the viscosity of the extruded
polymer and the required time to enable solidification of the polymer thereby affecting potential
post-extrusion deformations. The selection of a minimal printing temperature results in the lowest
deformation after extrusion, rendering it possible to bridge larger gaps without strut collapse
inside the pores. PLLA possesses a melting temperature in the range of 170°C-180°C (i.e 167°C
for the applied filament, see thermogram in Addendum E.I), incidently, the printing temperature
needs to surpass at least 170°C.[181][182] However, a too low temperature generally results in an
inferior attachment between superposing layers. Conversely, a critically high printing temperature
will result in a high fluidity thereby reducing the control over the deposited layer and potentially
inducing thermal degradation.[182] The printing temperature for the PLA scaffolds developed in

the present work was set at 195°C.

The printing speed affects several factors involving the scaffold production including the required
printing time for each scaffold developed. Increasing the printing speed decreases the scaffold
production time and aids in bridging the pores. However, an excessive printing speed results in an
inhomogeneous deposition of polymer material which results in differences of the strut width
throughout the scaffold. By selecting the printing speed critically low, poor bridging of the pores
becomes apparent ,consequently, the lateral porosity becomes poor. The applied printing speed

for the scaffold production throughout the present work was set at 11 mm/s.
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The height of the printed layers determines to a great extent the lateral porosity of the scaffold. A
low layer height results in small pores, rendering the scaffold less suitable for tissue engineering
purposes. The maximum layer height is determined by the feed rate of the filament. If the layer
height is set too high, the subsequent layer can no longer attach to the previous layer rendering
controlled deposition impossible. Herein, the layer height was set at 0.3mm, which is about the
limit of the printing device in combination with the PLA filament. The selected layer height
resulted in relatively large pores which facilitates the subsequent introduction of gelatin inside the
printed PLA scaffold.

The printing material is a key aspect in FDM as it determines to a great extent the above-
mentioned parameters because of differences in the melting temperature of the polymer applied
and the viscosity of the polymer melt. The melting temperature of PLA is greatly influenced by
its composition (cfr. PLLA, PDLA, PDLLA and blends) and its molecular weight as already
discussed in section 1.5.2.1.[137][181][182] In this study, the applied material is a transparent
PLLA filament possessing a  molecular weight of 16426 Da. The Gel Permeation
Chromatography (GPC) and *H and *3C- NMR spectroscopy results are included in Addendum
E.l

2.3.3 Generation of a 3D model for scaffold printing

In order to produce the PLLA scaffolds, two approaches have been evaluated. The first approach
consisted of the generation of a 3D model using CAD software. The 3D model included a
15*15*15 mm cube containing square pores of 500*500 um in three dimensions as depicted in
Figure 33 A and B. The 3D model was subsequently sliced using Cura slicing software prior to

printing using the Ultimaker 1.

Figure 33: Images (top view - E & side view - F) of scaffolds produced using a CAD Model (A & B) generated using
micro-Computed Tomography (u-CT) (C & D) and optical microscopy (G & H).

A visual evaluation of the produced scaffolds combined with optical microscopy and p-
Computed Tomography (UCT) illustrated the presence of inhomogeneous pore shapes and sizes
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and the absence of a fully interconnected porous network (see Figure 33 C-F). These observations
indicated that even upon fine-tuning several processing parameters the CAD model remained too
complex for the Ultimaker 1when relatively small dimensions were applied.

In order to address these shortcomings, a second approach was elaborated to realize the scaffold
production which enabled the direct control over the movement of the printing head using
commands introduced into the printer via a Gcode file (see Addendum E.II). By the input of
direct commands, scaffolds could be printed under a continuous flow of PLLA melt in a
meander-like fashion. This approach not only results in superior mechanical properties since the
complete scaffold is produced starting from a continuous PLLA strand, but also significantly
reduces printing errors originating from an interrupted extrusion process. In order to generate the
Gcode files, a program was written in Visual Basic for Applications (VBA) (see Addendum
E.lI1). This program processes the input of several parameters including the pore size, the
macroscopic size, the amount of layers to be deposited and the printing temperature to generate a
Gcode file which can be transferred to the Ultimaker 1. The application of this program ensured
an additional benefit over the CAD approach as a wide variety of scaffold/pore sizes can be
produced without the need to develop novel CAD designs upon changing the scaffold dimensions

and/or the pore size.

Figure 34: Overview of scaffolds developed starting from Gcode generation: uCT images (A, B); visual images of a
scaffold produced using a colored filament (C) and a transparent filament (D); optical microscopy images from the side
(E, G) and the top (F, H) of a scaffold using a colored and a transparent filament respectively.

2.3.4 Characterization of the Printed Scaffolds

2.3.4.1 Visual Evaluation

Visual evaluation of the scaffolds produced via Gcode already resulted in some interesting
benefits compared to the CAD scaffolds. For instance, the presence of a more reproducible and a

homogeneous porous network was observed when applying Gcode.(see Figure 33 E and F and
Figure 34 C and D and Figure 35)
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Figure 35: Comparison between a scaffold produced through CAD design (A,C) and a scaffold produced using a Gecode
file (C,D) viewed from the top and the side respectively.

2.3.4.2 Optical Microscopy

In optical microscopy, a magnified image of the sample is produced through the use of visible
light in combination with a series of lenses and diaphragms to realize different magnifications
and a variety of contrasts respectively. The sample is illuminated from the top and the resulting
image can be recorded using a camera. In a subsequent step, the recorded images can be

processed using software to measure the pore size of the sample.

The visual observations were further confirmed by measuring 5 pores using optical microscopy
(see Figure 34 D, E, F and G). Figure 34 confirmed that the morphology of the pores in the
scaffolds developed using Gcode was more reproducible as demarcated square pores were

observed in contrast with the pores observed in the CAD scaffolds (see Figure 33 G and H).

In order to denote the difference in a quantitative manner, 5 pores in four different scaffolds were
measured using optical microscopy to enable comparison between both strategies. For these
purposes the CAD model was enlarged to 2*2*2 cm to generate an overall porosity resulting in a
theoretical pore size of 666um, for comparison purposes Gcode scaffolds with a pore size of
666um were printed. The results are depicted in Figure 36 depicting both the average pore size as
the theoretical pore size for both methods. An analysis of variance (ANOVA) between the several
scaffolds produced by either method was in agreement with the observations made visually.
There was no significant difference (p>0.05) between the average pore size of the scaffolds
produced via the Gcode method while the CAD scaffolds differed significantly (p<0.01) in
average pore size. This analysis confirmed the more uniform pore size distribution for the
scaffolds printed using the Gcode relative to the pore size distribution of the scaffolds produced
using the CAD model (see Figure 36). In addition, the average pore size of each scaffold was

calculated and compared to the theoretical pore size.
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Figure 36: Plot of the average pore sizes for scaffolds obtained via both methods compared to their theoretical pore size.
The error bars depict the standard deviation on the obtained pore size.

2.3.4.3 Micro-Computed Tomography

Computed tomography (CT) is a non-destructive visualization technique which uses X-rays to
generate an image of the sample. The benefit of this visualization technique can be attributed to
the fact that images of the interior of the sample can be obtained without the requirement of
sample destruction. For this purpose, X-rays are sent through the sample. As the X-rays interact
with the sample, a shadow is projected on the detector, generating a planar image or a radiograph
of the sample. In order to generate a 3D image of the sample, it is rotated around a fixed axis in
the X-ray field. This rotation enables the recording of multiple planar images on the detector.
These planar images can then be processed via specialized software to generate visual
reconstructions of axial slices of the sample. In a next step, these obtained reconstructions can be
merged, yielding 3D visualizations of the samples containing a detailed view on the inner
structure.[183][184]
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Figure 37: Working principle of computed tomography. [183]

The most common application of CT can be found in the world of medicine where it is used as a
powerful diagnostic tool.[183] The resolution for clinical applications is limited (i.e. a few 100

pum) due to regulations concerning maximum allowed radiation doses.[183][184] However, for
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material characterization, the applied dose is of secondary importance. As a consequence,

superior resolutions can be achieved (i.e. 1 um).[184]

Comparison between the p-CT images of the scaffolds produced using both approaches
confirmed the observations established using visual characterization and optical microscopy. The
inner structure and the pore morphology of the CAD scaffolds were less uniform compared to the
inner structure of the Gcode scaffolds (see Figure 33 C, D and Figure 34 A, B). In addition,
Figure 33 C also demonstrates the absence of a completely interconnected porous network as
already discussed in section 2.2.3. Figure 34 A and B shows the presence of a continuous PLA
strand printed in a meander-like fashion in the Gcode scaffolds as opposed to Figure 33 D and E

which exhibit rough edges due to printing errors (cfr. an interrupted extrusion process).

2.3.4.4 Assessment of mechanical properties through compression tests

The mechanical properties of the produced PLA scaffolds were assessed by determining the
Young’s modulus via compression tests. The Young’s modulus or the compressive elastic
modulus E is a measure for the material stiffness. Considering the function of the IVD, the
resistivity of the scaffold developed against compressive forces exerted is of primary importance
(see also section 1.2.1).[8]

Compressive stress-strain experiments are mainly performed using a setup in which the sample is
gradually compressed by applying a certain force until a predetermined maximum is reached.
Typically, the material deformation (generally in mm) is monitored as a function of the applied
force (in N). After converting the output of these measurements into stress (i.e. 6 = F/Aq, applied
force divided by the sample surface area) and strain (i.e. € = (Lo-L)/Lo, deformation divided by
sample height), a stress-strain curve can be plotted. Generally, different characteristic regions can
be distinguished in stress strain plots including the linear elastic region, the pseudo-elastic region,
the yield point and the plastic region.[83][185]
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Figure 38: Image of a scaffold prior to (A) and after compression (C); example of a typical stress-strain curve for a semi-
crystalline thermoplastic polymer exhibiting the different characteristic regions (B).[185]
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Compression tests were only performed on scaffolds produced using the Gcode approach as the
characterization through the above-mentioned methods indicated that the CAD scaffolds were
less favorable for the intended application (i.e. tissue engineering) (see also sections 2.2.4.1-
2.2.4.3).

An example of a stress-strain plot obtained after compression of a PLA is depicted in Figure 38.
The Young’s modulus can be calculated from the slope of the linear area in the elastic region on

the stress-strain plot (see inset Figure 39).
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Figure 39: Stress-strain plot of a PLA scaffold. The inset shows a magnification of the elastic region.

The experiments revealed that the Young’s modulus of the scaffolds developed can be influenced
by adjusting several parameters. Figure 41 (left) shows the influence of the pore size and the
sample aging time (i.e. time between development and characterization through compression).
Figure 4lindicates that the mechanical properties of the scaffold can be fine-tuned by varying the
pore size. Smaller pores result in stiffer structures. However, when the pore size is lower than a
critical value, the scaffold becomes less suitable for the targeted application as the efficiency to
introduce a gelatin cryogel into the scaffolds developed decreases. The plot also reveals an
influence of the sample aging time on the mechanical properties. This phenomenon is generally
referred to in literature as “physical aging”.[186] The “physical aging” phenomenon occurs
because PLA is generally stored at a temperature (i.e. room temperature) below, yet close, to its
glass transition temperature (Tg)(i.e. 61°C see Addendum E.I). At this temperature, the polymer
is present in a thermodynamically unstable state. This unstable state originates from the rapid
cooling of the PLA after deposition. The rapid cooling “freezes” the polymer chains drastically,
thereby reducing their segmental mobility.[187] To overcome this instability, the polymer will
slowly transfer to an equilibrium state through slow segmental rearrangements.[186][188] These
rearrangements will in their turn result in the creation of locally ordered domains and at the same

time, in a reduction of the free volume of the polymer.[186][189][187] Figure 40 depicts the
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influence of “physical aging” on the crystallineity present in the sample, quantified by DSC as the
required melting energy upon heating (see thermograms in Addendum E.IV).
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Figure 40: Plot depicting the increase in required energy for melting of the printed PLA as a result of *physical aging".

The presence of the locally ordered domains and the reduction of the free volume render it more
difficult to transfer a locally applied strain throughout the entire sample, thereby reducing the
elasticity and increasing the brittleness.[187] The increase in brittleness can be observed by the
increase of the Young’s modulus as elasticity drops concomitantly.[187] Figure 41 (right panel)
reveals the influence of the printing temperature on the Young’s modulus. The results illustrate
that at a printing temperature of 190°C, a slight drop in Young’s modulus can be observed
relative to the scaffolds printed at higher temperatures. The origin of this drop in elastic modulus
is anticipated to be attributable to the inferior attachment of superposing layers due to the lower
printing temperature (see section 2.2.2.2). The results enabled the selection of the optimal
printing temperature (i.e. 195°C) as increasing temperatures are anticipated to induce thermal
degradation of the scaffolds. [182] In conclusion, both the pore size as well as the printing

temperature are important features when it comes to fine-tuning the mechanical properties of

scaffolds.
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Figure 41: Plot revealing the influence of the pore size and the sample aging time on the Young’s modulus for PLA
scaffolds (left); Influence of printing temperature and sample aging time on the Young's modulus of PLA scaffolds with a
pore size of 450 um (right).
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2.4 Development of Poly Lactic Acid-Hydrogel Combination Scaffolds

In order to increase the biocompatibility and the bio-interactivity, a gelatin-based hydrogel was
selected to be combined with the PLA scaffolds developed. As previously discussed (see section
2.1), the material was methacrylated (gel-MOD) to enable covalent crosslinking ensuring stability
upon in vitro or in vivo application. For the combination of both materials, two approaches have
been selected. On the one hand, a gel-MOD hydrogel was introduced in the PLA scaffold which
was subsequently UV crosslinked and exposed to a cryogenic treatment followed by
Iyophilization prior to cell seeding. On the other hand, a gel-MOD solution was blended with
MC3T3 preosteoblast cells prior to introduction in the PLA scaffolds followed by UV

crosslinking.

2.4.1 Development of PLA-cryogel combination scaffolds

In a first part, the cryogel approach was selected as this method enables the generation of an
interconnected porous gelatin network. The cryogenic treatment was applied to obtain a certain
degree of control over both the hydrogel pore size as well as its geometry within the PLA
scaffold.[156] The cryogel-PLA combination scaffolds were obtained using a multistep process.
First, the PLA scaffolds were immersed in gel-MOD (DS 82%) solutions of different
concentrations (i.e. 2, 5 and 10 w/v%) containing a suitable photo-initiator (2 mol% Irgacure
2959) (see Figure 42). The solution containing the scaffolds was then exposed to a vacuum
treatment for five minutes enabling optimal intrusion of the gel-MOD throughout the PLA
scaffolds (see Figure 42: 3). In a second step, the gel-MOD containing scaffolds were stored at
6°C for 1 hour to induce physical gelation of the hydrogel. Afterwards, the scaffolds were
exposed to UV-A light for two hours to enable a photo-induced radical polymerization of the
methacrylamide functionalities present in gel-MOD (see Figure 42: 4). Next, the scaffolds were

exposed to a cryogenic treatment followed by lyophilization (see Figure 42: 6,7).
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Figure 42: Scheme of the principle to introduce Gel-MOD cryogels in PLA scaffolds.

51



2.4.1.1 Cryogenic treatment of PLA-gel-MOD combination scaffold

For the application of a cryogenic treatment, a cryo-unit was selected which was designed and
manufactured in close collaboration with the central workshop of Ghent University. The device
consists of an aluminum mold which can be cooled to a predefined temperature in a controllable
fashion by means of a thermostat, using isopropanol as cooling liquid. In addition to conventional
cooling, the device also contains thermoelectric coolers (TEC) or Peltier elements at the bottom
of the aluminum mold which enables the introduction of temperature gradients up to 30°C
between the top and bottom of the mold. The Peltier elements - also referred to as a solid state
heat pump - contain an array of n- and p- type semiconductors. By means of electron/gap
interactions and associated excitation/relaxation effects, heat is transferred. Basically, when an
electron moves from the copper conductor to the p-type semiconductor at the hot side, it needs to
fill a hole. In order to fill this hole, the energy of the electron will be lowered, resulting in a
release of heat. In essence, these holes travel through the p-type semiconductor until they reach
the cold side of the p-type semiconductor where the electron needs to gain energy to travel
through the copper conductor again absorbing heat in the process. Similarly, the electron from the
copper conductor needs to increase its energy when reaching the cold side of the n-type
semiconductor absorbing heat in the process until it falls back to its lower state to enter the
copper conductor at the hot side. [110][156][168][190]

Two types of PLA-cryogel scaffolds have been developed by applying a cryogenic treatment. On
the one hand, scaffolds have been produced by applying a temperature gradient of 30°C between
top and bottom of the scaffold. It was anticipated that this methodology would result in scaffolds
containing vertical channels with a decreasing diameter from top to bottom of the cryogel.
[110][156][168] In addition, scaffolds were produced without applying a temperature gradient,
leading to a more uniform porosity throughout the entire scaffold.[110][156][168] For both
approaches, the cryogenic treatment consisted of a controlled temperature decrease at a rate of
0.15°C/min until a temperature of -30°C was reached as described by Van Vlierberghe et al
(2007).[156]

An important drawback of the application of cryogels for tissue engineering purposes is the
presence of a non-porous skin at the outer material surface.[168] This non-porous skin can
greatly reduce the cell seeding efficiency while at the same time diminish the transport of
nutrients and waste throughout the cell-seeded scaffold. In order to prevent skin formation, the
scaffolds were immersed in a gelatin B solution prior to the cryogenic treatment to generate a
dissolvable skin (see Figure 42: 5). Incubation in water at 37°C prior to cell seeding will then
result in the dissolution of this non-porous gelatin skin. [156][168][190]
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2.4.1.2 Characterization of PLA-cryogel combination scaffolds

2.4.1.2.1 Visualization through digital microscopy

Digital microscopy is a technique which applies the same principle as conventional optical
microscopy but with the substitution of the ocular lens by a semiconductor charge-coupled device
(CCD) image sensor to capture the picture. By controlling the movement of the lenses, the
software can record several images focusing on different sample depths to generate a complete

image in which all these focal planes are combined to realize an overall sharp image.

Figure 43: Digital microscopy images of a PLA-gel-MOD (2w/v%) combination scaffold developed in the absence of a
temperature gradient before (A & B) and after incubation in water (D, E, F) and PLA-gel-MOD (5w/v%) combination
scaffold prior to incubation (C).

The images obtained via digital microscopy revealed the presence of a gel-MOD cryogel
structure inside the pores of the PLA scaffolds (see Figure 43(A, B & C). However, the
combination scaffolds obtained using a 2w/v% gel-MOD solution clearly reveal the absence of
gelatin towards the edges of the scaffolds. The origin of this phenomenon can be attributed to two
effects. First, the 2w/v% gel-MOD solution is less viscous and gives rise to a slower physical
gelation which resulted in a partial leaching out during the physical gelation (1 hour, 6°C) prior to
UV crosslinking. To remove unreacted gel-MOD from the scaffolds, they were incubated for 12
hours in milliQ water at 37°C (see Figure 43 D, E and F). The gelatin hydrogel can still be
observed, which indicated that the PLA scaffolds enable the penetration of UV irradiation and

thus the photo-polymerization of the introduced gelatin.

2.4.1.2.2 Visual evaluation using scanning electron microscopy

In scanning electron microscopy (SEM), an electron beam is generated which is directed towards
the sample via electron lenses. When the electrons collide with the sample, a variety of radiation
types can be observed including backscattered electrons, secondary electrons, photons, visible
light and heat. The backscattered and secondary electrons are monitored using a detector which
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generates a sample image. To avoid a build-up of charges inside the sample, the sample is coated
with gold by a low vacuum sputtering technique. This coating renders the sample conductive
allowing it to be grounded, thereby removing all charges present.[191]

Figure 44: SEM images of the gelatin microstructure inside the PLA scaffolds at the center of the scaffolds: (A) 5 w/v%
with temperature gradient; (B, C and D) 2, 5 and 10 w/v%b without temperature gradient respectively.

Figure 44 reveals the gelatin microstructure present inside the PLA scaffolds, as obtained through
SEM. The density of this microstructure was clearly a lot more pronounced in the 5 and 10w/v%
gelatin concentrations as compared to the 2w/v% concentrations.. The scaffolds produced using a
2 w/v% gel-MOD solution (Figure 44 B) clearly exhibit more pores as compared to the scaffolds
produced using a 5 and a 10 w/v% gel-MOD solution (Figure 44,A, C and D. In addition, a skin
of crosslinked gel-MOD appears to encapsulate the PLA struts which is anticipated to enhance

the cell adhesion to the polymer struts (see Figure 45).

