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Résumé

Les lésions, les maladies et les dysfonctionnements des organes tubulaires représentent un défi unique
pour les bio-ingénieurs et les cliniciens. Une approche multidisciplinaire doit étre appliquée pour réussir a
développer des organes fonctionnels issus de l'ingénierie tissulaire (TE). Dans la recherche actuelle
concernant la fabrication d'organes tubulaires fonctionnels, il manque un lien qui se concentre sur la
corrélation entre (i) les exigences mécaniques et biologiques de la conception de I'échafaudage dictées par
la structure anatomique et les fonctions physiologiques, (ii) le processus de fabrication (y compris la
sélection des matériaux et la technique de traitement) et (iii) les propriétés mécaniques et biologiques
résultantes de l'organe tubulaire TE développé. Par conséquent, le présent doctorat vise a relever certains
des défis actuellement rencontrés dans l'ingénierie tissulaire et la médecine régénérative, et plus
particuliérement dans la réparation des tendons et la modélisation des parois vasculaires. A cette fin, des
biomatériaux spécifiques ont été congus et caractérisés, et de multiples techniques de fabrication des

biomatériaux ont été évaluées.

Dans une premiére partie de cette thése, des nouveaux polyméres polyvalents photoréticulables a base
d'uréthane (AUP) ont été développés, ainsi que leur mise en ceuvre comme matériaux de départ pour le
développement d'échafaudages tubulaires. Parce que chaque tissu a ses propres exigences mécaniques
et biologiques, et parce que chaque technique de traitement a ses propres défis spécifiques, une boite a
outils de AUPs a été proposée. Des AUPs basés sur un backbone de poly(éthyléne glycol) (PEG) et un
backbone de poly(e-caprolactone) (PCL) avec différentes masses molaires ont été synthétisés. Les AUPs
ont montré une large gamme de propriétés physiques et mécaniques, couvrant les propriétés de nombreux
tissus et les rendant idéales pour la médecine régénérative d'un point de vue mécanique. En outre, les
AUPs développés ont permis une réticulation UV efficace a I'état solide, ouvrant la voie a diverses
possibilités de techniques de fabrication, notamment I'électrospinning en solution (SES), l'impression 3D

par extrusion (3DP) et I'électrowriting en fusion (MEW).

Une des possibilités de technique de fabrication mentionnées ci-dessus se trouve dans le MEW.
Actuellement, l'un des défis associés a l'utilisation du MEW est la disponibilité limitée de matériaux
compatibles. Par conséquent, dans cette thése de doctorat, la MEW a été étudiée en tant que technique de
fabrication émergente pour transformer les AUPs développés en constructions tubulaires avec une

architecture prédéfinie et présentant des propriétés mécaniques réglables.

Une deuxiéme technique de fabrication choisie pour évaluer le potentiel des AUP développés est le SES.
L'une des applications biomédicales possibles des constructions tubulaires en médecine régénérative est

la réparation des tendons. Afin de surmonter les défis actuellement rencontrés dans la réparation des



tendons, une combinaison d'une approche mécanique (par la conception du matériau et de I'échafaudage)

et biologique (par des médicaments anti-adhésion et anti-inflammatoires) a été proposée dans cette thése.

Une autre application possible des constructions tubulaires en médecine régénérative peut étre trouvée
dans le domaine de la TE vasculaire. Dans cette thése, I'utilisation d'un échafaudage synthétique tubulaire
comme renfort pour des modeles a base de collagene a été exploitée dans le but d'obtenir les propriétés
mécaniques requises pour la modélisation de la paroi vasculaire. Trois techniques de fabrications différentes

(SES, 3DP et MEW) ont été évaluées pour le développement du renfort tubulaire en polymére.

Outre l'utilisation d'un échafaudage de renforcement synthétique pour obtenir des propriétés mécaniques
supérieures dans les modéles de parois vasculaires a base de collagéne, une autre approche consiste a
maintenir l'intégrité structurelle des échafaudages par réticulation chimique, physique ou enzymatique. Par
conséquent, dans la deuxieme partie de cette thése, un collageéne photoréticulable aux propriétés ajustables
a été développé et comparé a I'étalon-or de la TE, & savoir la gélatine modifiée par le méthacrylamide. La
distribution de fragments photoréticulables sur un squelette protéique peut affecter le comportement de
réticulation d'un biomatériau, et donc aussi ses propriétés mécaniques et biologiques. Une connaissance
approfondie a cet égard est essentielle pour les biomatériaux exploités dans lingénierie tissulaire et la
médecine régénérative, afin de permettre la transposition de nouveaux biomatériaux fonctionnalisés du
laboratoire au chevet du patient, compte tenu des contraintes réglementaires. C'est pourquoi I'analyse
protéomique a été évaluée comme un outil permettant de mieux comprendre les modifications des

biopolyméres photoréticulables.