Figure 45: SEM images of gelatin covering the PLA struts of a scaffold produced using a 10 w/v% gel-MOD solution.

2.4.2.2.3 Non-destructive evaluation using micro-computed tomography

The use of pu-CT enables the 3D visualization of the PLA-gelatin combination scaffold even
towards the core of the scaffold without the need for sample destruction. The reconstructed slices
were in agreement with the observations obtained from digital microscopy. The images of the
scaffolds generated using a 2 w/v% gelatin solution showed the absence of gel-MOD towards the
edges of the scaffold as a result of leaching out prior to and during UV-crosslinking (Figure 46, A
& C). However, the slices of the scaffolds obtained using a 5 and a 10 w/v% gelatin solution

reveal a porous gelatin structure throughout the PLA scaffolds (see Figure 46, B, D and E).
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Figure 46: Image reconstructions of PLA-gel-MOD combination scaffolds obtained through p-CT: 2 w/v% and 5 w/v%
gel-MOD in the presence of a temperature gradient (A & B respectively) versus 2 w/v%, 5 w/v% and 10 w/v% gel-MOD
without temperature gradient (C, D & F respectively).

2.4.2.2.4 Evaluation of the water uptake capacity of the PLA-gel-MOD combination scaffolds

The water uptake capacity is an important characteristic of scaffolds developed as cell carriers for
tissue engineering applications. In order to quantify the water uptake capacity of the gel-MOD
cryogels inside the PLA scaffolds, the scaffolds were immersed in PBS buffer at 37°C to mimic
in vivo conditions. At regular time points, the water uptake of the scaffolds was determined by

quantifying mass differences between the dry and the hydrated scaffolds:

Water uptake capacity (%) = —ruhydrated “Wddry , 100 (gp)

Wd dry

The maximum water uptake capacity of all scaffolds developed was determined. In addition, both
the influence of applying a temperature gradient during the cryogenic treatment as well as the
gelatin concentration applied (2, 5 and 10 w/v%) on the swelling capacity was evaluated (see
Figure 47). As a reference, the water uptake capacity of a blank PLA scaffold containing no

gelatin was also assessed.
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Figure 47: Maximum water uptake capacity of the PLA-gel-MOD combination scaffolds with varying gelatin
concentrations.
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A first interesting aspect included the fact that the maximum water uptake was attained almost
instantaneously. This effect might be attributed to the fact that a volume increase of the gelatin is
obstructed partially by the presence of the PLA struts. In addition and surprisingly, an increase in
water uptake capacity was observed for increasing gelatin concentrations. The latter is
contradictory to the results of VVan Vlierberghe et al which illustrated an increase in water uptake
capacity of gelatin-based cryogels upon decreasing the gelatin concentration.[109] As higher
gelatin concentrations lower the porosity of the cryogel, a larger obstruction towards water uptake
can be anticipated. In addition, higher polymer concentrations generally result in a higher
crosslinking degree and consequently, a lower water uptake.[168] However, the obtained results
can be explained by evaluating the digital microscopy and the p-CT images. Due to the poorer
physical gelation and the reduced viscosity of the lower gelatin concentrations (i.e. 2 and 5 w/v%
versus 10 w/v%), part of the gel-MOD solution was leached out from the scaffolds containing the
lowest gelatin concentration prior to crosslinking. As the dry gelatin fraction in the PLA scaffolds
increases with increasing gelatin concentration, the water uptake capacity of the scaffolds will
increase concomitant (see Figure 47).

Furthermore, Figure 47 reveals an increase in water uptake capacity for scaffolds which were
produced in the absence of a temperature gradient during the cryogenic treatment. However, an

ANOVA test proved this difference to be statistically insignificant (p > 0.05).

2.4.1.3 Conclusions and future perspectives

The application of a cryogenic treatment to introduce a porous, crosslinked gelatin microstructure
inside a 3D printed PLA scaffold is a suitable technique to develop PLA-hydrogel combination
scaffolds. Despite the introduction into the PLA scaffolds, the porous gelatin microstructure
exhibited a very fast maximum water uptake. However, further optimization still needs to be
performed with respect to the procedure for introducing low concentrations of gel-MOD solutions
to prevent leaching out from the PLA scaffolds. A potential solution for this problem might be to
enable the physical gelation to occur when the scaffolds are still immersed in the gelatin solution,

followed by removing the scaffolds from the gel prior to UV-curing.

2.4.2 Combination of PLA scaffolds with cell-encapsulated gel-MOD solution

The UV crosslinking of a MC3T3 cell encapsulating gel-MOD solution introduced in a PLA
scaffold was evaluated as a pilot experiment towards two photon polymerization (2PP) of a cell
encapsulating gelatin solution introduced in the PLA scaffolds to generate a predefined,
structurally tailored hydrogel microstructure inside the PLA scaffold (see Addendum A.11.4). In

order to assess the viability of this concept, the cell survival after UV-crosslinking is a key
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element. To this end, PLA scaffolds were immersed in a solution containing gel-MOD dissolved
in cell medium in the presence of 0.05 wt% Irgacure® 2959 and MC3T3 cells (i.e. mouse pre-
osteoblasts), followed by UV-induced crosslinking (see Figure 48). After seven days, the
scaffolds were stimulated with differentiation medium (DM). The cell viability and the ability to
proliferate were characterized using different techniques including presto blue staining and
live/dead staining. In order to verify whether the cells maintained their differentiation potential in
the osteogenic lineage after UV-curing, alkaline phosphatase (ALP) staining and gene expression
with quantitative reverse transcription polymerase chain reaction (QRT-PCR) for RUNX2 and
osteocalcin were performed by Marica Marcovic of the Institute of Materials, Science and

Technology at the Vienna University of Technology.

FDM
printing
head

Figure 48: Scheme demonstrating the general principle of introducing a cell-gel-MOD solution inside a PLA scaffold.

2.4.2.1 Characterization of the cell viability and the proliferation

2.4.2.1.1 Determination of the metabolic activity using Presto Blue staining

In order to determine the metabolic activity of the cells encapsulated in the combination scaffolds
at certain time points, Presto blue staining was performed. Presto Blue is a resazurin-based
solution which can be applied to determine cell viability in a quantitative manner. The reagent
contains a blue compound (i.e. resazurin) which is able to pass through the cell barrier. Inside a
metabolically active cell, the resazurin will be reduced rapidly generating resorufin which is red
in color and highly fluorescent. By measuring the obtained fluorescence, a quantitative

assessment of the metabolic activity can be realized.
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Figure 49: Results of a presto blue assay revealing the observed fluorescence at different time points.
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Evaluation of the generated fluorescence in the scaffolds after Presto Blue staining confirmed an
increase in cell proliferation with a maximum after 3 weeks in culture. This increase in metabolic
activity probably originates from two effects. On the one hand, the cell proliferation increases,
which results in a higher overall metabolic activity. In addition, introducing the differentiation

medium is likely to increase the metabolic activity of the viable cells.

In parallel with the presto blue staining, an estimation of the cell number was realized through
DNA isolation (see Table 4). At a maximum fluorescence, the cell number estimation revealed
that the amount of cells present was close to the initially seeded 500000. This demonstrates that
cells can sufficiently survive the harsh UV-crosslinking conditions. After 3 weeks, a drop in cell
number and metabolic activity was observed. The reason for this phenomenon remains unclear to
date. A possible explanation might be that the scaffolds have become saturated with mature
osteoblasts at this point and because of the slow degradation of the scaffolds, the cells are not

provided with enough additional space, inducing cell apoptosis.

Metabolic activity

Time line (fluorescence) Cell number estimation
3 days after seeding 977 £ 212 -
7 days after seeding 954 + 92 160000
+ 1 week with DM 2274 + 155 365000
+ 2 weeks with DM 2615 £70 420000
+ 3 weeks with DM 1459 + 98 260000

Table 4: Monitored metabolic activity obtained via presto blue staining and comparison with the estimated cell number
based on DNA isolation.

2.4.2.1.2 Qualitative evaluation of cell viability through live-dead staining

The live/dead staining images were obtained using confocal microscopy. Figure 50, A reveals the
presence of a few dead cells, probably as a consequence of the UV irradiation. Interestingly,
Figure 50, B depicts an almost complete absence of dead cells indicating that cell proliferation
occurred. Three weeks after the addition of DM, however, an increase in dead cells was again
observed, which is in agreement with the results obtained via Presto Blue staining and DNA

quantification (see Figure 50, C).
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Figure 50: Confocal microscopy images obtained from live/dead staining after 1 week, 2 weeks and 3 weeks in the presence
of differentiation medium (A, B and C respectively)

In addition to the qualitative results regarding cell viability, an elongated cell morphology was
observed which is an indication that the cell adhesion onto the gelatin encapsulated PLA struts

was successful.

2.4.2.1.3 Evaluation of the differentiation potential using alkaline phosphatase staining

Alkaline phosphatase (ALP) is an enzyme which plays an important role in osteogenesis [192].
Therefore, staining of the scaffolds with a compound that exhibits green fluorescence in the
presence of ALP (i.e. ALP LIVE stain) is a powerful tool to enable the qualitative evaluation of
osteogenesis. Cells undergoing osteogenesis will typically give rise to a green fluorescence which

can be visualized using confocal microscopy.

Figure 51: ALP staining of the cell-encapsulating scaffolds revealing cells undergoing osteogenesis after 1 week in DM (A),
2 weeks in DM (B) and 3 weeks in DM (C).

The confocal microscopy images after ALP staining revealed an increase in the amount of cells
exhibiting green fluorescence as a function of time. Even after three weeks, an increase in
osteogenesis was still observed despite the drop in cell number, proving that the osteoblasts are

mature, mineral-forming and healthy osteoblasts.

2.4.2.1.4 Gene expression evaluation using gRT-PCR

Quantitative real time polymerase chain reaction (QRT-PCR) is a method which is used to
amplify and quantify a target sequence in a DNA molecule simultaneously. In a first step cDNA
is synthesized using RNA as a template sequence. Next, the cDNA is amplified using a primer

and reverse transcriptase in the presence of a substance marked with a fluorophore which enables
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the number of ‘copies’ to be quantified via the detection of fluorescence. In qRT-PCR, the

presence of a particular DNA sequence is measured after each PCR amplification cycle.[193]

In the present work, the target genes were RUNX2 and osteocalcin as these genes are important
markers in the osteogenesis process. The plots in Figure 52 reveal an initial increase for the
RUNX2 gene which is generally detected in pre-osteoblasts and increases in immature
osteoblasts. After 2 weeks in DM, a down-regulation in the RUNX2 gene is observed, alongside
an up-regulation in osteocalcin. These results indicate the presence of mature osteoblasts as upon
maturation, the production of RUNX2 is inhibited.[194]
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Figure 52: Plots revealing the RUNX2 (left) and osteocalcin (right) gene expression in the cell-encapsulating scaffolds at
different time points.

2.4.3 Conclusions and future perspectives

The combination of the different cell characterization assays results in some key observations.
Not only do the cells survive the harsh UV-crosslinking conditions, their differentiation potential
is preserved as after stimulation, the presence of osteogenesis proved the differentiation from pre-
osteoblasts to mature osteoblasts. However, an increase in cell death alongside a drop in
metabolic activity was observed after three weeks in differentiation medium. This phenomenon is
probably occurring as a result of spatial obstruction, originating from the slow scaffold
degradation. Ongoing work includes the comparison of the cell response using scaffolds
generated via the cryogel approach with the scaffolds generated by UV-crosslinking cell-
encapsulating gel-MOD solutions introduced in the PLA scaffolds. The latter strategy will yield
the most viable approach towards cell seeding efficiency, viability and proliferation to be applied

in future work aiming at tissue engineering.

60



3. General conclusions and future perspectives.

The ultimate goal of the present study was to clear the road towards the application of 2PP to
generate a cell-encapsulated, predefined, structurally tailored hydrogel microstructure inside a
PLA scaffold obtained via FDM. As this method would drastically increase the cell seeding
efficiency, combined with the ability to tailor the scaffold towards the optimal morphology, ideal
conditions can be realized for the envisioned tissue engineering approach. ldeally, the applied
hydrogel materials should exhibit both sufficient mechanical strength as well as a beneficial bio-

interactivity.

In a first part, gelatin type B was successfully derivatized to yield photo-crosslinkable hydrogel
precursors. These derivatizations included among other the reaction of the amines and the
carboxylic acids present in the gelatin backbone with methacrylic anhydride and/or
aminoethylmethacrylate respectively to yield gel-MOD and gel-MOD-AEMA. Moreover, gelatin
type B was also derivatized with coumarin functionalities in order to obtain a reversible, initiator-
free crosslinkable system. Although this derivatization was proven successful via *H NMR
spectroscopy, the successful crosslinking has not yet been achieved to date. Further research will
be performed towards the application of lasers to realize coumarin dimerization and thus
reversible crosslinking of gelatin. In addition, preliminary experiments have been performed
towards the introduction of a photo-initiator (i.e. Irgacure 2959) on the gelatin backbone to yield
an in situ crosslinkable hydrogel material. The details of these experiments were however not

incorporated in the present work due to time constraints.

In a second part, the gel-MOD and gel-MOD-AEMA derivatives were successfully crosslinked
by applying UV irradiation in the presence of Irgacure 2959 to develop 2D films for
characterization purposes. An in-depth characterization using a plethora of assays including HR-
MAS 'H-NMR spectroscopy, gel-fraction determination, swelling experiments and rheology
indicated that the incorporation of additional methacrylate groups in gel-MOD not only increased
its mechanical properties, but also increased the crosslink efficiency. In addition to the increase in
mechanical properties, preliminary cytotoxicity tests revealed that a comparable cell viability was
observed as for gel-MOD. These observations were apparent both for the materials in crosslinked
as well as in the uncrosslinked state. These results are remarkable as a substantial increase in
double bonds is present in gel-MOD-AEMA relative to gel-MOD. These preliminary cell tests
are extremely promising towards future applications of gel-MOD-AEMA as gel-MOD has
already proven its success in the field of tissue engineering. [86][134][168] The results therefore
clear the road towards the application of gel-MOD-AEMA for tissue engineering applications. In
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addition, the substantial increase in mechanical properties should render gel-MOD-AEMA very
suitable towards the application of 2PP as this is anticipated to result in a better geometric
reproduction of the applied CAD model.

In a third part, 3D scaffolds have been produced using FDM to investigate the potential of a
combination of a PLLA scaffold for its mechanical properties with a gelatin hydrogel for its bio-
interactive properties. To generate reproducible PLA scaffolds, a custom program was written in
VBA which enables a precise control over the pore size and the external dimensions of the
scaffolds produced via FDM. These PLA scaffolds were then combined with a gel-MOD
hydrogel which was subjected to a cryogenic treatment to introduce a porous microstructure
inside the PLA scaffolds. In parallel, a cell-encapsulating gel-MOD solution was combined with
the PLA scaffolds prior to crosslinking to assess the cell viability after applying a UV treatment
for crosslinking purposes. The obtained PLA-cryogel combination scaffolds were characterized
using a variety of methods including digital microscopy, UCT and SEM. These methods
illustrated the presence of a porous gelatin network inside the PLA scaffolds. However, at
present, cell studies on the combination scaffolds are still ongoing. Interestingly, for the second
approach, the biological assays in which MC3T3 preosteoblasts were encapsulated into the gel-
MOD solution prior to crosslinking were promising. Preliminary cell work not only indicated a
high cell viability after UV-irradiation, but also illustrated that the cells maintained their ability to

differentiate into mature osteoblasts.

The results obtained in the present study not only revealed the success of the encapsulation of
cells in the hydrogel precursors to increase cell seeding efficiency, but also proved that the
developed hydrogel materials in combination with PLA scaffolds are promising tools towards the
targeted aim. The combination of two different material classes with various SFF techniques is a

valuable approach to yield perfectly tailorable scaffolds for tissue engineering purposes.
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Addendum A (Introduction): Tables and additional information.

A.l Tables

Table 1: Overview of clinically applied 1VD degeneration treatments

Conventional treatments

Methodology

Description

Benefits

Drawbacks

Illustration

conventional physiotherapy

a combination of oral
analgesics, exercise and
physiotherapy [2]

* non-invasive
* no revalidation

*symptomatic treatment
*it takes months to obtain 'satisfactory'
results

Chemoenucleolysis

* treatment of herniatic
IVD when conventional

*Back pain is diminished
instantly

*complications(anaphylaxis)
*Healing after nucleotomy is observed

musculature and in the

herniated zone [2]

Minimally invasive procedures

methods  have  failed | *minimally invasive | by formation of vascular tissue

*chympopain injected | procedure through ruptures in the bony endplates,

directly in NP, dissolves can cause pain

proteoglycans shrinks

bulging disc, leaves AF

intact [2][56][26]
degeneration of NP in disc 10 days after
injection

Ozone chemonucleolysis *treatment of herniatic | * painless *insufficient published data to show

IVD *Well-tolerated the effects of treatment

*injection of

o0zone/oxygen mixture

into paravertebral

leading to a contraction

of the disc itself

*thermocoagulation of the nociceptors

Methodology Description Benefits Drawbacks Illustration
Annuloplasty
IDET (intradiscal electrothermal | * alternative to vertebral | *minimally invasive | *not  possible  for  inflammatory Nucleus pulposus
therapy) body fusion *Patient is discharged on | arthritis, medical or  metabolic Electrode
*treatment for crhronic | the same day | conditions that exclude proper follow
discogenic lower | *can lead to a reduction | up
backpain of annular fissures *limited amount of long term results
*thickens collagen, | *can increase the stability | availiable

is inserted in outer disc
tissue under  X-ray
guidance

*Radio frequency current
flows through the
electrode, locally heating
the adjacent tissue,
coagulating and
thickening the collagen
present. [2]

and a diminishment in] *low cost within the annular walls can occur
vascular and  neural *possible  complications:  catheder
ingrowth breakage, post IDET disc herniation,
*An electrode is inserted infection, abscess, spinal cord damage
in the defective area and *moderate  evidence to  prove
heated to 90°C  [2][195] effectiveness of the treatment .
Schematic picture showing the
introduction of the electrode into an 1VD.
RFA (radiofrequency *treats  patients  with | *minimally invasive | *complications: catheter breakage,
annuloplasty) chronic low back pain, | *low cost | nerve root injuries, discitis, disc
often the result of | *few side effects | herniation, epidural abscess, spinal
internally disrupted discs | compared to surgical | cord damage
*discTRODE™  cannula | options *only short term evidence for benefits
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IDB (Intra discal Biacuplasty)
(kapural)

*new
procedure
*bipolar system of two
RF electrodes is used
*electrodes are placed on
opposite  posterolateral
sides of the defective
annulus fibrosus [2][24]

annuloplasty

*minimally invasive
*lower peak temperature
compared to IDET leads
to better tolerance
*short procedure
*can be used in
discectomized discs
*relative ease for
placement of electrodes
compared to RFA and
IDET

*insufficient long-term data on long
term effects.

X-ray image showing the placement of
both electrodes

Percutaneous disc decompression

Laser discectomy

* patients with herniated
IVD

* A laser is inserted into
the NP by means of a
catheter with fluoroscopy
*laser irradiation,
removes small portions of
the NP, enabling the
herniation  to  shrink.
[2][196]

*minimally invasive
*patients can return home
the same day

*very localized tissue
removal

*can be applied on
patients  with  spinal

stenosis and IDD

*scarcity of clinical trials
* steep learning curve for the surgeon
*Increases difficulty level for surgeon
*moderate evidence for success

Articular
process

Spinal canal

Vertebral

artery

Laser tract
2x5mm.