Les recherches menées dans le cadre de cette these ont permis d'élargir la variété de biomatériaux, mais
ont également permis de mieux comprendre certaines exigences critiques concernant la conception des
biomatériaux, la technique de fabrication ainsi que les propriétés mécaniques et biologiques de

I'échafaudage.



Abstract

Injury, diseases and malfunctioning of tubular organs represent a unique challenge for bioengineers and
clinicians. A multidisciplinary approach needs to be applied to successfully develop functional tissue
engineered (TE) organs. In the current research regarding the regeneration of functional tubular organs,
there is a missing link that focuses on the correlation between (i) the mechanical and biological requirements
of the scaffold design dictated by the anatomical structure and physiological functions, (ii) the fabrication
process (including material selection and processing technique) and (iii) the resulting mechanical and

biological properties of the developed tubular TE organ.

Therefore, the current PhD focuses on addressing some of the challenges currently encountered in tissue
engineering and regenerative medicine, and more specifically, in tendon repair and vascular wall modeling.
To this end, specific biomaterials were designed and characterized, and multiple biomaterial processing

techniques were evaluated.

In a first part of this PhD thesis, novel versatile photo-crosslinkable urethane-based polymers (AUPs) were
developed, along with their implementation as starting materials for the development of tubular scaffolds.
Because each tissue has its own mechanical and biological requirements, and because each processing
technique has its own specific challenges, a toolbox of AUPs was proposed, taken into account the
challenges and requirements while synthesizing and formulating the AUPs. AUPs based on a poly(ethylene
glycol) (PEG) backbone versus a poly(e-caprolactone) (PCL) backbone with different molar masses were
synthesized (i.e. AUP PEG2k, 20k; AUP PCL530, 2k, 10k and 20k). The developed PEG- and PCL-based
AUPs showed a broad range in physical and mechanical properties, covering the properties of many tissues
and rendering them ideal for regenerative medicine from a mechanical perspective. Moreover, the
developed AUPs enabled efficient UV-crosslinking in the solid state, paving the way towards various
processing opportunities, including solution electrospinning (SES), extrusion-based 3D printing (3DP) and

melt electrowriting (MEW).

One of the above-mentioned processing opportunities can be found in MEW. At present, one of the
challenges associated with the use of MEW is the limited availability of compatible materials. Therefore, in
this PhD thesis, MEW was investigated as an emerging fabrication technique to process the developed

AUPs into tubular constructs with a predefined architecture and exhibiting tunable mechanical properties.

A second processing technique that was selected to evaluate the processing potential of the developed
AUPs is SES. One possible biomedical application of tubular constructs in regenerative medicine can be

found in tendon repair. In order to overcome the challenges currently encountered in tendon repair (i.e.



insufficient mechanical properties along with adhesion and inflammatory issues), a combination of a
mechanical (by material and scaffold design) and biological approach (by anti-adhesion and anti-

inflammatory drugs) was proposed in this PhD thesis.

Another possible application of tubular constructs in regenerative medicine can be found in the field of
vascular TE. In this PhD thesis, the use of a tubular, synthetic scaffold as reinforcement for collagen-based
models was exploited with the aim to achieve the required mechanical properties for vascular wall modeling.
Three different processing techniques (i.e. SES, 3DP, and MEW) were evaluated for the development of the

tubular, polymeric reinforcement.

Apart from using a synthetic reinforcement scaffold to achieve superior mechanical properties in collagen-
based vascular wall models, another approach includes maintaining the scaffolds’s structural integrity by
chemical, physical or enzymatic crosslinking. Therefore, in a second part in this PhD thesis, a photo-
crosslinkable collagen (COL-MA) with tunable properties was developed and benchmarked against the gold
standard in TE, being methacrylamide-modified gelatin (GEL-MA). The distribution of photo-crosslinkable
moieties onto a protein backbone can affect a biomaterial's crosslinking behavior, and therefore also its
mechanical and biological properties. A profound insight in this respect is essential for biomaterials exploited
in tissue engineering and regenerative medicine to enable translation of novel, functionalized biomaterials
from bench to bedside, given regulatory constraints and the need for perfectly defined and reproducible
biomaterials. Therefore, proteomic analysis was evaluated as a tool to gain next level insights in photo-

crosslinkable biopolymer modifications.

The research conducted in this PhD thesis resulted in the expansion of the biomaterial portfolio, but also
provided greater insight into some critical requirements regarding biomaterial design, the fabrication

process, and the scaffold’s resulting mechanical and biological properties.
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using the proposed repair construct, (B) application method of the repair construct on the damaged tendons
(C) Set-up of the tensile testing set-up of the repair construct on the ex vivo sheep tendon.
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Figure 4.2. Visualization of a reinforced, drug-loaded ES construct. (A) Inner layer with no additional drugs
that serves at enclosing the tubular braid in between two electrospun PCL or AUP (AUP PCL530 or AUP
PCL2Kk) layers. (B) Tubular braid with a Chinese finger trap mechanism that acts as a mechanical support.
(C) Outer electrospun PCL or AUP layer with incorporated anti-adhesion and anti-inflammatory components.
(D) Schematic visualization of the reinforced ES repair construct.

Figure 4.3. Ex vivo tensile testing of the repair constructs using cadaveric sheep tendons. (A) Repair
construct without reinforcement; (B-C) Reinforced repair construct.

Figure 4.4. Degradation study of the electrospun AUP PCL530, AUP PCL2k and PCL repair constructs in
aqueous medium.

Figure 4.5. hFBs cell viability of indirect (top) and direct (bottom) assay using hFBs, by a Ca-AM/PI staining
atday1,3and 7. (*=p <0.05). Tissue culture plastic was used as a positive control. (A) AUP PCL530, (B)
AUP PCL2k.

Figure 4.6. Production of total collagen (A&B) and non-collagenous proteins (C&D) illustrated in mono-
cultures (tenocytes or mesenchymal stem cells, MSCs) and co-culture (tenocytes & MSCs) after an
incubation of 7 days, including overall effects (B&D). Cells were cultured in direct contact with the
electrospun constructs (PCL and AUP PCL530:PCL). Tissue culture plastic was used as a positive control.
(*=p<0.05)

Figure 4.7. Results of biomechanical testing of the four techniques at 3 and 8 weeks. (A) Ultimate load at
failure, (B) extension from preload at maximum load, (C) stiffness. The data are shown as the mean *
standard deviation (SD). Asterisks indicate statistically significant differences after pairwise comparisons: *
p=0.001, ** p=0.006. Blue: reinforced, drug-loaded AUP PCL2k construct, orange: drug-loaded AUP PCL2k
construct, grey: tubular braid, yellow: modified Kessler.

Figure 4.8. Macroscopic samples. (A) Reinforced, drug-loaded AUP PCL2k construct (B) Drug-loaded AUP
PCL2k construct (C) Tubular braid (D) Modified Kessler.

Figure 4.9. (A) Mean total scores on adhesion formation at 3 weeks postoperatively. (B) Mean total scores
on adhesion formation at 8 weeks postoperatively. Techniques with (*) are each individually significantly
different (p < 0.05) from those with (#). The (reinforced) drug-loaded constructs were based on AUP PCL2k.

Figure 4.10. Image showing adhesion peripherally (black arrowhead) and no adhesion centrally (white
arrowhead) when using a reinforced tubular, drug-loaded electrospun construct.

Figure 4.11. Longitudinal histologic sections of all four techniques at 3- and 8 weeks postoperatively. H&E
staining. The region of interest is indicated at 12.5x magnification and enlarged at a 100x magnification.
Single scalebar, 800 micron; double scalebar, 100 micron.

Figure 4.12. Longitudinal histological sections of all four techniques at 3- and 8 weeks postoperatively.
Masson’s trichome staining. Region of interest is indicated at 12.5x magnification and enlarged at a 100x
magnification. Single scalebar, 800 micron; double scalebar, 100 micron.

Figure 4.13. lllustration of the stronger macrophagic reaction in the connective tissue surrounding the repair
in the drug-loaded constructs compared to that in the modified Kessler control group (A) H&E staining, drug-
loaded construct demonstrating larger presence of macrophages and multinucleated foreign body giant cells
(B) H&E staining, modified Kessler showing fewer macrophages and no multinucleated foreign body giant
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cells (C) CD 68 staining, drug-loaded construct: strong granular cytoplasmic CD68 staining in macrophages
and multinucleated foreign body giant cells (multinucleated foreign body cells are marked in boxes) (D) CD
68 staining, modified Kessler with only punctate presence of macrophages. Magnification 200x, scalebar 50
micron.

Figure 4.14. Example of transverse histologic section (drug-loaded construct) stained with CD31
immunohistochemical staining. Black arrowhead illustrating one blood vessel. Scalebar 20 micron.

Figure 5.1. Visualization of the reinforcement tubes using SEM imaging, processed by SES, 3DP and MEW.
Fiber diameters of SES, 3DP and MEW measured 6.58 £ 0.30 pum, 237.04 + 12.51 ym and 13.16 + 0.67
Mm, respectively.

Figure 5.2. Compaction of the cellularized tubular gels without reinforcement (COL), and with the different
types of reinforcement (SES, 3DP and MEW) at day 3 and day 7 of maturation. (A) Wall thickness of the
tubular gel. (B) Length of the collagen gel.