Needle positioning for laser disc
decompression

RF coblation (Plasma
discectomy)

* patients with herniated
IVD

*The device is entered
into the NP through a
needle guided by
fluoroscopy

*NP is ablated with RF
when introducing the
device *tissue
is transferred to gas by
molecular  dissociation,
which is removed through
the needle

*after removal of the
device, coagulation takes
place by  thermally
treatment of the canal
which  leads to a
denaturation of nerve
fibers [2]

*minimally invasive

*not applicable to patients with spinal
stenosis

*loss of disc height of 50%, severe
disc degeneration

*spinal fraction

*tumor

*moderate evidence of success

Mechanical disc decompression

*dekompressor is a
handheld device,
connected to a helical
probe, the probe rotates
thus sucking out milled
tissue from the NP
*The dekompressor is
placed into the 1VD using
fluoroscopic guidance [2]

*minimally invasive
*short surgical procedure
times

*results on this procedure are still
limited
*moderate evidence of success

Placement of the device into the inflamed
disc on a skeletal model

manual PLD (percutaneous
lumbar discectomies)

A probe is inserted,
slicing tissue in the VD,
which is succequently
sucked out. [2]

*minimally invasive
*relatively short surgical
procedure times

*varying results

Regional endoscopic techniques
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Lumbar discectomy

Using an  endoscope
inserted through a needle,
very local pieces of the
prolapsed disc can be
removed under direct
vision [2]

*ultimate form of
minimally invasive spinal
surgery

*immediate pain relief
*patient can go home
within 24 hours

~ Majorsurgical procedures

Methodology Description Benefits Drawbacks Illustration
Spinal fusion

The vertebral bodies | *reduction of complaints | *No restoration of disc function

adjacent to the *may lead to further degeneration of

traumatized IVD are adjacent IVD's due to loss of

fused together using mechanical function

somekind of fixation *alters biomechanics of the spinal

device [9][146]

column

model of a spinal fusion device attached
to the spinal column

Artificial IVD replacements

The traumatized IVD is
surgically removed and
replaced by an artificial
one. [4][31][9]

*restoration of the motion
of the IVD

*cannot sustain compressive forces
*production of wear debris which can
induce osteolysis

*stress transfer ~ to
*possibility  of  implant
*little long term results

vertebrae
failure

Model of a IVD implant produced by
Rapid manufacturing.

Table 2: Materials applied for tissue engineering of the nucleus pulposus
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materia | Applied
| class materials

Material properties

Cell source

Description

Benefits/ Drawbacks

Stage

Ilustrations

formation [55]

Injectable
*protein *rabbit NP ] rabbit and human +higher  hydration  level | *in vitro, 24
*main ECM | cells MSCs encapsulated | observed days
constituent *human in collagen +hMSCs survived and | *in vivo, 6
mesenchym | microspheres synthesized new ECM months
al stem cells | containing rabbit +increase in type Il collagen
Collagen (MSC) s NP derived ECM, production and GAGs
followed by -further  optimization  of 1243 L34 445
injection into rabbit | culture conditions required . . L
IVDs X-ra_y image of inserted NP materials in
[52][152][152] rabbits
*ECM components *rabbit *collagen Il +high NP cell viability | in vitro, 14
*4-star PEG is non- | adipose hydrogels in situ +HA stimulates ECM | days
toxic cross-linker derived crosslinked 4S-star- | synthesis, proliferation,
c stem cells PEG cross-linkers migration and  phenotype
() [47] maintenance
% Collagen +HA is anti-inflammatory and
- 11/PEG/H anti-vascular
o A +ideal setting time (1h) for
(@) clinical applications
+stable in culture N
-poor mechanical properties Picture of a seeded NP hydrogel
of non-cross-linked collagen
1
*ECM component in ] *rabbit *Injectable + in situ | +ideal for injection in vivo, 8
NP MSCs cross-linkable +good biocompatibility weeks
*povine NP | *enzymatic -animal  origin, risk  for
crosslinking using | disease transfer
mTGase -weak mechanical properties
Atelocolla [101[53] -degradative resistance
gen properties
-scaffolds  size  reduction
observed after 7 days
*polysaccharide fibers | *human, injection inthe NP | +mechanical properties are | in vitro, 1
to tune mechanical | fetal in the absence of maintained for a long period | week
3 properties cartilage cells [42] +in situ UV curing
o cells +biocompatible
S Cellulos_e
— composite
[<B)
O Cryo-SEM-image of the composite
hydrogel, showing a porous structure
*derived from | *rabbit fibrinous gelatin + | +decrease in disc height was | in vivo, 12
collagen (ECM | MSCs MSCs + growth slowed down weeks
component) factors injected in +increase in aggrecan and
. the NP [23] collagen type Il
Dl +decrease in collagen type | gx’ N 2N
i Y & Rl
::2‘-"’” apoptosis rates Presence of a lot of spindle cells in the NP
jectable
after 12 weeks
*therapeutic effect *rabbit NP | *thermosensitive +no cytotoxicity in vitro, 3
cells hydrogel as carrier | +good gelation and handling | days
for ferulic acid in | properties for clinical
Earuife NP repair, liquid at | application
fafiak room temperature, '+FA Ieads_ to a reduction in
gelatin/chi turns_ |nto_ a gel at mflammatlpn
tosan/glyce physiological +upregulation of collagen Il
rol temperatures and aggrecan
*FA attached to | +FA prevents proteoglycan
phosphate . :
gelatin through | degeneration
amide bond
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oxi-HAG-
ADH
(hyaluroni
c acid-
gelatin-
adipic acid
dihydrazid

e
hydrogels)
[14]

*components of ECM
in NP

*rabbit NP
cells

injectable hydrogel
combined with NP
cells and cross-
linked using EDC
and NHS [17]

+sterilizable
+comparable
properties
-crosslinking required

-slight drop in cell viability
due to unreacted aldehyde
groups

+no fibrous tissue
replacement or disruption of
bony end plates
+large amount of
chondrocytes in center of the
disc

+no necrosis or inflammation
+good cell viability
+straightforward
+cost-effective

visco-elastic

in vitro, 3
days

SEM images of seeded hydrogels after
lyophilization

Hyalurona
n HYAFF
120 &
HYADD 3

*major component of
NP

*pig  bone
marrow
stem cells

*injection of
hyaluronan and
homologous bone
marrow stem cells
[12]

+no fibrous tissue
replacement or disruption of
bony endplates

+large amount of
chondrocytes in center of the
disc

+no necrosis or inflammation
+good cell viability
+straightforward
+cost-effective

in vivo, 6
weeks

-~—— T

N HF

, 15 o
g

Comparison between normal NP IVD’s
(N) and IVD’s where the NP is replaced
by the injected hyaluronic derivative

Oxi-
HA/ADG

*ECM component

*six  month
old rabbit
NP cells

*injectable oxidized
hyaluronic
acid/adipic acid
dihydrazid [17]

+transform from liquid to
solid within minutes
+can maintain its shape for at
least 5 weeks before
degrading

+collagen  type I
aggrecan synthesis
+nice mechanical properties
+good biocompatability
-some  cytotoxicity;  not
observed when increasing
ADH percentage

and

in vitro, 72
hours

SEM images of seeded hydrogels after
lyophilization

PEG/HA/P
PS
(Pentosan
polysulpha
te)

*HA is
component
*PEG is a
thermoplastic

ECM

aromatic polyester

*hMSCs

*PEG and HA
enzymatically
cross-linked using
horseradish
peroxidase [20]

+PPS aids in viability and
chondrogenesis of MSCs
+increased ECM production
+no significant
immunogenicity
+crosslinking under
physiological conditions
+resemblance to natural NP
+upregulation of ECM
production

+no growth factors required
-PPs slows gelation speed and
diminishes swelling

-little difference in viability
with or without PPS

*in vitro, 21
days
*in vivo, 14
days

Comparison between, discetctomized
IVD(A): scar tissue, presence of scaffold
without serum coating(B) no regeneration
and scaffold dipped in serum(C)
regeneration

Laminin
functionali
zed PEG

*PEG is a
thermoplastic

aromatic polyester
*laminin is a protein
present in cellular
tissue

*porcine NP
cells

*injectable laminin
functionalized PEG
[49]

+suitable gelation time (20
min)

+laminin induces adhesion,
survival,  migration  and
differentiation

+increase in cell retention
+Tunable mechanical
properties

+No need for initiator
(addition of free thiols and
PEG acrylates)

*in vitro, 14
days
*in vivo

C counts

o x10>
z 20
-
o
&
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15
10

photograph @

overlay

““roi *
[
: . 5

30 minutes

day 7
In vitro comparison in cell retention
between cellulose carrier(above) and
carrier free introduction
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Platelet rich Plasma (PRP)

Chitosan

Alginate

Collagen

Silk
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Different IVD’s from different treatments
ex vivo(chympopapain used to induce
degradation)

*blood plasma | *porcine injection of +height was increased *in vitro, 4
enriched with platelets | MSCs mixtures of MSCs | +increase in mMRNA weeks
with platelet-rich +ECM synthesis *in vivo, 2
plasma [56] +collagen Il and aggrecan months
+good bio-interactivity
+low immunogenicity
-osteogenesis after 7 days
PRP
(platelet
rich
plasma)
*linear polysaccharide | *bovine NP | *chitosan injection | +minimally invasive *in vitro, 24
with antimicrobial | cells *in situ +good immunogenic hours
properties crosslinking using properties *in vivo,
genipin [21] +temperature induced several
gelation (37°C) months
+no detectable leakage
Chitosan through the AF

+tunable crosslinking time,
ideal for injection

-chitosan soluble at
physiological pH

-poor mechanical properties

Scaffold introduction

Injected chitosan hydrogel in human
cadaver IVD

comparison of disc height between intact,
nucleotomized and implanted IVD

SEM image of seeded atelocollagen

*Anionic *milk goat | 2D alginate +mimics mechanical and cell- | in vitro, 4
polysaccharide NP cells discs [22] adhesive properties of the NP | weeks
+inexpensive
Alginate +no adverse tissue reactions
-loss of stiffness over time
-poor cell-scaffold coupling
*ECM protein none *Introduction of | +reinforcing and supporting | in vitro
scaffolds in IVDs | the culture of nucleus cells
explanted from | +slight increase in disc height
calve cadavers | +mechanical stability
Collagen *implant = collagen | comparable to native NP
matrix [48] -extrusion of implant through
surgically induced defect in
AF upon mechanical stress
*ECM protein *rabbit NP | scaffold production | +30% increase of ECM in vitro, 2
cells by lyophilization + | +good biocompatibility weeks
TGF-B1 and BMP- | +good immunogenic
2[38] properties
Atelo- -atelocollagen is  prepared
collagen from animals, risk for disease
transmission
scaffold
*ECM components *rabbit NP | *scaffold +complete scaffold *in vitro, 7
cells constructed using replacement by vascularized | days
lyophilization [40] | granulation tissue after 84 | *in vivo, 24
Collagen days ) weeks
il +EF:M p.roductlon
i o +disc helght decre_a§e retarded
roitin-6- +low immunogenicity o
sulphate -collggen Il crosslinking
composites required
*silk is a natural | *human *Seeded silk-fibrin | +silk is added to HA gel to | in vitro, 4
protein fiber chondrocyte | hyaluronic acid | obtain improved mechanical | weeks
*HA is unsulphated | s scaffolds [19] properties
glycosaminoglycan +excellent cell interaction
present in +silk slows degradation rates
Silk-fibrin | cartilaginous ECM and maintains the mechanical
HA properties
composites +superior mechanical strength
-slight drop in cell

proliferation compared to HA
scaffolds

F/H F/H+IS .58 F/H+2S 2% silk.
Morphological changes upon degradation
of different composites after 4 weeks




*HA is a unsulphated | none PGLA scaffold | +increase in height of IVD | in vivo, 6
GAG present in ECM incubated in  HA | after 6 months months
*PGA is a and freeze-dried | +repair tissue was present in
S biodegradable, [20] the IVDs
8 aliphatic polyester +no need for scarce donor
é ©Q S_f)llliy one surgical Comparison between, discectomized
o C intervention necessary IVD(A): scar tissue, presence of scaffold
g\ E +long shelf life for the without serum coating(B) no regeneration
=)= PcAHA scaffolds and scafﬁ_)ld dipped in serum(C)
] regeneration
e
o
o=
=
(&}
©
*biodegradable *beagle dog | *cell seeded PLGA | +slower disc degradation in vivo, 8
. aliphatic polyester NP cells scaffold introduced | +height of discs higher weeks
% in VD +scaffolds degraded
*scaffolds produced | completely after 4 weeks
= using a mold and a | +increase in chondrocyte-like
©° temperature cells and ECM
g gr_adient to _obtain +good biocompatibillity
= microtubuli +tunable  mechanical and
?’ PLGA followed by degradation properties
[«5) lyophilization [11]
©
= :
% Grouj
= difference between control
> group(discectomized) and seeded implant
S after 8 weeks
[a
Table 3: Materials applied for tissue engineering of the Annulus Fibrosus
MEEGEL applle_d Material properties | Cell source | Description Benefits/Drawbacks Stage Hlustration
class materials
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*fibrin is a non- ] *rabbit 1\VVD | scaffolds produced | +increase in ECM in vitro, 3 T
globular protein | cells by solvent +homogenous cell weeks
involved in  blood casting/salt distribution mnn
clotting leaching technique
*PLGA is a polyester [58]
PLGA/ serving a mechanical el
fibrin function 5
Fibrin/PLGA scaffold(left) retains
its shape better than a PLGA
only(right) scaffold.
*biodegradable *povine AF ]| *PLLA scaffolds + | +nice mechanical properties in vitro, 3 DS
aliphatic polyester cells growth factor TGF- | +biodegradable weeks : " xé""
Bl +good cell viability e \*?,‘&
*scaffolds prepared | +increase in GAG and H \mm.“?\\\‘k
PLLA by electrospinning | collagen 5 1‘.¢‘%§? 5\4 N
*randomly oriented | +thick ECM layer g‘\"i“‘“.-q \!‘““
PLA fibers [36] +could be applied as a ‘cork’ AQA,‘S\VZ‘W‘ \ = 1
material to close local defects Farigns o VAN Ol
SEM image of the PLLA/TGF
fibers
*biodegradable *bovine *aligned +slow degradation rate in  vitro,10 ! | I
aliphatic polyester MSCs electrospun  fibers | +accumulation of s-GAG and | weeks 1 | B
[61] aligned collagen after 10 { ‘ .
weeks i TR
+successful inter-lamellae Alcian blue and Picrosius red
connection staining of opposing bilayer cross-
+comparable tensile modulus sect_ions after 10 weeks showing
+improved mechanical the inter-lamellar space
properties -collagen and GAG
lower than in native AF
-no replication of intra-
lammelar collagen
PCL organization
*porcine AF | *electrospun PCL +increase in cell attachment ] in  vitro,7
cells scaffolds loaded on berberine scaffolds. days)
with berberine were | +no significant cell death
compared to +increase in  SGAG and
electrospun PCL collagen content
scaffolds [63]
SEM image of the berberine-PCL
fibers
*Natural protein fiber ] *rabbit * knitted silk fiber | +cells survived under in vitro, 4
MSCs scaffolds represent | repeated mechanical stress weeks
native AF lamellae | +increase of col Il and
*comparison decrease of col | compared to
between static and | static culture
dynamic setup [13] | +similar ECM structure
+appropriate mechanical
properties
-drop in cell numbers and
viability upon repeated
mechanical cycles
Silk *human scaffolds  through | +alignment along the fibers of | in vitro, 4
nasal diagonal winding of | chondrocytes and ECM was | weeks
chondrocyte | silk  fibers  to | observed
s generate the | +supported chondrogenic
collagen orientation | redifferentiation
in the lamellae [37] ] +increase in collagen Il and
GAG
Image of a
produced silk fibroin seeded
scaffold after 4 weeks of culturing
*peptidesimmobilizati | *bovine AF | *scaffolds produced | +little immune response in vitro, 8
on on the surface cells by salt leaching | +controllable degradation rate | weeks
resulting in sheets +increase in collagen Il and
*silk scaffolds aggrecan
surface modified +increase in proteoglycans on
silk-RGD- with RGD peptide | the RGD modified scaffolds
peptide [62] after 14 days

-after 8 weeks no significant
difference anymore

+cells grown on the RGD-
modified scaffolds showed
more inner AF properties
-RGD modified scaffolds
showed lower cell count after
8 weeks of culturing

SEM image of R modified, cell
seeded scaffold, showing spherical
chondrocytes and ECM.




Polyurethane

*organic units linked | *Bovine *PU scaffold | +suitable elastic properties in vitro, 19
by carbamate bindings | 1VD cells prepared by rapid | +very precise architecture | days
manufacturing  of | closely mimicking the natural
biodegradable structure of AF
elastic polyurethane | +aligned chondrocytes
PU [4] present S
+very reproducible scaffold SEM image of the scaffold closely
construction mimicking the structural properties
-compressive properties  in of native AF
the low range
*PC-synthetic *bovine AF | *surface modified | +increase in cell attachment | in vitro, 7
thermoplastic polymer | cells PU-PC  scaffolds | and collagen for ADO | weeks
Polyuretha | joined by carbonate using ADO scaffolds+spherical cell
ne- bonds *scaffolds produced | morphology
polycarbon | *PU-organic  units by electrospinning | +ECM production
ate/Anionic | linked by carbamate [64] +nice degradation products
dli_hydroxyl bindings
oligomer
(PU- ® g Hid
PC/ADO) SEM images of AF cells seeded
onto the scaffolds, increasing
amount of cells with increasing
amount of ADO
*alginate- *canine AF | *scaffold +good cell compatability in vitro, 10
polysaccharide cells construction bywet- | +biodegradable days
obtained from spinning followed | +antimicrobial functions {
seaweed ) by Iyo_phl_llzatlon +benef|c_C|eI ) scaffold \ y ———
*chitosan-linear resulting in felsts degradation timeframe -
Alginate/ polysaccharide with alligned +cell alignment Image of the fiber scaffolds
chitosan fibers [69] +deposition of ECM before(left) and after (right)
+collagen type | & Il and Iyophilization
aggrecan expression
*non globular protein, | *human AF ] *injectable fibrin +comparable  modulus  to | in
involved in  blood | cells hydrogels are native AF tissue vitro(culture
clotting obtained by using +tunable mechanical in  6-wells
genipin as a cross properties for up to 7
. linker [70] +cell compatible days)
genipin- +adhesive to AF tissue, can
c_ros_slmked be used for gap filling
fibrin +injectable
hydrogels +genipin has anti-

nflammatory properties
-poor mechanical properties

Image of calcein stained cells after
7days of culture, a round
morphology is clearly observed.

Table 4: Materials applied for tissue engineering of the complete VD

Material
class

(%]
—
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Qzﬂ:'?gls Material properties | Cell source | Description Benefits/Drawbacks Stage Ilustrations
*HA is an | *hMSC *A PLA scaffold | +biocompatibility in vitro, 28
unsulphated GAG constructed by | +Uniform cell loading in the | days
present in ECM electrospinning AF region
*PLA is a *seeded HA NP | +similar cell architecture
biodegradable injected using a | compared to native tissue
PLIA+HA aliphatic polyester syringe [59] +ECM production

+GAG production
+ECM resembled native IVD

Day7

SEM images of the seeded
scaffold, increasing amounts of
ECM were deposited over time

Day28
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*PGA/PLA are | * sheep AF | *scaffolds +increase in proteoglycan and | in vivo, 16
biodegradable and NP cells | produced from | GAG weeks
aliphatic polyesters PGA fiber mesh | +The GAG content in NP was
*alginate is an anionic coated with PLA to | similar to native tissue
PGA/PLA+ | polysaccharide produce AF | +comparable mechanical
alginate *seeded  alginate | properties Images of produced IVD before
hydrogel NP by | +oriented cell  structures implantation and after 4.6 and 16
injection [73][81] | present weeks in vivo.
+ECM  matrix  production
observed
*PCL is a | *porcine *AF = seeded +cellumar along the fibers in vitro
biodegradable chondrocyte | electrospun +nice cell viability+nice cell
aliphatic polyester S oriented PCL fibers | distribution
*NP = cell +higher modulus than agarose
containing agarose | gel alone
gel [76]
*bovine *aligned fiber PCL | +mechanical behavior similar | in vitro, 7 ] &
PCL+ AF/MSC scaffolds produced | to native tissue days/6 ” )
agarose by electrospinning | +distinct cell morphology | weeks G e
spot welded observed  comparable  to N |
together in several | native tissue Scaffold production(A), image of
layers in a custom +Ordered ECM deposition the obtained scaffold(B), close-up
mold, core was cut | +reproduction of lamellar of the layered structure (C)
out and replaced by | structure
an agarose +accrued collagen and GAG
solution [72] increase
+increase in  compressive
modulus
*collagen/HA/CS are | *AF and NP | *DBMG cut into | +Good biocompatability in vivo, 12
major ECM | cells  from | shape of AF by | +morphology and histology | weeks
components rabbits scalpel prior to | resembled native IVD.
lyophilization +increase in proteoglycan and
Deminerali *CII/HyA sponges | hydroxyproline  over 12
zed bone prepared and cross- | weeks
matrix linked to CS|+ECM production observed
gelatin through EDC/NHS | over 12 weeks
(DBMG) *NP and AF cross- | +good proliferation observed
+collagenl| linkedusing over 12 weeks
/hyaluronat EDC/NHS -DBMG materials  lack
e/chondroit *2 scaffold regions | lamellar structure and show
in-6-sulfate sgsded separately Wrzatrti e biomechanical Comparison between native rabbit
571 prop IVD(A), produced
scaffold(B),after 4-weeks(C) and
after 12 weeks(D)
*No cytotoxicity and | *sheep AF | *scaffolds +no cytotoxicity in vitro
good biocompatibility | and NP cells | produced out of +biocompatible
Bone (porc_ine)borje +Co|lagen_ Il present in NP,
e matrix gelatin(AF) | collagen | in AFs
. and acellular -low compressive modulus,
géllsltg cartilage
(acellul)a_r extra_cellular
———-e matrix(for NP).
* produced by g %
(ACECM) e -
lyophilization and SEM image of surface of AF
cross-linking [79] covered by cells
*HA is a major | *porcine AF | *silk scaffolds +AF like tissue formation | in vitro, 2
component  of the | cells/chondr | were produced by ] +NP phenotype present+cells | weeks
ECM ocytes moldinggenerating | in lamellar structure spread e -
bothlamellar and homogeneously e :
porous scaffolds + integration between AF and as e
followed by NP showing a transition zone Lamellar  Porous
Silk+fibrin/ lyophilization comparable to native IVD
hyaluronic *HA/fibrin +increased collagen and GAG
acid NP [77] content both in AF as in NP

-mechanical properties of silk
are lower than native AF

image of the lamellar(left) and
porous(right) scaffolds before and
after integration of the NP (2
weeks)
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collagen+
alginate

*Collagen is a major
component of the
ECM

*Alginate is an
anionic
polysaccharide

* sheep AF
and NP cells

*scaffolds through
injection molding
using a mold
obtained by p-CT
and MRI images.
*oversized NP
scaffold produced
by injection
moldingto prevent
slipping from the
AF scaffold.
[74][78][80]

+close match in size and
properties

+disc  space maintained
+similar  proteoglycan and

collagen compared to native
VD tissue

+good bio integration
+potential in reparation of
small defects

-2 discs failed rapidly (within
4 weeks) due to surgical
removal of an intact posterior
longitudinal ligament during
surgery

in vivo, 16
weeks/6
months

Native IVD

Image-Based Engineered
Mo

del VD
Vi |
o

Post-op 1 Mlonuu 6 Months

1)Comparison between native
VD, the image based model and
the produced 1IVD

2)X-ray images of the introduced
IVD after operation, A month and
after 6 months in a rat tail
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A.ll Overviews

A.l11.1 Overview of available cell sources

Tissue engineering of VD requires a high number of clinically suitable cells[3] and thus forms
one of the main obstacles to date[3][19][22][25] since even healthy IVD and especially the NP
are characterized by a low cellular density. In addition, extracting cells from healthy IVDs to
repair degenerative IVDs can result in an increased degeneration of the healthy disc.[19] As
successful regeneration requires more cells than can be harvested from a single IVD, different
cell sources have to be addressed. [3][6][59]

At present, different cell sources are under consideration to enable TE of I\VVD. First, autologous
chondrocytes can be obtained from non-spinal sites[19][25] while autologous disc chondrocytes
are typically harvested through a discectomy.[44] The benefits of these cells include their
similarity with 1VD chondrocytes.[19] In addition, the use of autologous cells excludes
immunogenic body responses.[44] Secondly, some researchers address the use of allogeneic 1IVD
cells (i.e. cells from a different individual), but this method raises questions concerning
immunological reactions, difficulties related to cell culture and preservation and potential disease
transmission. Furthermore, this procedure can cause IVD degeneration in the donor.[57] Finally,
mesenchymal stem cells (MSCs)[3][6][10][23][26][51][60][61][197] or bone marrow stromal
cells (BMSCs) can be applied as they are not yet differentiated and multipotent (cfr. able to
differentiate into a large variety of cell types).[10] The application of MSCs for IVD regeneration
holds several advantages including: [3][10][23][59]

relatively easy to become harvested from bone marrow

straightforward in vitro culture

e self-renewal and expansion behavior

¢ low immunogenicity ruling out tissue rejection post implantation

o differentiation possible into a variety of cells including cell types present in the AF and
the NP

Unfortunately, the application of MSCs also holds some risk as these cells exhibit the ability to
transform into a large variety of cells. The latter can become troublesome upon leaking from the
implant site and the formation of osteophyte.[25] Interestingly, the in vitro manipulation of the
cells prior to the implantation (cfr. coculture with NP cells), forms a viable alternative to

generate large populations of the appropriate cells to realize TE of the NP.[3][6]
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A.11.2 Future developments and perspectives

Although there has already been a lot of research performed in the field of IVD TE, there remain
some major concerns and obstacles which need to be overcome before a general consensus can
emerge on the ideal approach and the optimal materials to be applied. The main obstacles arising
in the TE field of IVD are summarized below.

It has been shown that the occurrence of poor nutritional pathways present in traumatized 1VDs
combined with continuous mechanical stress present in the spinal column can greatly reduce the
viability of the introduced cells. [2][11][18][38] Additional research thus has to be performed
towards the optimization of cell growth under these conditions. In addition, only limited research
has been performed towards the integration of cartilaginous endplates into the IVD scaffolds. As
these plates serve a crucial role in the attachment to the vertebral bones, it might be a promising
topic for further studies. [72][75]

The scarcity and suitability of cell sources remains a major hurdle towards the clinical application
of tissue engineering of the 1VVD. Therefore, the optimization, the culture and the preservation
methods of suitable cells have to be studied in depth. [16][52][75] Furthermore, the idea has
been rising to apply notochordal cells for regeneration purposes. [57] The cells are present in the
embryonic stage and play an organizing role in the PG regulation by other cells. Moreover, they
function as a source of cytokines aiding ECM synthesis, but they disappear during infancy.
[16][52][75] However, as they have been attributed a role during cancer development, the main
aim of additional research in this field is related to the transfer of their cytokine producing
abilities to the 1VD. [25]

Although increasing ECM levels are observed in tissue engineered IVDs, they often don’t reach
native tissue levels, resulting in the need for additional research towards increasing ECM
production. [72] In addition, the complex structural properties of the IVD and mainly the AF are
issues affecting successful scaffold production. The use of rapid prototyping is anticipated to rise
as the dominant scaffold production process, because of its architectural freedom, patient-specific

potential and relatively ease of use. [4]

Furthermore a consensus needs to rise on whether to focus on mimicking the biochemical
properties of native IVD in scaffolds prior to implantation [21][72], or to aim at improving
nutrient supply, rather than tunable mechanical properties. [74] Moreover, although scaffold

production is often successful, additional research should be drawn to optimizing surgical
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implantation and fixation methods , as often the success of the TE treatment goes concomitant

with these procedures. [16]

Although there is a wide variety of TE routes towards novel 1VD tissue, there remains a long road
ahead. Additional research also has to be performed towards the possibilities enabling in vivo
characterization in order to be able to start long-term in vivo studies without the need to sacrifice
the test objects.[49]

A.11.3 Orbital symmetry required to enable suprafacial [2= + 2x]-cycloaddition of two alkenes

Figure 1: Orbital symmetry required to enable suprafacial [2 + 2m]-cycloaddition of two alkenes.

A.11.4 Two-Photon polymerization (2PP)

Two-photon polymerization is an example of a laser-based technique applying light to initiate the
polymerization of a photo-sensitive material. As a result, in contrast with FDM, hydrogel
materials can be printed , yet the occurrence of post-drying shrinkage should be taken into
consideration.[34] Furthermore, as mild conditions are applied to enable crosslinking, a broad
range of materials including thermally unstable materials can be processed.[32][93][135] The
latter opens up perspectives to produce biodegradable and cell-interactive scaffolds which are
functionalized with proteins or other biological compounds. [32] Interestingly, the fabrication of
materials encapsulating cells has also been performed in order to increase the cell seeding
efficiency.[34][92][198]

2PP differs from other laser-based SFF techniques because it applies the principle of Two foton
absorption for the generation of micro and nanostructures inside a polymerizable solution. This is
made possible via the application of a tightly focussed femtosecond pulsed laser beam with laser
pulses of 800 nm as opposed to a traditionally applied UV beam. When focussed correctly, this
setup enhances the probability for an initiator molecule to simultaneously absorb two long
wavelength fotons (cfr. In the near IR range), to result in an energy comparable to the absorption
of one short wavelength photon and thus induce a very local polymerization reaction. (see Figure
2(right)).[33][94][101][131][162][199][200] This principle is where this technology differs from
conventional stereolithografic processes where 1 foton absorption is applied, and polymerization

will occur in the entire area where the laserbeam penetrates the solution.
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When applying 2PP, the photo-initiator concentration applied should also be taken into account
as these compounds often show some cytotoxicity which negatively influences the cell
viability.[32] However, generally the unreacted photo-initiator can be removed by incubating the

generated structures in an appropriate solvent.[32]

Since 2PP does not operate in a layer-by-layer fashion, it exhibits the benefit of having nearly no
geometrical restrictions in the produced structure. The movement of the focal point through the
solution can be seen as a 3D drawing being instantly processed through the solidification of the
material as is demonstrated in Figure 2. [33][93][94][131][162][199] Because of this working
principle, which differs from other SFF techniques, 2PP exhibits a higher resolution, which can
even extend to beyond the diffraction limit. The latter can be achieved by controlling the number
and the energy of the applied laser pulses to only just overcome the polymerization energy
threshold which results in nanometer precision. [33][93][101][131][135][199]

Interestingly, the resolution of this technique renders it feasible to influence the micro- and nano-
topography of the struts, in contrast with other SFF techniques.[93] The ability to control the
topography enables the construction of so-called cell sieves which increase the cell seeding
efficiency. In addition, 2PP is a promising tool to mimic the ECM to a greater extent thereby
increasing cell proliferation.[32][93][150] An improved cell seeding efficiency and an
upregulated cell proliferation is not only beneficial from a biological viewpoint, but also from an
economical perspective. The economic viability of an engineered scaffold increases in case a

lower amount of stem cells is required to fulfil its purpose.[150]

Similar to other SFF technologies, a perfect control in the design enables the construction of
scaffolds exhibiting regions with different mechanical properties which is promising towards the
construction of I1VDs for spinal repair.[32]

The 2PP technique also possesses a disadvantage compared to alternative SFF techniques
including FDM as the construction of an entire scaffold requires more time and it lacks the ability

to integrate different materials into a single scaffold in a controlled manner.[34]
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Near-IR light

Figure 2: 2PP setup with a pulsed laser beam which is directed through a series of optical devices, resulting in a
controllable focal point inside a solution resulting in local photo-polymerization (right);[93] Principle of 2PP with two
separate infrared beams (800 nm) are emitted under a certain angle relative to each other resulting in a single focal point

with an energy corresponding to a single photon of 400 nm (left).[32]
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Addendum B: List of Abbreviations

2PP

u-CT

ADG

AF

ALP
AEMA.HCL
ANOVA
BMSCs
CAD
Chloroform-d
CcD

cT

D,0

DBMG
DDD

DC

DM

DMSO
DMSO-d6
DS

DSC

ECM

EDC

FDA

FDM

FITC

Two Photon Polymerization

micro computed tomography
adipic acid dihydarzide

Annulus Fibrosus

Alkaline Phosphatase

2-Amino ethyl methacrylate hydrochloride
Analysis of Variance

Bone marrow stromal cells
Computer aided design
Deuterated Chloroform

Charge Coupled Device

Computed Tomography
Deuterium oxide

Demineralized bone matrix gelatin
Disc degeneration disease

Degree of crosslinking

Differentiation medium(aMEM with 50ug/ml L-ascorbic acid and 10mM
glycerolphosphate)

Dimethyl sulfoxide

Deuterated dimethyl sulfoxide

Degree of substitution

Differential scanning calorimetry

Extra cellular matrix
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
Food and drug administration

Fused deposition modeling

Fluorecein isothiocyanate
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GAGs
HA

H,0

HR-MAS NMR

IVD
KH,PO,
kPa

LCST
MC-3T3-E1
MEM-alpha
MRI
MSCs
MTT
MWCO
Na,HPO,
NFMLP
NHS
NMR

NP

PEG

PG

PGA

PBS

PC

PCL
PDLA
PDLLA
PEG

PGA
80

Glucosaminoglycans

hyaluronic acid

Water

High Resolution Magic Angle Spinning Nuclear Magnetic Resonance spectroscopy
Intervertebral disc

Potassium hydrogen Phosphate

kilo Pascal

lower critical solution temperature

Mouse preosteoblasts

Alpha minimum essential medium

nuclear magnetic resonance imaging
mesenchymal stem cells
3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide
Molecular weight cut off

Sodium Phosphate

non-frozen liquid microphases
N-hydroxysuccinimide

Nuclear magnetic resonance spectroscopy
Nucleus Pulposus

polyethyleneglycol

Proteoglycan

Poly-(glycolic acid)

Phosphate buffered saline

Poly-carbonate

Polycaprolactone

Poly-D-(lactic acid)

Poly-D-L-(lactic acid)

Poly-(ethylene glycol)

Poly-(glycolic acid)



pHEMA
PI

PLA
PLGA
PLLA
PPS
PRP

PU

PVA
qRT-PCR
RGD
ROP

RP
SEM

SFF

TCPS
UCST
uv

VBA

Poly-(hydroxyethyl methacrylate)
Propidium lodide

Poly-(lactic acid)
Poly-(lactic/glycolic) acid
Poly-L-(lactic acid)

pentosan polysulphate

platelet rich plasma
Poly-urethane

Poly vinyl alcohol

guantitative reverse transcription polymerase chain reaction

Arginine-glycine-aspargine

ring opening polymerization

rapid prototyping

Scanning electron microscopy

Solid freeform fabrication

Glass Transition Temperature
Melting temperature

Tissue culture poly-styrene

Upper Critical Solution Temperature
Ultra violet

Visual Basic for Applications
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Addendum C: Materials and Methods

C.1 Materials

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide Sigma-Aldrich(Diegem, Belgium)
2-aminoethyl methacrylate hydrochloride Polysciences(Conches, France)
7-hydroxycoumarin (Umbelliferrone) Sigma-Aldrich(Diegem, Belgium)
Acetone(99.8% pure) Sigma-Aldrich(Diegem, Belgium)
Alkaline phosphatase live stain A14353 Life Technologies

Chloroform Sigma-Aldrich (Diegem, Belgium)
Chloroform-d Sigma-Aldrich (Diegem, Belgium)

Dialysis membrane Spectra/por (MWCO: 12000-14000) Polylab(Antwerpen, Belgium)
Deuterium oxide(99.9 atom% D) Aldrich(Bornem, Belgium)

Dimethyl Sulfoxide (99.85), purified via destillation Acros(Geel, Belgium)

Dimethyl sulfoxide-d6(99.96 atom% D) Aldrich(Bornem, Belgium)
Epichlorohydrin Sigma-Aldrich(Diegem, Belgium)
Ethanol Sigma-Aldrich(Diegem, Belgium)
Fetal Bovine serum F7524 Sigma

Gelatin (type B), isolated from bovine bone by an alkaline process Rousselot (Ghent, Belgium)
Glycerol phosphate Sigma

Irgacure 2959 BASF(Kaisten, Germany)
(2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone)

L-Ascorbic acid Sigma

MC-3T3-E1 subclone 4 (CRL-2593) ATCC-LGC, Standards
Methacrylic anhydride Aldrich (Bornem, Belgium)
MEM alpha, nucleosides, no ascorbic acid A10490 Life technologies
N-hydroxysuccinimide(98%) Acros(Geel,Belgium)
Penicillin/Streptomycin (N.1482) Lonza

Potassium hydrogen phosphate Acros(Geel, Belgium)

Potassium hydroxide Chem-lab(Zedelgem, Belgium)
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Poly-L-lactic acid filament Bitsfrombytes.com

Presto Blue A-13261 Life Technologies

SsoFast EvaGreen supermix Bio-Rad

Sodium chloride Sigma Aldrich(Diegem, Belgium)
Sodium hydroxide Aldrich(Bornem, Belgium)
Sodium phosphate (dibasic, anhydrous, p.a.) Acros (Geel, Belgium)

Tri reagent Molecular research center, INC
Trypsin-EDTA (T4174) Sigma

C.11 Methods

Compression tests: The compression tests on the PLA scaffolds were performed using a
Hounsfield THE Universal tester 10-KM. The required program as well as the data acquisition
was performed via QMAT software. The raw data were then analyzed using Microsoft Excel

2010. The samples were subjected to forces of up to 1500N at a rate of Imm/min.

Confocal microscopy: All confocal microscopy images of the PLA scaffolds were obtained

using a ZEIS LSM 700 laser scanning microscope.

Cryogenic treatment: The cooling rate and the final freezing temperature of the cryogels were
controlled using a Julabo, type FP40-ME cryostat in combination with a thermo-electric cooler
(DuraTec DT12, Marlow industries) for the application of a temperature gradient. The
combinatory device was developed in close collaboration with the central workshop of the

Faculty of Sciences (Ghent University).

Differential scanning calorimetry: The gelatin thermograms were obtained by adding
approximately 40mg of a 10w/v% solution to a Te pan, As a reference a few droplets of MilliQ
were introduced in a hermetic pan prior to sealing using a T, hermetic lid. For the PLA
samples, a quantity of around 5 mg was put into an aluminum T, pan and an empty pan was
applied as a reference. First a temperature ramp of 20.00°C/min was applied to reach a
temperature of 60.00°C. The sample was stabilized for 20 minutes. Next a ramp of 10.00°C/mi
was applied to 15.00°C, samples were stabilized at 15°C for 20 minutes prior to a temperature
ramp of 20.00°C/min until a temperature of -10.00°C was reached followed by a ramp of
5.00°C/min until a temperature of 60.00°C was obtained. For the determination of the glass
transition and melting temperature of the PLA filament prior to printing, the sample was heated to

250°C, cooled to -50°C and reheated to 250°C at a rate of 10°C/min. For the determination of the
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crystallinity after printing, the samples were stabilized at 20°C prior to heating to 220°C at a rate
of 10°C/min. All measurements were performed on a TA instruments Q 2000. The results were
analyzed using Q series software.

Digital microscopy: The images of the samples prior to leaching were obtained using a Keyence
VHX-2000 series system. The sample images after leaching were otained using a Keyence VHX-

5000 series system.

Fused deposition modelling (FDM): All scaffolds developed were printed using an Ultimaker 1
device with a standard printing nozzle with a diameter of 400um in combination with a
transparent PLA filament obtained from bitsfrombytes.com. The gcodes were written using the
self-developed scaffold generator v1.8 program written in Visual Basic for Application in
Microsoft excel 2010. The CAD designs were generated via Illustrator. The gcode and CAD
designs were loaded into the 3D printer using Cura 13.06.4 software.

Gel fraction determination: The gel-fraction experiments on crosslinked hydrogel films were
performed on circular films with a diameter of 8mm in milli-Q at 37°C for the course of 12 hours.
To incubate the films in Milli-Q tissue cassettes were applied (Thermo Shandon, tissue cassette
IV). All measurements were performed in triplicate and the results were reported as mean values,

with corresponding standard deviations.

Lyophilization: Lyophilization of the gelatin derivatives occurred via a Christ freeze-dryer alpha
I-5.

Micro-computed tomography: The microcomputed tomography images were obtained using a
scanner which consists of an open type Feinfocus Tra tube combined with a Varian 2520V
Paxscan detector. The samples were scanned via a coned beam with a voxel size of 9.3um for the
combination scaffolds, 12.2um for the gcode scaffolds and 15um for the CAD scaffolds. The
applied voltage was 100kV with a current of 140pA. To obtain the 2D cross-sections (i.e the X-
ray radiographs), a step wise rotation between 0° and 360° around a fixed vertical axis was
applied. The 3D reconstructions of the obtained radiographs were realized using Octopus

software and the 3D visualization was performed using VGStudio version 2.2.

Nuclear Magnetic Resonance spectroscopy: The *H-NMR spectra of the coumarin derivatives
were obtained using a Briiker Avance 300MHz NMR-spectrometer. The *H-NMR spectra of the
gelatin derivatives were obtained at 40°C using a Briker WH 500 MHz NMR-spectrometer. The
'H- and *C-NMR spectra of the PLLA were recorded using the Britker WH 500 MHz NMR-
spectrometer at room temperature. The solvent signals applied for sample preparation were used
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as an internal standard for all measurements. Analysis of the spectra was performed via the
ACD/1D NMR processor software developed by ACD/Labs.

HR-MAS 'H-NMR Spectrocopy: All HR-MAS NMR spectra were obtained using a Briiker
Avance Il 700 spectrometer (700.13 MHz) in combination with an HR-MAS NMR probe
equipped with a *H, °C, °Sn and gradient channel. The spinning rate was adjusted to 6 kHz.
The samples were obtained by swelling the freeze dried hydrogel samples inside a 4mm
zirconium oxide MAS rotor with a volume of 50pL sealed with a teflon cap. To homogenize the

samples, manual stirring was performed prior to analysis.

Optical microscopy: All optical microscopy images were obtained by means of an Axiotech 100
reflected light microscope (Carl Zeiss), with reflected-light brightfield for Kéhler illumination.

The obtained images were characterized using ImageJ software.

Rheology: To investigate the mechanical properties of the hydrogels a rheometer type physica
MCR-301 (Anton Paar, Sint-Martens-Latem, Belgium) with a parallel plate geometry was
applied. The diameter of the upper plate was 25mm. The samples were placed in between the
plates(gap 0.95mm) by pipetting 500 pl of the solution followed by a 15 min gelation period at
5°C. The storage modulus (G’) and loss modulus (G”’) were measured during a 30 minute assay
consisting of a 20 min UV crosslinking step followed by a 10 minutes post curing step in the
absence of UV-irradiation. The spectra were obtained by the application of an oscillation
frequency of 1Hz, a strain of 0.05 and application of a normal force of 0.2N. The crosslinking
was performed using an EXFO novacure 2000 UV light source (max. power 20W/cm?) to apply

an irradiation of 4400mW/cm?.

Scanning electron microscopy: SEM analysis occurred by means of a Fei Quanta 200F (field
emission gun) scanning electron microscope. The scaffolds were cut in half before applying gold
coating with an automatic sputter coater K550X using an RV3 two stage rotary vane pump.

Finally, dust was removed using compressed air.

Statistical analysis: Statistical analysis to determine whether different means were significantly
different was either performed by the application of a two-tailed T-test for the comparison of two
values or by a unifactorial analysis of variance (ANOVA) for the comparison of more means.

Two values were considered significantly different in case p<0.05.

Swelling experiments: Circular hydrogel films with a diameter of 122mm were incubated in PBS
buffer at 37°C. To entrap the films they were placed in tissue cassettes (Thermo Shandon, tissue

cassette 1V). At predetermined time points the hydrogels were removed from the buffer solution
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and gently dipped with paper to remove residual water and weighed. Afterwards the samples
were reintroduced into the medium. All experiments were performed in triplicate and the results
were depicted as means and plotted together with their standard deviation. These measurements

enabled to determine mass differences as a function of time.

Thermogravimetric analysis: The degradation behavior of PLA under the influence of
temperature was assessed via thermogravimetric analysis by heating at a rate of 10°C/min while
monitoring the difference in mass until a temperature of 800°C was reached. Around 20 mg of
sample was loaded into a platinum pan for determination of the mass during the measurement.
The measurement was performed using a TA instruments Q50 and the results were analyzed

using Q series software.

UV crosslinking: UV-A crosslinking was performed by means of a high performance ultraviolet
transilluminator (Ultra Violet Products) at a wavelength of 365nm and an intensity of 8 mW/cm2.
This setup allows for the irradiation of the sample both from the top as well as from the bottom.

Water uptake capacity of gelatin-PLA combination scaffolds: The gelatin-containing PLA
combination scaffolds were immersed in PBS buffer at 37°C. At predetermined time points, they
were removed from the solution and extensively dried using paper to remove residual water
inside the pores of the PLA scaffolds prior to determination of the mass. All measurements were
performed in triplicate and the results were depicted as mean values with corresponding standard
deviations. A blank scaffold was also measured as a control experiment.
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C.111 Overview of synthesis methods

C.111.1 Methacrylation of gelatin B

100 g gelatin B (cfr. 38.5 mmol amines) was dissolved in 1 L phosphate buffer (pH 7.3) at 40°C
under continuous mechanical stirring. Next, 2.5 equivalents methacrylic anhydride (14.34 mL,
96.25 mmol) were added after which the solution was stirred vigorously for 1 hour at 40°C. After
1 hour, the reaction mixture was diluted by addition of 1 L Milli-Q. The solution was then
dialyzed using Milli-RO (MWCO 12000-14000) for 24 hours at 40°C (cfr. Water changed 5
times). After dialysis, the solution was transferred to petridishes at room temperature to allow
physical gelation. After physical gelation, the petridishes were frozen at -20°C enabling the

subsequent removal of ice via lyophilization.

To yield gel-MOD with a higher DS, the same protocol was applied to 25 g gel-MOD (DS 86%)
with the addition of only 1 equivalent methacrylic anhydride relative to the primary amines

originally present in gelatin B (9.625 mmol, 1.434 ml).

C.111.2 Synthesis of gel-MOD-AEMA

10 g gel-MOD (cfr. 10.980 mmol carboxylic acids) was dissolved in 200 ml DMSO at 50°C
under reflux conditions in argon atmosphere (three times degassed) under continuous magnetic
stirring. After complete dissolution, 1 equivalent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) (cfr. 2100 mg; 10.980 mmol) and 1,5 equivalents n-hydroxysuccinimide (NHS) (cfr. 1895
mg; 16.48 mmol) were added to the mixture. After 30 min of stirring, 2 equivalents of 2-
aminoethylmethacrylate hydrochloride (AEMA.HCI) were added (3.6353g; 21.96 mmol) together
with 0.01 equivalents of 4-tert-butyl catechol (i.e. inhibitor). The solution was shielded from light
and stirred at 50°C overnight. Afterwards, the reaction was precipitated in a tenfold excess of
cold acetone and filtered on a glass filter n°4. The precipitate was redissolved in MilliQ and
dialyzed using Milli-Ro (MWCO: 12000-14000 Da) at 40°C for 24 hours (water changed 5
times). After dialysis, the solution was transferred to petridishes and frozen at -20°C enabling the

subsequent removal of ice via lyophilization.

C.111.3 Synthesis of 7-(2,3-epoxypropoxy)coumarin

3.24 g 7-hydroxycoumarin (20 mmol) was dissolved in 100 ml ethanol under magnetic stirring.
Upon dissolution, an aqueous solution of KOH (25% w/v; 1.25g/5 ml) was added. The solution
was stirred at room temperature for 30 min followed by the addition of epichlorohydrin (20 ml;
255.73 mmol; 12.79 eq). Next, the mixture was heated to 100°C. After 2.5 hours, the solvent was
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completely evaporated at 40°C in a rotary evaporator under a reduced pressure to obtain a dry

residue.

The obtained residue was dissolved in MilliQ/chloroform (80/100ml), introduced in a 250 ml-
separation funnel and hand-shaken for 5Smin. Next, the mixture was kept for 2 hours at room
temperature to enable the partition into an aqueous and an oil phase. The oil phase (cfr. lower
phase, density chloroform: 1.48 g/cm3, density water: 1.00 g/cm?) was then separated from the
water phase and washed with MilliQ (80mL) and again kept for 2 hours at room temperature
followed by separating the oil phase from the water phase. Next, the solvent of the oil phase was

evaporated under reduced pressure to obtain a dry residue.

For further purification, the dry residue was dissolved in warm ethanol (85°C under refluxing)
and it was recrystallized at room temperature. The white solid was filtered off using a filter paper
(Whatman, No.2 (8um)), glass filter n°4 (10-16um)).

C.111.4 Synthesis of gel-coumarin

0.2358279 g 7-(2,3-epoxypropoxy)coumarin (1.155 mmol) was dissolved in 10 ml DMSO in a
two-neck flask under reflux conditions under argon atmosphere (2 times degassed) while stirring
continuously. Next, gelatin B (1 g, 0.385 mmol amines) was added and the set-up was degassed
twice while the temperature was risen to 50°C. The mixture was allowed to react for two days
followed by precipitation in a tenfold excess of cold acetone. The precipitate was filtered of on a
glass filter (P4) and redissolved in MilliQ water prior to dialysis using MilliRo (MWCO: 12000-
14000 Da) for 24 hours at 40°C (water changed 5 times) followed by freezing at -20°C prior to
lyophilization.

C.111.5 Buffer composition
Composition of phosphate buffer for the methacrylation of gel-MOD

Na,HPO, 7558-79-4 125.2 141.96 17.77 g
KH,PO, 7778-77-0 19.95 136.086 6.80 g
*the pH of the buffer was adjusted by the addition of NaOH

Composition of PBS buffer for swelling tests

Na2HPO4 7558-79-4 10 141,96 1,4195 g
KH2PO4 7778-77-0 3 136,086 0,42 g
NaCl 7647-14-5 123 58,44 72¢g
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C.111.6 Production of 2D hydrogel films via film casting

Film casting was performed by dissolving 1 g of the respective gelatin derivative in 9 ml of
double-distilled water at 40°C. After complete dissolution, 2 mol% Irgacure 2959 relative to the
amount of double bonds was added by the addition of the correct amount of a stock solution of
Irgacure 2959 containing 200 mg in 25 ml MilliQ which was allowed to dissolve for 3 hours at
50°C shielded from light. After addition of the Irgacure 2959 solution, additional MilliQ was
added to the solution until a total volume of 10 ml was obtained. These solutions were then
injected in between two glass plates covered with teflon release foil separated by a 0.5 mm
silicone spacer. The materials were allowed to form gels, by the storage at 6°C overnight

followed by the application of UV-A irradiation for 30 minutes.

Four films were prepared starting from the following compounds and its respective quantities.

Tvpe amine carboxylicacid # double bonds Irgacure 2959 12959 stock
yp substitution substitution (mmol) (mmol) solution (ml)
-MOD (D
gel ';/'2?/)( > 82 % - 0.3157 0.006314 0.177
0
I-MOD (D
ge 97(2/)( > 97 % - 0.37345 0.007469 0.209
(]
-MOD-AE
gel ('\3287/:})MA 87 % 30 % 0.66435 0.013287 0.372
0
I-MOD-AEMA
ge (D.SgW) 97 % 27°% 0.66991 0.0133982 0.376
0

C.111.7 Generation of PLA-cryogel combination scaffolds

1 g gel-MOD (DS 82%, 0.3157 mmol double bonds) was dissolved in either 9, 19 or 49 ml
MilliQ at 40°C.After complete dissolution, 2 mol% Irgacure 2959 relative to the amount of
double bonds present was added by the addition of the correct amount of a stock solution of
Irgacure 2959. The stock solution was prepared by dissolving 200 mg Irgacure 2959 in MilliQ at
50°C shielded from light under continuous stirring. After addition of the Irgacure solution,
additional MilliQ was added until respectively a total volume of 10, 20 or 50 ml was obtained to
generate solutions with concentrations of respectively 2, 5 or 10 w/v%. . Next, the scaffolds were
introduced into the solution followed by a 5 min vacuum treatment. After the vacuum treatment,
the scaffolds were taken out from the solution and placed onto a hydrophobic substrate to be
stored in the fridge at 6°C for 1 hour to induce physical gelation followed by 2 hours of UV-A
irradiation. Next, the scaffolds were dipped in a 10 w/v% gelatin B solution followed by the
application of a cryogenic treatment where they were gradually cooled down to -30°C at a rate of

0.15°C/min with or without the application of a 30°C temperature gradient between the top and
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the bottom of the cryo-chamber. After the cryogenic treatment, the samples were stored at -20°C

followed by removal of ice through lyophilization.

C.1V. In vitro biocompatibility

C.1V.1 2D experiments

Cell culture setup

HFF-1 cells (human foreskin fibroblasts, ATCC) were cultured in DMEM glutamax medium
(Gibco Invitrogen) supplemented with 10 % foetal calf serum (FCS, Gibco Invitrogen), 2 mM L-
glutamine (Sigma-Aldrich, Belgium), P/S (10 U/ml penicillin, 10 mg/ml streptomycin, Gibco
Invitrogen) and 100 mM sodium-pyruvate (Gibco Invitrogen). Cells were cultured at 37°C in a
humidified atmosphere containing 5% CO2.

Live/dead staining assay (Adhesion and proliferation on the hydrogel films)

Hydrogel films (diameter 12 mm) were sterilized using ethylene oxide (AZ Sint-Jan, Brugge).
Cells were seeded at a density of 40 000 cells/500 pl medium per hydrogel in 24-well culture
dishes. Cell adhesion and proliferation were evaluated after 1 and 7 days. Cells cultured on tissue
culture polystyrene (TCPS) were taken as a positive control.
To visualize cell attachment and distribution on the hydrogels, the cells were evaluated using
fluorescence microscopy (Type U-RFL-T, Olympus, XCellence Pro software, Aartselaar,
Belgium). A live/dead staining (Calcein AM/propidium iodide) was performed to evaluate cell
viability. After rinsing, the supernatant was replaced by 1 ml PBS solution supplemented with 2
pl (1 mg/ml) calcein AM (Anaspec, USA) and 2 pl (1 mg/ml) propidium iodide (Sigma).
Cultures were incubated for 10 minutes at room temperature, washed twice with PBS solution

and evaluated. Evaluations were done 1 and 7 days post-seeding.

Cytotoxicity assay

HFF-1 cells were seeded in 96-well tissue culture plates at a density of 10 000 cells/well in 200
pl of HFF medium. After 24 h, the medium was withdrawn and 200 pl medium containing gel-
MOD/gel-MOD-AEMA (dilution series of 0.5 w/v%, 0.25 w/v%, 0.1 w/v%, 0.05 w/v%, 0.025
w/v%) ... was added and incubated for 2 days.

The colorimetric MTT assay was performed to quantify cell viability. The tetrazolium component
is reduced in living cells by mitochondrial dehydrogenase enzymes to a water-insoluble purple
formazan product, which, in turn, can be solubilized by the addition of lysis buffer and measured
using spectrophotometry. The cell culture medium was replaced by 0.5 mg mI™* MTT reagent and

cells were incubated for 4 hours at 37°C. After removal of the MTT reagent, lysis buffer (1%
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Triton X-100 in isopropanol/0.04 N HCI) was added and incubated for 30 min at 37°C on a
gyratory shaker (70 rpm). The dissolved formazan solution was transferred into a 96-well plate
and measured spectrosphotometrically at 580 nm (Universal microplate reader EL 800, Biotek
Instruments) in triplicate. The amount of viable cells was calculated as a percentage of control

cultures.

C.1V.2 3D experiments

All 3D cellular experiments were performed by Marica Markovic ot the institute of materials

science and technology at the Vienna university of technology (TU Wien), Austria.
Cell culture setup

MC-3T3-E1 Subclone 4 cells were cultivated in an incubator with a humid atmosphere and 5%
carbon dioxide at 37°C in a-MEM with ribonucleases, deoxyribonucleases, 2mM L-glutamine
without ascorbic acid with the addition of 10 % fetal bovine serum and 1% of
penicillin/streptomycin. The medium was refreshed every other day. The cells were in passage 8.

Upon reaching confluence, the cells were detached by the application of trypsin-EDTA and
resuspended in fresh medium for cell counting. The cell counting was performed using a
Neubauer chamber in which 10 pL of a known dilution of the cell-containing medium is placed
inside a chamber which exhibits a background with squares which each contain 0.1 pL of the
diluted solution. This chamber is then placed underneath a microscope and the cells per square
are counted. The cell concentration is then given by dividing the number of cells per square by
the volume of solution per square. In this way, the cell concentration of the initial solution can be
calculated.[201]

After cell counting, the cells were resuspended in a 10 w/v% gel-MOD (DS 82%) solution in a-
MEM containing 0.05 w/v% Irgacure 2959 (2.24 mM) to achieve a total of 10 million cells per

ml solution.
Introduction of the scaffolds and the Gel-MOD solution containing cells

The scaffolds were wetted with isopropanol for sterilization, followed by air-drying before
placement in a 48 well plate. Subsequently, the scaffolds were seeded with 50 pl of the gel-MOD
solution resulting in the introduction of approximately 500000 cells per scaffold. Next, the

scaffolds were exposed to UV-A irradiation for 10 minutes (365 nm, 4 mW/cm?2).
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Seven days after seeding, 6 of the scaffolds were stimulated with differentiation medium (DM)
(aMEM containing 50ug/ml of L-ascorbic acid and 10 mM glycerolphosphate). The medium was
replaced every other day during 3 weeks. Scaffolds without DM stimulation were used as a

control experiment.
Metabolic assay

Metabolic tests were performed, 3 and 7 days after seeding and 1, 2 and 3 weeks after stimulation
with DM according to the following protocol. 600 ul of PrestoBlue reagent was added to each
well containing a scaffold followed by one hour of incubation at 37°C in a humid atmosphere
containing 5% of CO,. Next, the medium from around the scaffolds was pipetted in 96 wells in
duplicate, followed by a measure of fluorescence using a Synergy BioTek plate reader. The
excitation occurred at 560 nm, the resulting emission was measured at 590 nm. A background
correction was made by subtraction of the value obtained by measuring unseeded cell medium.
The obtained values were compared to the unstimulated scaffolds and a higher observed
fluorescence correlates to a greater total metabolic activity.

Cell counting using Tri reagent

To generate an indication of the cellular number 7 days after seeding and 1, 2 and 3 weeks after
differentiation, a cell number estimation was obtained via RNA isolation using Tri reagent
according to the following protocol. 1 ml of Tri reagent was added per scaffold followed by
standing for at least 5 minutes at room temperature to allow for complete dissociation of
nucleoprotein complexes. Next, the samples were vortexed prior to transfer of the solution to a
clean PCR tube. The solutions where then homogenized by application of an IKA Ultra Turrax
T10 homogenizer. Next, 0.2 ml of chloroform was added for every ml of Tri reagent followed by
15 seconds of vigorous shaking of the sample. To allow for a phase separation, the samples were
then kept for 10-15 minutes at room temperature followed by centrifuging of the mixture at
12000 g for 5-15 minutes at 2-8°C. This centrifugation allows for a separation of the mixture in
three phases including a protein-containing red organic phase, a DNA-containing interphase, and

an RNA-containing colorless upper aqueous phase.
DNA isolation procedure

The DNA was isolated from the interphase and the phenol-chloroform layer. To precipitate the
DNA, the remaining aqueous phase was removed followed by the addition of 0.3 ml of ethanol
per ml Tri reagent used in the initial homogenization. The sample was mixed by capping the tube

followed by invertion of the sample several times. Next, the samples were incubated for 2-3

92



minutes at room temperature, followed by centrifugation at 2000 g for 5 minutes at 4°C to
precipitate the DNA. The phenol-ethanol supernatant was removed and the DNA was washed
with 1 ml of sodium citrate/ethanol solution (0.1% sodium citrate in 10% ethanol, pH 8.5) per ml
of initially added Tri reagent prior to a 30 minutes incubation at room temperature. Next, the
sample was centrifuged at 2000 g for 5 minutes at 4°C followed by removal of the supernatant.
This washing cycle was performed twice followed by the addition of 1.5-2 ml of 75% ethanol
solution per ml of the originally added Tri reagent. Next, the samples were incubated for 10-20
minutes at room temperature followed by centrifugation at 2000 g for 5 minutes at 4°C. The
supernatant was removed and the DNA was allowed to air dry for 5-10 minutes, taking care not
to let the sample run completely dry. Next, the DNA was resuspended in 8mM NaOH by addition
of 0.3-0.6ml of the NaOH solution per (50-70mg) of tissue.

Nucleic acid determination

Nucleic acid concentrations were measured using a Synergy Bio Tek plate reader. The number
per analyzed sample was calculated via the assumption that one million diploid mouse cells
contain 5.8 pug of DNA.

Live/dead staining

Live/dead staining images were obtained 7 days after seeding and 1, 2 and 3 weeks after inducing
differentiation according to the following protocol. First, the medium was removed and the cell-
containing scaffolds were washed using PBS. Next, 600 pl of a 3 M calcein and 2.5-5 M PI
diluted in PBS at 37°C were added to each well. The samples were then incubated for 30 min at
37°C, followed by two washing cycles with warm PBS. Finally, images were recorded using
confocal microscopy by applying light of 485 nm for excitation of calcein and 530 nm for PI

excitation. The fluorescence occurs at 535 nm for calcein and at 620 nm for PI.
Alkaline phosphatase live stain

The live stain procedure was performed 1, 2 and 3 weeks after stimulation of the cells with DM
according to the following procedure. In a first step, the medium of the scaffold containing wells
was removed. Next, the seeded scaffolds were washed twice with warm PBS for 2-3 minutes
followed by aspiration. Next, a 1:100 diluted AP live stain solution was prepared in PBS. Next,
an appropriate amount of the stock solution was placed directly onto the scaffolds followed by a
20-30 min incubation. After the incubation, excess AP live stain solution was removed by
applying a 5 min washing step with PBS twice. Prior to visualization using the confocal

microscope using a standard FITC filter, fresh PBS was added to the samples.
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Gene expression quantification

First, the protocol described for cell counting using tri phase was performed followed by the
isolation of RNA.

RNA isolation procedure

The aqueous phase (0.4 ml) was transferred to a 1.5 ml eppendorf tube (PCR clean), followed by
the addition of 0.5 ml of 2-propanol per ml tri reagent prior to vortexing of the solution. Next, the
sample was kept at room temperature for 5-10 minutes followed by centrifugation at 12000 g
during 10 minutes at 2-8°C. The RNA precipitate will be present on the bottom of the tube. To
wash the RNA, the supernatant was removed and 1 ml of cold 75% ethanol per ml of Tri reagent
was added followed by vortexing and centrifuged at 75000 g for 5 minutes at 2-8°C. This

washing sequence was performed twice.
RNA solubilization

The ethanol added for washing was removed via a pipet followed by air drying to remove the
residual ethanol. The sample was not completely dried as this will decrease its solubility. Next, an
appropriate volume of Ultra-Pure water was added followed by vortexing. This treatment was
then followed by a heating step to 55-60°C for 10 minutes after which the samples were cooled to
4°C for 20 minutes.

cDNA synthesis

To determine the gene induction, the isolated RNA was transcribed into cDNA (iScript™ cDNA
Synthesis Kit, Bio-Rad). The volume of the applied components per sample were 4 pl of 5x
iScript reaction mix, 1 pul of iScript reverse transcriptase and RNA template (100 fg to 1ug total
RNA) per pl of nuclease free water added to obtain a total volume of 20ul. The obtained reaction
mixture was then incubated for 5 minutes at 25°C, followed by 30 minutes at 42°C and finally 5
minutes at 85°C.

gRT-PCR

The gene induction of osteocalcin and RUNX2 was determined using qRT-PCR with the
application of HPRT as a housekeeping gene. The PCR reaction was performed with SsoFast

EvaGreen Supermix on a CFX connect (Bio-Rad).
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Addendum D

D.1 DSC results for different gelatin derivatives

Sample: Gelatine B 10 (w/v) %
Size: 41.4700 mg
Method: Gelatin melting 10-20-5

60

DsC

File: Gelatine 10{w-v)% rerun slow + long e...
Operator: Ine

Run Date: 26-Mar-2014 10:47

Instrument: DSC Q2000 V24.10 Build 122
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Figure 3: DSC thermogram depicting gelation temperature and heat flow exchange for gelatin B.

Sample: Gel-MOD1

File: C:\TA\Data\DSC\Jasper\Gel-MOD1.001

Size: 38.5900 mg DsC Operator: Geert-Jan
Method: Gelatin melting 10-20-5 Run Date: 04-Apr-2014 20:23
Instrument: DSC Q2000 V24.10 Build 122
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Figure 4: DSC thermogram depicting gelation temperature and heat flow exchange for gel-MOD (87%b).
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Sample: Gel-MOD2

File: C:\TA\Data\DSC\Jasper\Gel-MOD2.001

Size: 26.5800 mg DsC Operator: Geert-Jan
Method: Gelatin melting 10-20-5 Run Date: 04-Apr-2014 18:40
Instrument: DSC Q2000 V24.10 Build 122
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Figure 5: DSC thermogram depicting gelation temperature and heat flow exchange for gel-MOD (97%).

Sample: Gel-MOD-AEMA
Size: 34.8700 mg
Method: Gelatin melting 10-20-5

DsC

File: C:\TA\Data\DSC\Jasper\Gel-MOD-AEMA.001
Operator: Geert-Jan

Run Date: 04-Apr-2014 16:58

Instrument: DSC Q2000 V24.10 Build 122
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Figure 6: DSC thermogram depicting gelation temperature and heat flow exchange for gel-MOD-AEMA (97%, 41%).
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D.11 Swelling experiments

Swelling experiments on films
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o
o
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Swelling degree (%)

== MOD 82
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Figure 7: Plot revealing the increase in mass for the gelatin films after incubation in PBS at 37°C versus time.

D.l111 HR-MAS NMR Spectra
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Figure 8: 'H proton NMR spectrum of gel-MOD 82.
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Figure 10: *H proton NMR spectrum of gel-MOD-AEMA 87.
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Figure 14: HR-MAS NMR spectrum of gel-MOD-AEMA 87
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Figure 15: HR-MAS NMR spectrum of gel-MOD-AEMA 97.
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Addendum E: Production of PLA scaffolds

E.l Pristine PLA Filament DSC, GPC, NMR results
4
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Figure 16: DSC thermogram revealing a glass transition state around 61.14°C and a melting temperature at 167.37°C.
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GPC Results
DistName | Mn M MP Mz | Mz+1 | My | Polydispersity | MW Marker 1 | MW Marker 2

1 13501 | 15291 | 16426 | 16677 | 17820 1.132583

Figure 17: GPC chromatogram of pristine PLA filament yielded a molecular weight of 16426 Da.
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The clean signal at 169.61ppm indicates that the PLA filaments are PLLA as the presence of D-lactides
would results in the presence of small peaks in the vicinity of this peak as described by Buchatip et

al.[181]
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Figure 18: 'H-NMR spectrum of PLLA filament.
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Figure 19: 13C-NMR spectrum of PLLA filament.
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E.Il Example of a Gcode Applied for the Printing of a Scaffold with a pore size of
450 um and 5*5*3 mm as external dimensions.

;Generated with vanHooricksprojects Scaffoldgenerator 1.8
M%O9 TO S195.000000

T

;Sliced at: Tue 13 nov 2013 10:05:05

;Basic settings: Layer height: 0.3 walls: 0.4 Fill: O
;Print time: #P_TIME#

;Filament used: #F_AMNT#m #F_WGHT#g

;Filament cost: #F_COST#

G21 ;metric values

G90 ;absolute positioning

mM107 ;start with the fan off

G28 X0 YO ;move X/Y to min endstops

G28 z0 ;move Z to min endstops

Gl 715.0 F9000 ;move the platform down 15mm

G92 EO ;zero the extruded length

Gl F200 E3 ;extrude 3mm of feed stock

G92 EO ;zero the extruded length again
G1 F9000

M117 Printing...

;total_layers=10

; LAYER: 0

M107

GO F1260 x50 Y50 z0.30
; TYPE :WALL-OUTER

Gl F660 X50 Y50 EO0.17
Gl X55 Y50 EO.255

Gl X55 Yv50.85 EO0.255
Gl X50 Yv50.85 EO.34
Gl X50 Y51.7 EO.34

Gl X55 Y51.7 EO0.425
Gl X55 Yv52.55 EO0.425
Gl X50 Yv52.55 EO0.51
Gl X50 Y53.4 EO0.51

Gl X55 Yv53.4 EO0.595
Gl X55 Y54.25 EO0.595
Gl X50 Yv54.25 E0.68
Gl X50 Y55 EO0.68

Gl X55 Y55 EO.765

GO F4680 X55 Y55
;LAYER:1

M106 S255

GO F1260 X55 Y55 z0.6
y TYPE:WALL-OUTER

Gl F660 X55 Y55 EO0.85
Gl X55 Y50 EO0.935

Gl X54.15 Y50 EO0.935
Gl X54.15 Y55 E1.02
Gl X53.3 Y55 E1.02

Gl X53.3 Y50 E1.105
Gl X52.45 Y50 E1.105
Gl X52.45 Y55 E1.19
Gl X51.6 Y55 E1.19

Gl X51.6 Y50 E1.275
Gl X50.75 Y50 E1.275
Gl X50.75 Y55 E1.36
Gl X50 Y55 E1.36

Gl F1260 X50 Y50 E1.445
GO X50.5 Y50.5

; LAYER:9

GO X55 Y55 z3

s TYPE:WALL-OUTER

Gl F660 X55 Y55 E6.63
Gl X55 Y50 E6.715

Gl X54.15 Y50 E6.715
Gl X54.15 Y55 E6.8
Gl X53.3 Y55 E6.8

Gl X53.3 Y50 E6.885
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Gl X52.45 Y50 E6.885

Gl X52.45 Y55 E6.97

Gl X51.6 Y55 E6.97

Gl X51.6 Y50 E7.055

Gl X50.75 Y50 E7.055

Gl X50.75 Y55 E7.14

Gl X50 Y55 E7.14

Gl F1260 x50 Y50 E7.225
GO X50.5 Y50.5

mM107

;End GCode

mM104 SO ;extruder heater off

M140 SO ;heated bed heater off (if you have it)

G91 ;relative positioning

Gl E-1 F300 ;retract the filament a bit before 1ifting the

nozzle, to release some of the pressure ) )
Gl z+0.5 E-5 X-20 Y-20 F9000 ;move Z up a bit and retract filament even more

G28 X0 YO ;move X/Y to min endstops, so the head is out
of the way

m84 ;steppers off

G90 ;absolute positioning

E.111 Self-developed Gcode Generating Program Written in Visual Basic for
Applications.

Option Explicit
Dim poriegrootte As Double
Dim poriegrootteX As Double

Sub coordinatenevenlagen()

Dim dimensies As Double

Dim poriegrootte As Double

Dim i As Integer

Dim x() As Double

Dim y() As Double

Dim j As Integer

Dim goriegroottex As DoubTe

1 =

j=1

poriegrootte = Worksheets("blad2").cells(2, 3) 'startwaarden invoeren
poriegrootteX = poriegrootte + 0.4
dimensies = worksheets("blad2").cells(4, 3)
worksheets("blad2").cel1s(3, 2) 50

worksheets("blad2").cells(4, 2) = 50
worksheets("blad2").cel1s(3, 1) = 50
worksheets("blad2").cells(4, 1) = 50 + dimensies
ReDim y(3)

ReDim x(3)

ReDim E(1)

Do uUntil (y(i - 1) = (50 + dimensies)) And (x(i - 1) = (50 + dimensies))

y(1) = 50

y(2) = 50

If y(i - 1) = y(i - 2) Then
y(i) = y(i - 1) + poriegroottex
Else: y(i) =y - 1)

End If

If y(i) > (50 + dimensies) Then y(i) = (50 + dimensies)
worksheets("blad2").cells(i + 2, 2) = y(i) 'y waarde printen

50
(50 + dimensies)
If x(i - 1) = 50 And x(i - 2) = 50 Then
x(i) = (50 + dimensies)
ElseIf x(i - 1) = (50 + dimensies) And x(i - 2) = (50 + dimensies) Then

x(i) = 50
Else: x(i) = x(i - 1)
End If
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Loop

End

worksheets("blad2").cells(i + 2, 1) = x(i)

i =1+ 1 'volgende stap
ReDim Preserve y(i)
ReDim Preserve x(i)
ReDim Preserve E(i)

Sub

'X waarde printen

Sub

Dim
Dim
Dim
Dim
Dim
Dim

coordinatenonevenlagen()

dimensies As Double
poriegrootte As Double
i As Integer

x() As DoubTle

y() As Double

j As Integer

'startwaarden invoeren

Dim goriegroottex As DoubTe

1 =

i =1

poriegrootte = Worksheets("blad2").cells(2, 3)
poriegrootteX = poriegrootte + 0.4

dimensies = worksheets("blad2").cells(4, 3)
worksheets("bTlad2").cel1s(3, 4) = (50 + dimensies)
worksheets("blad2").cells(4, 4) = (50 + dimensies)
worksheets("bTlad2").cel1s(3, 5) = (50 + dimensies)
worksheets("blad2").cel1s(4, 5) = 50

ReDim y(3)

ReDim x(3)

Do until (x(i - 1) = 50) And (y(i - 1) = 50)

x(1) (50 + dimensies)
x(2) (50 + dimensies)
If x(i - 1) = x(i - 2) Then
x(i) = x(i - 1) - poriegrootteX
Else: x(i) = x(i -1

End If

If x(i) < 50 Then x(i) = 50
worksheets("blad2").cells(i + 2, 4) = x(i)
y(1) = (50 + dimensies)

y(2) = 50
If i = 3 Then
y(i) = 50

Elseif y(i - 1) = 50 And y(i - 2) = 50
y(i) = (50 + dimensies)
Elseif y(i - 1) = (50 + dimensies) And

y(i) = 50
Else: y(i) =y - 1D
End If

worksheets("blad2").cells(i + 2, 5) = y(i)

i =1+ 1 "volgende stap
ReDim Preserve y(i)
ReDim Preserve x(i)

'x waarde printen

Then

y(i - 2) = (50 + dimensies) Then

'X waarde printen

Loop

End Sub

Sub extrusie()

Dim n As Integer

Dim s As Integer

Dim layer(0 To 50) As Integer
Dim langgrond As Double
Dim kortgrond As Double
Dim dimensies As Double
Dim temperatuur As Double
Dim Tagen As Double

Dim
Dim
Dim
Dim
Dim
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lang As Double

kort As Double
layerHEIGHT As Double
j As Integer

k As Integer 'er moet altijd een Taag in een richting



Dim E As Double 'totale geextrudeerde hoeveelheid
Dim zZ As String
poriegrootte = Worksheets("blad2").Cells(2, 3) ‘'startwaarden invoeren
poriegroottexX = poriegrootte + 0.4
dimensies = worksheets("blad2").cells(4, 3)
Tagen = worksheets("blad2").cCells(6, 3)
temperatuur = Worksheets("blad2").cCcells(8, 3)
If temperatuur < 190 Or temperatuur > 250 Then
q M?gBox ("Gelieve een temperatuur tussen 190°C en 250°C te kiezen.")
End I

Tlanggrond 0.017 * dimensies 'extrudeerhoeveelhedi grondlaag lang
kortgrond 0 * poriegroottex "extrudeerhoeveelheid grondlaag kort
lang = 0.09155

kort = 0.006 * poriegroottex

E=0

k =4

n = FreeFile()
Open "C:\Documents and Settings\Chris\Mijn documenten\Ultimaker\Output.txt" For Output
As #n

Print #n, ";Generated with vanHooricksprojects Scaffoldgenerater 1.8"
Print #n, "M109 TO S" & temperatuur & ".000000"

Print #n, "TO"

Print #n, ";Sliced at: Tue 13 nov 2013 10:05:05"

Print #n, ";Basic settings: Layer height: 0.3 walls: 0.4 Fill: 0"

Print #n, ";Print time: #P_TIME#"

Print #n, ";Filament used: #F_AMNT#m #F_WGHT#g"

Print #n, ";Filament cost: #F_COST#"

Print #n, "G21 ;metric values"”

Print #n, "G90 ;absolute positioning”

Print #n, "M107 ;start with the fan off"

Print #n, "G28 X0 YO ;move X/Y to min endstops"

Print #n, "G28 z0 ;move Z to min endstops”

Print #n, "Gl z15.0 F9000 ;move the platform down 15mm"

Print #n, "G92 EO ;zero the extruded length"
Print #n, "Gl F200 E3 ;extrude 3mm of feed stock”
Print #n, "G92 EO ;zero the extruded Tength again"

Print #n, "G1 F9000"

Print #n, "M117 Printing..."

Print #n, ""

Print #n, ";total_layers=" & lagen

For j = 0 To (lagen - 1)
If j = 0 Then
= langgrond + E
worksheets("bTad2").cells(2, 7) =
Print #n, ";LAYER:0"
Print #n, "M107"
Print #n, "GO F1260 x50 Y50 z0.30"
Print #n, ";TYPE:WALL-OUTER"

E = langgrond + E
worksheets("blad2").cells(3, 7) = E

Replace(wWorksheets("blad2").cells(3, 2), ",", ".") & " E" & Replace(E, ",", ".™)
Print #n, "Gl F660 X" & Rep1ace(Worksheets("b1ad2“) cells(3, l), et & "
Y" & Rep1ace(Worksheets("b]adZ") cells(3, 2>, ",", ".") & " E" & Replace(E, ",",

Do Unti1-(Worksheets("b1ad2").Ce11s(k, 1) < 50)
If worksheets("blad2").cells(k, 1) - worksheets("blad2").Cells(k - 1, 1) = 0 Then
E = E + kortgrond

Else
E = E + Tanggrond
End If
worksheets("blad2").cells(k, 7) =
Replace(worksheets("blad2").cCells(k, 2), "y ".") & " E" & Replace(E, ",", "."™)
Print #n, "Gl X" & Re 1ace(Worksheets("b1ad2") cells(k, 1), M & "Y' &
Rep1ace(WorksEeetE("bladZ“) .cellsck, 2>, ",", ".") & " E" & Rep1ace(E "yt
=k +
Loop
Erint #n, "GO F4680 X" & (50 + dimensies) & " Y" & (50 + dimensies); ""
=4

Elsexf j / 2 = Int(j / 2) Then
E = E + Tanggrond
worksheets("blad2").cells(2, j + 7) =
Print #n, ";LAYER:" & j
z=0.3+0.3%3
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Replace(worksheets("blad2").cCells(3, 2), U, ") & " z" & Replace(z, ",", "."™)
Print #n, "GO X" & Rep]ace(Worksheets( b1ad2") Ce11s(3 1) L, & T Y &
Rep1ace(Worksheets("b1ad2") cells(3, 2, ",", "." & " z" Rep]ace(z M
Print #n, ";TYPE:WALL—OUTER"
E = E + langgrond
worksheets("blad2").cells(3, j + 7) =

If k = 4 Then
Replace(wWorksheets("blad2").cCells(3, 2), ",", ".") & " E" & Replace(E, ",", ".™)
Print #n, "Gl F660 X" & Re 1ace(Worksheets("b1ad2") Ccells(3, 1), Lyt &
X""& Rep1ace(Worksheets("b1ad2") cells(3, 2), ",", ".") & " E" & Replace(E, ",",
Els
Rep1ace(Worksheets("b1ad2") Ccells(3, 2), v, ") & " E" & Replace(E, ",", "."™)
Print #n, "Gl X" & Rep]ace(Worksheets( b1ad2 ) Ce11s(3 1) ) & YT &
Rep1ace(Worksheetz("?1ad2") .Ccells(3, 2, ",", ".") & " E" & Rep]ace(E D
End I

Do Until (worksheets("bTad2").cells(k, 1) < 50)

If worksheets("blad2").cells(k, 1) - worksheets("blad2").cCells(k - 1, 1) = 0 Then
E = E + kortgrond

Else
E = E + langgrond
End If

worksheets("blad2").cells(k, j + 7) = E
If worksheets("blad2").cells(k, 1) = (50 + dimensies) And Worksheets("blad2").cell1s(k,
2) = (50 + dimensies) Then

Replace(worksheets("blad2").cells(k, 2), ",", ".") & " E" & Replace(E, ",", ".")
Print #n, "Gl F1260 X" & Rep]ace(Worksheets( b1ad2") Ce11s(k D, """, ") &Y' &
Rep1ace(Workshe$ts("b1ad2") .cellsck, 2>, ",", ".") & " E" Rep1ace(E "t
Rep1ace(Worksheets("b1ad2") cells(k, 2), ") & " E" & Rep1ace(E ",
Print #n, "Gl X" & Rep]ace(Worksheets( b1ad2 ) Ce11s(k 1), " " & "Y' &
Rep1ace(Worksheets("b1ad2") cells(k, 2>, ",", ".") & " E" & Rep1ace(E, ",

End If

k=k+1

Loop

Erint #n, "GO F1260 X" & (50 + dimensies) & " Y" & (50 + dimensies)

=4
Else

E = E + langgrond
worksheets("blad2").cells(2, j + 7) =
Print #n, ";LAYER:" & j
If j = 1 Then
Print #n, "M106 S255"
z=0.3+0.3%*73 'waarde van zZ met 0.3 Taten toenemen zodat het
platform zakt
Print #n, "GO F1260 X" & (50 + dimensies) & " Y" & (50 + dimensies) & " z" &
Rep1ace(Z ",
Print #n, " TYPE:WALL-OUTER"
Print #n, "Gl F660 X" & (50 + dimensies) & " Y" & (50 + dimensies) & " E"

& Replace(E, ",", ".™)
Else
I = 0.3 + 0.3 * j 'waarde van 2 met 0.3 laten toenemen zodat het platform
zakt
Replace(worksheets("blad2").cells(3, 5, ",", ".") & " z" & Replace(z, ",", ".")
Print #n, "GO X" & Rep1ace(Worksheets("b]adZ") Ce11s(3 4), ",”, )& "Y' &
Rep1ace(Worksheets(”b1ad2") cells(3, 5, ",", "."™ & " z" & Rep]ace(z o,

Print #n, ";TYPE:WALL-OUTER"
If k = 4 Then
Print #n) "Gl F660 X" & (50 + dimensies) & " Y" & (50 + dimensies) & " E" & Replace(E,

End If
End If

Do Until (Worksheets("blad2").cells(k, 5) < 50)
If worksheets("blad2").cells(k, 5) - worksheets("blad2"™).cCells(k - 1, 5) = 0 Then
E = E + kortgrond

Else
E = E + Tanggrond
End If
Worksheets("b1ad2").Ce11s(k, j+7)=E
If worksheets("blad2").cells(k, 4) = 50 And wWorksheets("blad2").Cells(k, 5) = 50 Then
Replace(worksheets("blad2"). Ce11s(k 5, ",", ".") & " E" & Replace(E, ",", "."
Print #n, "Gl F1260 X" & Rep1ace(Worksheets("b]adZ") Ce]]s(k 4, ",)", ") & " Y" &
Rep1ace(Workshe$ts(”b1ad2") .cellsck, 5, ",", ".") & " E" & Rep1ace(E ™M
Else
Replace(Worksheets("blad2").cells(k, 5), ",", ".") & " E" & Replace(E, ",", ".")
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Print #n, "Gl X" & Replace(Worksheets("blad2").cells(k, 4), ",", ".") & " Y" &
Replace(Worksheets("blad2").cells(k, 5), ",",

End If
k=k+1
Loop
Print #n, "GO X50.5 Y50.5"
k =4
End 1f
Next j
Print #n, "M107"
Print #n, ";End GCode"
Print #n, "M104 sO
Print #n, "M140 SO
Print #n, "G91
Print #n, "Gl E-1 F300

before 1ifting the nozzle,

ll.ll) & n En & Rep]ace(E, ll,ll, ll.ll)

;extruder heater off"

;heated bed heater off (if you have it)"
;relative positioning”
;retract the filament a bit

to release some of the pressure"”

Print #n, "Gl z+0.5 E-5 X-20 Y-20 F9000 ;move Z up a bit and retract filament

even more"

Print #n, "G28 X0 YO
the head is out of the way"
Print #n, "M84

Print
Close #n
End Sub

#n,

"G90

;move X/Y to min endstops, so

;steppers off"
;absolute positioning"

Sub wissen()

Dim x As Integer
Dim y As Integer
3

X
y

1

Do Until worksheets("blad2").Cells(x, y) =0
Do Until Worksheets("blad2").Cells(x, y) = 0 And worksheets("blad2").Cells(x + 2,

0

_Worksheets("b1ad2").Ce11s(x, y).ClearContents

X =x+1
Loop
X =2
If y < 7 Then
y=y+1
Ify=30ry
If y = 7 Then
Loop
End Sub

X

Then y =y + 1
2

Sub alles()

call wissen

Call coordinatenevenlagen
call coordinatenonevenlagen

call extrusie

End Sub
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E.1V DSC thermograms for printed PLA samples depending on sample maturity

Figure 21: DSC thermogram depicting first heating run of a printed PLA sample which was agedfor 1 weeks at room

110

-8

Exo Up

Heat Flow (mW)
M
h

58.89°C 63.62°C

0.7066mW
61.39°C(l)

169.54°C

-50

o

100
Temperature (°C)

200 250

Universal V4 54 TA Instruments.

Figure 20: DSC thermogram depicting first heating run of a pristine printed PLA sample.
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Figure 22: DSC thermogram depicting first heating run of a printed pla sample which was aged for 2 weeks at room
temperature. (a more pronounced Tg can be observed)
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APPLICATION: WHEN FUSED DEPOSITION MODELLING MEETS CRYOGELATION
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Tuning the 3D Architecture of Gelatin Hydrogel PLLA Combination Scaffolds

Tasper Van Hoorick®, Marica Markovic®, Aleksandr Ovsismikow’, Tristan Fowder', Oskar Hoffmann®, Pater Dubmel' and
Sandra VB.I:I.\M'

Pul]mﬂh&m:str_v & Biomaterials Fesearch Group, Ghent University, Belgium,
*Institute of Materials Science andTedJnﬂhgy,‘»‘iennaUmrersrtyumelugy[TU Wien), Austria

jI.'iqrt_ of Pharmacology and Texicology, University of Vienna, Auvstria

INTRODUCTION

The present work zims at the development of 3D
scaffolds using both fosed deposition modelling a5 well
36 3 (TyoEemic treatment to create 3 folly interconnected
pore network. Two material classes will be applied as
starting compounds inclnding polyesters (for their
mechanical properties) and cresslinkable  zelatin
precursors (for their cell-interactive propertes).

EXPERIMENTAL METHODS

In a first part, poly-L-lactic acid (PLA) was processed
wsing finsed deposition modelling (Utimsker). Mext, the
porons PLA scaffolds were incubated i squeons
methacrylamide-modified gelatin (pel-M0D) solutions
of varying concemrations (ie. 2 — 10 wovla) contaiming
2 mol% Irpacure 2959 The gelatin applied had a
modification degree of B0%. MNext after wvacoum
spplication, the scaffolds were exposed to TNV-light
(345 nm) for 2 hours, placed in a aryo-unit and cooled
from room temperature fo -30°C during 5.5 hours while
applying a temperamre gradient of 30°C betwesn top
mnd bottom of the scaffolds. In a final step, the fozen
hydrogel PLA combination scaffolds were transfermed

tomography (pCT) and scanning electron micToscopy
(SEM). In addition, we assessed the i vitre swelling
behaviowr, the mechanical and the
degradation behaviowr. Furthermore, MC3T3 cells
were seeded omto the scaffolds to determine cell
inferaction attachment and proliferatdon.

In parallel, similar hydrogel precorsor solutions
contaiming MC3IT3 cells were imiroduced info the 3D
primted PLA scaffolds, followed by hydrogel
crosslinking  throwgh TV irradistion The scaffolds
contaiming encapsulated cells were characterized using
confocal laser scanning microscopy and Presto blue to

RESULTS AND DISCUSSION

First, the efficiency of the UV crosslinking of gel-MOD
was assessed after its inroduction in the porons PLA
Inferestingly, the results indicated that relatively hizh
gel factions were obimined varying according to the
polymer concentration applied which wene comparable
to the ones obtained in the absence of PLA. In wifre
degradation tests indicated that the crosslinked gelstin
was sill prone to depradation in an enzyme comtaiming
solution, despite the presence of the soroumding PFLA
scaffold. Preliminary cell tests showed that wopon
exceeding a cmitical gelafin concentration (ie 10

wiwts), the presence of oyopels diminiched cell
migration throuzhout the PLA scaffolds. Currently,
additiomal cell work is ongoing to optimize the balance
betwesn cryogel architecture snd stability on the one
hand However, the reference samples consisting of
crosslinked hypdrogel precursors encapsulating MC3IT3
cells present in the PLA scaffolds were very promising
as indicated in the figwes below (scale bars equal 50
pm). After 7 days, an increase in metsbolic actvity was
observed, indicating the ocowmence of cell proliferation
in the scaffolds. In addition, live-dead stains omly
showed a limited mumber of dead cells due w UV

crosslinking (zee figare below). Moreover, positive
AT P staining indicates the potential for these scaffolds

o support osteogenesis.

CONCLUSIONS

The UV cosslinking of cell-interactive Ihydrogel
precursors in the presence of suspended cells is a very
waloable route to imboduce cells throughowt 30 FLA
scaffolds. Alternatively, the combination of a gelatin
cryogel and a FLA scaffold is a potential candidate for
cell seeding purposes i the tissue engineering field.
Taken together, these results indicate that the applied
polymer-related and cryogenic parameters are cucial o
determine the optimsl cell seeding efficiency and the
ultimate cellular infiliration in 30 PLA scaffolds.
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331-337, 2007
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Seeding 3D CAD scaffolds with photopolymerizable cell-hydrogel suspension

Marica Markovic, Jasper Van Hoorick?, Sandra Van Vlierberghe?, Tristan Fowler?, Oskar Hoffmann®,
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IInstitute of Materials Science and Technology, Vienna University of Technology (TU Wien), Austria
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Hydrogels are widely used as 3D matrices for cell growth owing to similarity of their mechanical
and diffusivity properties to the natural extracellular matrix (ECM). Furthermore, encapsulation
of living cells within the hydrogel allows to produce constructs with high initial cell loading and
intimate cell-matrix contact, similar to that of the natural ECM. In this contribution the results of
the seeding of macroporous poly-lactic acid (PLA) based scaffolds with the help of
photopolymerizable gelatin as a cell delivery material are presented. The 3D scaffolds were
produced from PLA in accordance to computer aided design (CAD) model by means of fused
deposition modeling (FDM, Ultimaker). A solution of methacrylamide-modified gelatin (gel-
MOD) in cell culture medium was used as a cell carrier material for seeding. A 10’/ml suspension
of MC3T3 cells in gel-MOD was introduced into the pores of the scaffold and then
photopolymerized. Our results indicate that such seeding procedure facilitates delivering cells
into the pores of the scaffolds at high density and homogeneous distribution. The proliferation
of the cell within the scaffolds was monitored using a Presto Blue assay for the course of three
weeks. The data was verified by DNA quantification at different time points. An upregulation of
the osteocalcin expression and a downregulation of RUNX2 indicate the osteogenic
differentiation of MC3T3s. These results are confirmed by the positive alkaline phosphatase
(ALP) staining. Our findings show that photoinduced encapsulation of cells within a cell-
interactive hydrogel is a valuable route to introduce cells throughout 3D scaffolds for bone
tissue engineering.
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Addendum G: Nederlandstalige samenvatting

Het voornaamste doel van deze studie is om de mogelijkheid van een combinatie van
verschillende SFF technieken wvoor de productie van poreuze draagstructuren voor
weefselregeneratie te evalueren. Meer bepaald wil deze studie de haalbaarheid nagaan om twee
photon polymerisatie toe te passen om een gedefinieerde, op maat gemaakte cel-bevattende
gelatine-microstructuur te verkrijgen binnenin een PLA draagstructuur geproduceerd via FDM.
Het gebruik van twee photon polymerisatie kan niet alleen een toename op het gebied van cel-
uitzaai efficiéntie binnenin de 3D structuren betekenen, maar biedt tevens perspectieven met
betrekking tot de productie van draagstructuren die de ideale omgeving zijn voor de (re)generatie
van een welbepaald doelweefsel. Een hydrogel materiaal kan pas geschikt zijn voor de
voorgaande toepassingen indien het stabiel is bij lichaamstemperatuur (e.g. fotovernetbaar in
geval van gelatine), over relatief gunstige mechanische eigenschappen beschikt en voldoende cel-
interactieve eigenschappen bezit. Om materialen te verkrijgen die aan de voorgaande

eigenschappen voldoen, werden drie belangrijke pistes geévalueerd.

In een eerste luik werden geschikte gelatine-derivaten ontwikkeld om een fotovernetbaar
materiaal te bekomen. Een eerste derivatisatie mogelijkheid was het inbouwen van dubbele
bindingen, meer bepaald methacrylamiden via de reactie van de primaire amines met
methacrylzuuranhydride en methacrylaten via de functionalisatie van de carbonzuren in gelatine
met aminoethylmethacrylaat. Deze groepen werden dan in aanwezigheid van een foto-initiator en
na aanwenden van UV-licht succesvol gepolymeriseerd. Een alternatief voor deze strategie
bestond erin om de primaire amines te laten reageren met een coumarine derivaat. Op deze
manier kan een reversibel netwerk gevormd worden via bestraling met UV licht met een
geschikte golflengte in afwezigheid van een foto-initiator. Ondanks het optreden van een
geslaagde modificatie, is de vorming van een netwerk tot op heden nog niet succesvol geweest. In
de toekomst zal de mogelijkheid onderzocht worden om dit materiaal te vernetten met behulp van
laserlicht met een geschikte golflengte. Naast de voorgaande methoden zijn er tevens preliminaire
experimenten uitgevoerd om de mogelijkheid na te gaan tot introductie van een foto-initiator (i.e.
Irgacure 2959) in gelatine. Op deze manier zou een in situ vernetbare hydrogel zonder additieven

gevormd kunnen worden. De details van deze testen zijn niet opgenomen in huidig werk.

In een tweede luik werden de methacrylaat- en de methacrylamide-derivaten verwerkt tot twee-
dimensionaal vernette films via film casting gevolgd door UV vernetting. Irgacure 2959 werd
hierbij aangewend als foto-initiator. De gegenereerde films werden vervolgens gekarakteriseerd
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via een legio aan technieken zoals HR-MAS 'H-NMR spectroscopie, gel-fractie bepaling,
zweltesten en rheologie. Uit deze testen is gebleken dat het inbouwen van additionele
methacrylaat-groepen in gel-MOD via de modificatie van carbonzuren met AEMA niet alleen
resulteerde in een toename aan mechanische sterkte, maar bovendien ook in een toename van de
crosslink efficiéntie. Naast de materiaaleigenschappen hebben preliminaire celtesten aangetoond
dat de biocompatabiliteit van gel-MOD-AEMA in dezelfde grootteorde lag als deze van gel-
MOD. Deze observaties werden zowel gemaakt voor vernette als voor onvernette systemen en dit
ondanks een verdubbeling van het aantal dubbele bindingen in gel-MOD-AEMA ten opzichte van
gel-MOD. Gezien het bewezen succes van gel-MOD voor weefselregeneratie, bieden deze

resultaten perspectieven naar de toepassing van gel-MOD-AEMA voor tissue engineering.

[1][2][3]

In een derde Iluik van deze studie, werden gel-MOD hydrogelen met uitstekende
biocompatibiliteit gecombineerd met 3D geplotte (via FDM) PLLA scaffolds vanwege hun
mechanische eigenschappen. Om reproduceerbare poreuze scaffolds te bekomen, werd een
programma geschreven in VBA dat precieze controle over poriegroottes en externe dimensies
mogelijk maakte. De combinatie van de gelatine hydrogelen met de poreuze scaffolds verliep op
twee manieren. Enerzijds werd de geintroduceerde gel-MOD hydrogel onderworpen aan een
cryogene behandeling na UV-vernetting om een poreuze gelatine-microstructuur met cel-
interactieve eigenschappen in de PLA scaffolds te introduceren. Anderzijds werd een MC3T3
cel-bevattende gel-MOD oplossing vernet met behulp van UV-licht na introductie in de PLA
draagstructuren om een meer uniform bezaaide 3D structuur te verkrijgen. De scaffolds
geproduceerd via de cryogene behandeling werden onderworpen aan verschillende
karakterisatiemethoden zoals zweltesten, rasterelektronenmicroscopie, digitale microscopie en p-
CT. Via deze technieken kon de aanwezigheid van een poreuze gelatinemicrostructuur binnenin
de PLA scaffolds aangetoond worden. Op dit moment worden deze scaffolds bovendien
onderworpen aan celtesten om de invloed van verschillen in porositeit en poriéngrootte (als
gevolg van variérende polymeerconcentraties en de toepassing van verschillende cryo-
parameters) op de celviabiliteit na te gaan. De draagstructuren verkregen via de tweede methode
ondergingen reeds succesvolle celtesten. Hieruit bleek dat de cellen niet alleen een UV-
behandeling overleefden, maar tevens dat de geéncapsuleerde cellen hun mogelijkheid tot

differentiatie naar volwassen osteoblasten behielden.

In eerste instantie heeft deze studie aangetoond dat celencapsulatie in hydrogelprecursoren
gevolgd door UV vernetting mogelijk is. Dit opent interessante perspectieven naar een meer

uniforme celuitzaaiing voor 3D hydrogel-gebaseerde scaffolds. VVoorts blijkt een combinatie van
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de ontwikkelde hydrogelmaterialen met de poreuze PLA scaffolds een veelbelovende aanpak
met het oog op de combinatie van twee materiaalklassen en twee SFF technieken om te resulteren
in de ideale op maat gemaakte draagstructuur voor weefselregeneratie.
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In the present work, photo-crosslinkable gelatin-based hydrogel materials
have been developed to be applied for intervertebral disc regeneration.
Crosslinked films have been prepared using methacrylamide and additional
methacrylate functionalized gelatins. In parallel, photo-reversible coumarin
functionalities have been incorporated in an attempt to generate a
photoreversible hydrogel network. The material characterization results
indicated that networks generated by the introduction of additional
methacrylate functionalities exhibited superior mechanical properties over
crosslinked methacrylamide-functionalized materials while maintaining
their bio-interactive properties. In a final part of the present study,
methacrylamide-functionalized gelatin hydrogels have been combined with
PLA scaffolds produced using fused deposition modelling (FDM) either
via the application of a cryogenic treatment or through in situ crosslinking
of a cell-containing gel-MOD solution as preliminary approach aiming at
the application of two-photon polymerization (2PP). Preliminary cell work
not only revealed a reasonable cell survival, but the ability to enable
differentiation was unhampered by the UV treatment.

Keywords: hydrogel, gelatin, PLA, tissue engineering, FDM, UV-curing

Introduction

Low back pain is one of the most common complaints throughout the modern western
society.[1][2][3][4][5] It can lead to a chronic disability for 10% of the patients resulting in a
huge economic burden for society. Lower back pain often goes concomitant with intervertebral
disc (IVD) degeneration.[3][4][6] The origin of the degeneration is not completely clear to date,
however, a IVD is a rather avascular system with poor regenerative capabilities.[7] As a result,
surgical intervention is essential in order to reduce the associated complaints. However, state of
the art surgical techniques currently focus on a treatment of the symptoms instead of aiming at a
fundamental cure. In addition, these treatments are often associated with additional
complications.[2][3] As a result, tissue engineering solutions for 1VVD gained increasing attention
during the last decade.[8][2][9][10][11] An IVD is characterized by three main areas including a
gelatinous core (i.e. nucleus pulposus, NP) which is encapsulated by a fibrous-like annulus
fibrosus (AF). Moreover, both areas are contained in between two cartilaginous endplates.[2] In
the present work, attention has been paid to the development of a gelatin-based hydrogel material
because of its proven bio-interactivity due to the presence of arginine-glycine-aspartic acid
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(RGD) sequences. In addition, hydrogels are hydrophilic polymer networks, often obtained via
crosslinking of several macromonomers which exhibit the ability to take up large amounts of
water without dissolving.[12][13][14] This large water uptake renders the material very suitable
towards NP regeneration as 85% of the mass of an NP can be attributed to water.[2][5][15] To
generate a hydrogel with sufficient mechanical properties, the primary amines will be
functionalized with photo-crosslinkable methacrylamide functionalities followed by the
introduction of additional crosslinkable methacrylate functionalities via the reaction of the
carboxylic acids present in the aspartic and glutamic acid residues present in the gelatin
backbone. The obtained hydrogel materials will be characterized in depth via HR-MAS *H-NMR
spectroscopy, rheology, swelling tests, determination of the gel fraction as well as in vitro cell
interaction studies. In a second part of the study, a combination of gelatin hydrogels with PLA
scaffolds will be evaluated in order to obtain a scaffold with suitable mechanical properties
towards AF repair. To produce the scaffolds, a rapid prototyping method (i.e. fused deposition
modelling, FDM) will be applied as it enables precise control and generation of perfectly tailored
scaffolds which is essential to mimic the complex fibrotic AF structure.[3][16][15][17][18][19]
To this end, the methacrylamide-derivatized gelatin will be introduced in the PLA scaffold
followed by a cryogenic treatment to generate a porous microstructure.[20][21][22] In parallel, a
cell-containing gel-MOD solution will be crosslinked inside the PLA scaffolds to assess the cell
viability following the UV irradiation, as a pilot experiment towards the potential of 2PP of cell-
encapsulating gelatin materials.[23][24][25]

Experimental
Materials

Gelatin type B isolated from bovine hides using an alkaline treatment was obtained from
Rousselot (Ghent, Belgium). The PLA filament was obtained from bitsfrombytes.com (UK). The
dialysis membranes (Spectra/Por 4, MWCO 12000-14000 Da) were obtained from Polylab
(Antwerp, Belgium), Irgacure 2959 was purchased from BASF (Kaisten, Germany). 2-
Aminoethyl methacrylate hydrochloride was obtained from Polysciences. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiiimide (EDC), methacrylic anhydride, NaOH and D,O were
obtained from Aldrich (Bornem, Belgium). 7-Hydroxycoumarin (umbelliferrone), acetone,
chloroform, epichlorohydrin and NaCl were obtained from Sigma-Aldrich (Diegem, Belgium).
DMSO, NHS, KH,PO, and Na,HPO, were obtained from Acros (Geel, Belgium).

Methods

All compression tests were performed using a Hounsfield THE Universal tester 10-KM. The
applied load cell was 1000 N. Program and data acquisition was performed using QMAT
software. Data analysis was performed using Microsoft Excel 2010. For the cryogenic treatment,
the cooling rate and the final freezing temperature of the cryogels was controlled using a Julabo,
type FP40-ME cryostat in combination with a thermo-electric cooler (DuraTec DT12, Marlow
industries) for the application of a temperature gradient. The gelatin thermograms were obtained
through differential scanning calorimetry (DSC) on a TA instruments Q 2000 (40 mg gelatin
solution, T, pan, hermetic lid, reference milliQ) using a temperature program as described by
Prado et al.[26]

To obtain the hydrogel films, gel-MOD and gel-MOD-AEMA were dissolved at 40°C in the
presence of Irgacure 2959 followed by injection in between two glass plates separated by a
silicone spacer (0.5 mm thick) (1 hour physical gelation at 6°C followed by 30 min UV-A
crosslinking at 365 nm and 8mW/cm? using a Ultra Violet Products transilluminator). The PLA
scaffolds were produced using an Ultimaker 1 (nozzle diameter 400 um) in combination with a
self-developed Gcode writing program (V1.8) and Cura 13.06.4 software to control the printer.
All *H-NMR spectra were recorded at 40°C using a Brilker 500MHz NMR-spectrometer. The
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HR-MAS NMR spectroscopy measurements were performed using a Briker Avance Il 700
Spectrometer (700.13 MHz) in combination with an HR-MAS probe. The digital microscopy
images were obtained using either a Keyence VHX 2000 series system or a Keyence VHX-5000
series system. Micro-computed tomography (UCT) was performed using a scanner consisting of
an open type Feinfocus Tra tube combined with a Varian 2520V Paxscan detector. The 3D
reconstructions of the obtained radiographs were performed using Octopus software. All
rheological measurements were performed using an Anton Paar Physica MCR-301 rheometer
with a normal force of 0.2 N starting from solutions at 40°C (15 min physical gelation at 5°C
followed by 30 min UV crosslinking and 10 minutes post curing at a strain of 0.05 % and a
frequency of 1 Hz. SEM analysis was performed on a Fei Quanta 200F (field emission gun)
scanning electron microscope. Sample preparation consisted of samples being cut in half
followed by gold sputtering using a K550X automatic gold sputter coater.

Cell experiments: The applied cells for the characterization of the 2D films were human
foreskin fibroblasts (HFF) while the 3D cell experiments were performed using mouse MC3T3
preosteoblasts.

Synthesis and characterization of gel-MOD: The methacrylation of gelatin B occurred in PBS
buffer (pH 7,3) via a protocol described by Van Vlierberghe et al[20] using 2,5 equivalents of
methacrylic anhydride. The degree of substitution (DS) was determined using ‘H-NMR
spectroscopy in D,0 at 40°C with the signal of the Val, Leu and Ile at 1.01 ppm as a reference.

Synthesis and characterization of gel-MOD-AEMA: 10 g gel-MOD (DS 87% or 97%) (cfr.
10.980 mmol carboxylic acids) was dissolved in 200 ml DMSO at 50°C under reflux conditions
in argon atmosphere (three times degassed) under continuous magnetic stirring. After complete
dissolution, 1 equivalent EDC (2100 mg; 10.980 mmol) and 1.5 equivalents NHS (1895 mg;
16.48 mmol) were added to the mixture. After 30 min stirring, 2 equivalents AEMA.HCI were
added (3.6353g; 21.96 mmol) together with 0.01 equivalents of 4-tert-butyl catechol (i.e.
inhibitor). The solution was shielded from light and stirred at 50°C overnight. Afterwards, the
reaction was precipitated in a tenfold excess of cold acetone and filtered on a glass filter n°4. The
precipitate was redissolved in MilliQ and dialyzed using Milli-Ro (MWCO: 12000-14000 Da) at
40°C for 24 hours (water changed 5 times). After dialysis, the solution was transferred to
petridishes and frozenat ~ -20°C enabling the subsequent removal of ice via lyophilization. The
DS was determined using *H-NMR spectroscopy in DO at 40°C using the signal of the Val, Leu
and lle at 1.01 ppm as reference.

Synthesis and characterization of gel-coumarin: In a first step, 7-(2,3-epoxypropoxy)coumarin
was synthesized using a protocol described by Chen et al.[27]

Next, 0.2358 g 7-(2,3-epoxypropoxy)coumarin (1.155 mmol) was dissolved in 10 ml DMSO in a
two-neck flask under reflux conditions under argon atmosphere (2 times degassed) while stirring
continuously. Next, gelatin B (1 g, 0.385 mmol amines) was added and the set-up was degassed
twice while the temperature was increased to 50°C. The mixture was reacted for two days
followed by precipitation in a tenfold excess of cold acetone. The precipitate was filtered off on a
glass filter (P4) and redissolved in MilliQ water prior to dialysis using MilliRo (MWCO: 12000-
14000 Da) for 24 hours at 40°C (water changed 5 times) followed by freezing at -20°C prior to
lyophilization. The DS was determined via *H-NMR spectroscopy at 50°C in DMSO-d using the
Val/Leu/lle signal as reference.

Results & Discussion
Material synthesis and characterization

Characterization of gel-MOD: The obtained DS varied from 82% to 87%. In order to obtain a
higher DS, the gel-MOD developed was subjected to an additional methacrylation cycle applying
1 additional equivalent of methacrylic anhydride which resulted in a DS of 97%.
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Characterization of gel-coumarin: For the coumarin derivative, a DS of 45% was obtained as
indicated via *H-NMR spectroscopy. However, to date crosslinking has not been successful due
to absence of a suitable photo-reactor.

Characterization of gel-MOD-AEMA

Gel-MOD materials with sufficiently high degrees of substitution were applied to prevent
zero-length crosslinking. The obtained DS for the carboxylic acids ranged from 27 to 41%.
Interestingly, the developed gel-MOD-AEMA hydrogel precursors were soluble at room
temperature in contrast to the gel-MOD derivatives. This phenomenon can probably be related to
the fact that, during the modification, both the primary amines as well as the carboxylic acids
present in gelatin have been consumed. It can be anticipated that this modification could
potentially inhibit the formation of triple helices to a certain extent. To further investigate this
phenomenon, DSC was performed on the gelatin derivatives similar to Prado et al.[26]
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Figure 1. Plot depicting the UCST and the associated heat exchange for gelatin B, gel-MOD
87 (DSamines 87%), geI‘MOD 97 (DSamines 97%) a.nd QE|-MOD-AEMA (DSamines 97%;
DScarboxyIic acids 41%)

Interestingly, the modification of the amines of gelatin does not influence the UCST, yet, it will
inhibit the formation of triple helices to some extent as reflected by the smaller difference in heat
capacity upon gelation. Furthermore, this effect is more pronounced upon increasing the degree
of modification of the primary amines. For gel-MOD-AEMA, a small transition could still be
observed despite its solubilization at room temperature. However, this transition takes place at a
lower temperature while the energy associated with this transition is drastically decreased. These
results further support the postulated idea that the modification of both the amines as well as the
carboxylic acids will partially inhibit the formation of triple helices.

Characterization of hydrogel films developed

Four different hydrogel films have been prepared starting from gel-MOD (DS: 82%), gel-MOD
(DS: 97%) gel-MOD-AEMA (DSamines: 87%, DScarboxylic acids: 30%) and gel-MOD-AEMA
(DSamines: 97%, DScamoxylic acigs: 27%). In the course of this article, these films will be referred to
as gel-MOD 82, gel-MOD 97, gel-MOD-AEMA 87, gel-MOD-AEMA 97.

Swelling tests and gel fraction determination: To determine the swelling capacity of the
crosslinked hydrogel films, swelling experiments have been performed in PBS buffer at 37°C. In
addition, the gel fraction was determined to obtain a semi-quantitative indication of the degree of
crosslinking (DC) as the gel fraction represents the amount of covalently incorporated precursor.
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Figure 2. Plots depicting the obtained gel fractions (left) and the swelling degrees for the
produced hydrogel films (right).

Figure 2 (left) depicts an overview of the different gel fractions obtained for the hydrogel
films developed. Generally, a relatively high gel fraction was obtained which is beneficial for
tissue engineering applications as the probability for leaching out of potentially harmful hydrogel
precursors will be limited. The gel-MOD 97 film exhibited a significantly (T-test, p<0.05) lower
crosslinking degree which is anticipated to originate from a lower initial molecular weight as a
result of additional hydrolysis during the second methacrylation cycle. A lower molecular weight
results in a shorter chain length and thus in a reduced number of crosslinkable functionalities
present per chain.

Figure 2 (right) depicts the equilibrium swelling degrees obtained during the swelling
experiment. As anticipated, the plot reveals that gel-MOD-AEMA hydrogels exhibit a much
lower swelling degree compared to the gel-MOD hydrogels. The introduction of the AEMA
functionalities doubled the amount of crosslinkable groups present in gelatin, thus a denser
network possessing more junction knots per volume unit was formed. These crosslinking points
will limit the swelling capacity as this is an osmotically driven process and the mobility of the
polymer chains inside the network is hampered.

HR-MAS 'H-NMR spectroscopy: To obtain a quantitative insight in the DC of the
produced hydrogel films, the integration of the signals corresponding to the methacrylamide and
methacrylate functionalities present in gel-MOD and gel-MOD-AEMA was compared prior to
and after crosslinking. To realize a quantitative comparison, the samples were first normalized
using the Val/Leu/lle reference signal at 1.1 ppm. Application of equation (1) resulted in the
calculation of the DC

(115.75ppm+123.20ppm _ I§.75ppm+lg.20ppm
] T
B 1ppm 1ppm
DC(%) = ppm i 100 % )
<15.75ppm+16.20ppm>

Ii
1.1ppm

i = initial uncrosslinked material c¢ = crosslinked material
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Figure 3. Crosslink efficiency of the methacrylamide and the methacrylate functionalities
as well as the combined efficiency of both functionalities determined using HR-MAS 'H-
NMR spectroscopy.

Figure 3 depicts the obtained DC both for the methacrylate as well as for the methacrylamide
functionalities and combinations thereof for the hydrogel films developed. The results illustrate
that crosslinking was less proficient for the films with a higher amount of methacrylamide
functionalities (i.e. gel-MOD 97 versus gel-MOD 82), which is in agreement with the gel fraction
determination and the swelling behavior and probably results from a reduction in initial
molecular weight of gel-MOD 97. As anticipated, the gel-MOD-AEMA derivatives exhibit a
higher crosslinking degree, as an increase in the amount of crosslinkable functionalities will
increase the probability for two functionalities to reside in close proximity to one another during
UV irradiation. In addition, the crosslinking of the methacrylate functionalities seems to be more
efficient compared to the crosslinking of the methacrylamide functionalities.

Rheology: To compare the evolution of the storage modulus (G’) of a gel-MOD hydrogel
in the presence and absence of additional methacrylates during crosslinking, a rheological
experiment was performed.
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Figure 4: Mechanical behavior under the influence of photo-crosslinking of gel-MOD (blue)
and gel-MOD-AEMA (red).

Figure 4 depicts the influence of the UV crosslinking on the storage modulus and the loss
modulus for two gelatin derivatives (i.e. gel-MOD-AEMA 97 versus gel-MOD 97). The plots
indicated that the initial storage modulus decreases with increasing degree of modification due to
a poorer physical gelation. Secondly, the increase in storage modulus upon UV crosslinking of
gel-MOD-AEMA is about two times higher compared to the gel-MOD derivative originating
from additional crosslink points in the network.

Cell viability tests: To assess the potential of the gelatin hydrogel materials developed
towards tissue engineering purposes, a live/dead staining was performed on the developed
materials in the crosslinked state. In parallel, an MTT assay was performed on the hydrogel
precursors to generate more quantitative results regarding cell viability.
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Figure 5: Live/dead staining images obtained via confocal microscopy one and seven days
after seeding for gel-MOD 82 (A, E), gel-MOD 97 (B, F), gel-MOD-AEMA 87 (C, G) and
gel-MOD-AEMA 97 (D, H) (scale bars represent 500um) (upper panel); Plot depicting the
cytotoxicity of several concentrations of hydrogel precursors relative to a control obtained
via an MTT assay (lower panel).

The results of the cytotoxicity tests indicate that, despite the incorporation of additional double
bonds, no increase in cytotoxicity could be observed both for the crosslinked as well as for the
uncrosslinked gel-MOD-AEMA when compared to the gel-MOD hydrogels which have already
proven their biocompatibility.[28] Interestingly, the developed gel-MOD-AEMA hydrogels not
only exhibit better mechanical properties compared to gel-MOD, but they are also very suitable
towards tissue engineering purposes considering their biocompatibility.

Development and characterization of poly(lactic acid)-hydrogel combination scaffolds

The combination of both materials occurred via two approaches. On the one hand, a gel-MOD
hydrogel was introduced in the PLA scaffold followed by UV crosslinking and exposure to a
cryogenic treatment followed by lyophilization prior to cell seeding. In parallel, a gel-MOD
solution was blended with MC3T3 preosteoblast cells prior to its introduction in the PLA
scaffolds followed by UV crosslinking.

Development and characterization of PLA-cryogel combination scaffolds
Gel-MOD was first introduced into the PLA scaffolds in the presence of a suitable photo-initiator
(Irgacure 2959), followed by applying a vacuum treatment, enabling one hour gelation at 6°C and
2 hours UV-A irradiation to crosslink the material prior to the application of a cryogenic
treatment during which the samples were cooled down to -30°C over the course of 5h30 either
with or without the application of a temperature gradient of 30°C between top and bottom of the
scaffold.[22]
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Figure 6: Digital microscopy images of a scaffold containing a 2 w/v% solution in the
absence of a temperature gradient prior to incubation at 40°C (A, C); a scaffold containing
a 5 w/v% hydrogel solution in the absence of a temperature gradient prior to incubation (B)
and following incubation (D, E). u-CT images of PLA scaffolds containing respectively a 2
and 5 w/v% gelatin solution with the application of a temperature gradient (F, G); a 2, 5
and 10 w/v% gelatin solution in the absence of a temperature gradient (H, I, J). SEM
images of the 5 w/v% gelatin microstructure inside the PLA scaffold with temperature
gradient (L); a 2, 5 and 10 w/v% solution in the absence of a temperature gradient (M, N,
O) and a PLA strut physically coated with a 10 w/v%b solution of non-modified gelatin (K).

Characterization via digital microscopy, SEM and y-CT: The images (Figure 6) obtained via
different techniques show the presence of a gelatin microstructure inside the PLA scaffolds. In
addition, the less concentrated the solution, the lower the final amount of gelatin present inside
the scaffolds as a result of leaching out during the physical gelation prior to UV curing.
Furthermore, a denser network was obtained for solutions with higher gelatin concentrations. In
addition, the images obtained after leaching (D and E) still reveal the presence of gelatin,
indicating that the PLA scaffolds are sufficiently transparent for UV-A light to induce successful
crosslinking. Moreover, the SEM images show that the PLA struts are physically coated with
crosslinked gelatin which will render them more suitable towards cellular attachment (see Figure
6, K).

Water uptake capacity: To assess whether or not the gelatin cryogels inside the PLA
scaffolds still exhibit sufficient water uptake capacity, water uptake capacity tests were
performed by incubation in PBS buffer at 37°C.
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Figure 7: Maximum water uptake capacity of the PLA-gel-MOD combination scaffolds
with varying gelatin concentrations.

Surprisingly, an increase in water uptake capacity was observed with increasing gelatin
concentrations. The latter is contradictory to the results obtained by Van Vlierberghe et al. which
illustrated an increase in water uptake capacity of gelatin-based cryogels upon decreasing the
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gelatin concentration,[29] as higher gelatin concentrations lower the porosity of the cryogel
thereby resulting in a larger obstruction towards water uptake. In addition, higher polymer
concentrations generally result in a higher crosslinking degree and, consequently, a lower water
uptake.[20] However, the obtained results can be explained by a poorer physical gelation and thus
a reduced viscosity of the lower gelatin concentrations (i.e. 2 and 5 w/v% versus 10 w/v%).
Consequently, part of the gel-MOD solution was leached out from the scaffolds containing the
lowest gelatin concentration prior to crosslinking. As the dry gelatin fraction in the PLA scaffolds
increases with increasing gelatin concentration, the water uptake capacity of the scaffolds will
increase concomitant.

Development of PLA scaffolds with cell-encapsulating gel-MOD solution

PLA scaffolds were immersed in gel-MOD dissolved in culture medium containing MC3T3 cells
in the presence of 0.05 wt% Irgacure 2959 followed by UV irradiation for 10 minutes. After 7
days, the scaffolds were stimulated with differentiation medium (DM) to check whether the
crosslinking hampered the ability of the cells encapsulated to differentiate.

Characterization of cell viability and proliferation:
Determination of the metabolic activity: Presto Blue staining
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Figure 8: Presto blue fluorescence recorded at different time points as an indication of
metabolic activity (left). Live/dead staining of the cells present on the scaffolds 1, 2 and 3
weeks after stimulation with DM (A, B, C) (right).

Evaluation of the generated fluorescence in the scaffolds after Presto Blue staining confirmed an
increase in cell proliferation with a maximum after 3 weeks in culture. This increase in metabolic
activity probably originates from two effects. On the one hand, the cell proliferation increases,
which results in a higher overall metabolic activity. In addition, introducing the differentiation
medium is likely to increase the metabolic activity of the viable cells.

Live/dead staining
Figure 8 (right), A reveals the presence of a few dead cells, probably as a consequence of the UV
irradiation. Interestingly, B depicts an almost complete absence of dead cells indicating that cell
proliferation occurred. Three weeks after the addition of DM, however, an increase in dead cells
was again observed, which is in agreement with the results obtained via presto blue staining. The
origin of this phenomenon, however, remains unclear to date.
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Evaluation of differentiation behavior via ALP staining and gRT-PCR gene expression
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Figure 9: ALP staining performed 1, 2 and 3 weeks after addition of differentiation medium
(A, B and C respectively) (above). RUNX2 expression (left) and osteocalcin expression
(right) determined via qRT-PCR as a function of time.

ALP staining: The ALP staining images (Figure 9, upper panel) revealed an increase in
the amount of cells exhibiting green fluorescence as a function of time as a consequence of the
presence of alkaline phosphatase which is a marker for osteogenesis. Even after three weeks, an
increase in osteogenesis was still observed despite the drop in cell number, proving that the
osteoblasts are mature, mineral-forming and healthy.

Gene expression: RUNX2 and osteocalcin are important markers in the process of
osteogenesis. The plot in Figure 9 (left) indicates an initial increase of the RUNX2 gene followed
by a decrease after 3 weeks. Alongside this effect, Figure 9 (right) indicates an increase in the
osteocalcin formation. These results indicate the presence of mature osteoblasts starting from 3
weeks after differentiation. The presence of both effects was anticipated as upon maturation of
osteoblasts, the production of RUNX2 is inhibited while the osteocalcin production is
upregulated.[30] Both the ALP staining as well as the gene expression experiments indicated that
the cells maintained their ability to differentiate even after a UV-A treatment.

Conclusions

Successful modification of the primary amines in gelatin B was performed to yield both
coumarin- functionalized gelatin as well as methacrylamide-functionalized gelatin. In addition,
by subsequent reaction of the carboxylic acids with aminoethyl methacrylate, additional
methacrylate functionalities could be introduced. These gave rise to a higher crosslink efficiency
and, consequently, an increase in the mechanical properties while maintaining comparable cell-
interactive properties. These results indicate that the gel-MOD-AEMA material can be a very
promising candidate towards applications for the regeneration of the nucleus pulposus.

In addition, the combination of a gel-MOD hydrogel with a PLA scaffold via a cryogenic
treatment resulted in the formation of a porous gelatin network inside the scaffold. Swelling tests
proved that the incorporated gelatin maintained its water uptake capabilities. However, the
introduction of a lower concentrated gel-MOD needs further optimization to prevent hydrogel
leaching from the scaffolds prior to crosslinking. In addition, the gelatin microstructure could still
be observed after incubation in water at 40°C which indicates that the PLA scaffolds could
sufficiently be penetrated by UV-A irradiation to result in a successful crosslinking of the gelatin
derivative. Furthermore, the crosslinking of a cell containing gel-MOD solution inside a PLA
scaffold has proven that preosteoblasts cannot only survive these harsh conditions, but in
addition, maintain their ability to differentiate into mature osteoblasts. The positive results of this
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study clear the road towards the application of 2PP of a cell-encapsulating gel-MOD inside a
PLA scaffold to generate the optimally tailored AF regenerative system with the potential to
closely mimick its complex fibrous morphology.
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