Figure 5.3. Mechanical evaluation of fibroblast-cellularized COL (reference), SES, 3DP and MEW reinforced
collagen-based models (day 3 and day 7 of maturation). (A) Example of a stress-strain curve, obtained from
stress-relaxation testing using Instron. Example represents a COL sample on day 3. (B) EO, initial
(instantaneous) elastic modulus. (C) Ee, equilibrium elastic modulus. (D) Ratio of Ee/EO.

Figure 5.4. Relative viability based on a Resazurin assay at day 3 and day 7 on COL (reference), and on
the reinforced collagen-based model using a SES, 3DP and MEW scaffold. (# = statistically significant
difference at p < 0.0001 from the other groups in the same day)

Figure 5.5. Immunofluorescence staining 2D images of fibroblast-celullarized tubular collagen-based gels,
without (COL, reference) and with reinforcement (SES, 3DP and MEW) at day 3 and day 7 of maturation:
Collagen | (green), F-actin (red), and cell nuclei (blue).

Figure 5.6. Histological analysis. Masson Trichrome staining of the fibroblast-cellularized tubular collagen-
based gels, without (COL, reference) and with reinforcement (SES, 3DP and MEW) at day 3 and day 7 of
maturation. The black arrows indicate the original location of the 3D printed scaffold. Scalebar represents
500 pm.

Figure 6.1. Synthesis of methacrylamide-modified gelatin and methacrylamide-modified collagen.

Figure 6.2. Degree of substitution of functionalized gelatin and collagen derivatives determined by OPA
analysis (full bars) and 'H-NMR spectroscopy (dashed bars, one measurement was performed). The
nomenclature for the developed materials will be based on type of material and their corresponding degree
of substitution (i.e. GEL-MA BS 73%, GEL-MA BS 99%, COL-MA BS 74% and COL-MA BS 96%) and will
be used as such in upcoming paragraphs.

Figure 6.3. Left panel: Gel fraction (left y-axis, full bars), crosslinking efficiency by HR-MAS (right y-axis,
striped bars). Right panel: Mass swelling ratio for the functionalized gelatin and collagen derivatives with
different degrees of substitution. (*** = p < 0.001).

Figure 6.4. Left panel: Rheological measurements on the functionalized gelatin and collagen (10 w/v% and
2 mol% Li-TPO, relative to the number of crosslinkable functionalities) and the effect of the degree of
substitution on the storage modulus G’ as a function of time, and upon applying UV irradiation. Right panel:
Plateau values of the storage moduli in kPa for each of the developed materials.
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Figure 6.5. Viability of HUVECs evaluated via a direct assay at days 1, 3 and 7 after cell seeding. (*=p <
0.05; **=p<0.01; " =p <0.001).

Figure 6.6. Nuclei (blue), cytoskeleton (green) and VE-cadherin (red) of HUVEC cells seeded on GEL-MA
BS and COL-MA BS derivatives at day 1, 3 and 7. HUVECs were seeded at a density of 15,000 cells-cm-2
in 400 uL complete DMEM+. The red arrows and boxes indicate some VE-cadherin stained intercellular
junctions, larger images of day 7 can be found in Fig. S6.5.

Figure 6.7. Cytoskeleton area of HUVECs seeded onto GEL-MA BS and COL-MA BS, calculated using
ImagedJ software on the DAPI and VE-cadherin stained images. (* = p <0.05; ** = p < 0.01; ** = p < 0.001).

Figure 7.1. Development of methacrylamide-modified RCPhC1 (RCPhC1-MA) and methacrylamide-
modified collagen (COL-MA) by introduction of methacrylamide moieties on the primary amines of the
biopolymer (i.e. lysine, hydroxylysine and ornithine).

Figure 7.2. Workflow of the sample preparation (for proteomic analysis) by enhanced Filter Aided Sample
Preparation (eFASP) digestion.

Figure 7.3. Workflow of proteomics approach for identification and quantification of (modified) biopolymers.

Figure 7.4. Histogram of the percentage of missed cleavages of peptides for RCPhC1 and its derivatives by
trypsin digestion (a) and GluC digestion (b). The percentage of missed cleavages is obtained based on the
ratio of the peptides with a missed cleavage identified by LC-MS/MS over the total number of identified
peptides.

Figure 7.5. MS/IMS of peptide GAAGLPGPKGERGDAGPK. Panel (a) shows the fragmentation of native
peptide (red) and the modified peptide with 1 methacrylate on lysine in C-terminal position (blue). Panel (b)
shows the fragmentation of native peptides (red) and peptides with all methacrylated lysines (green).

Figure 7.6. lon extraction chromatogram of the peptide GAAGLPGPKGERGDAGPK (as an example) with
and without MA groups in RCPhC1-MA 1 EQ. Panel (a) shows the total ion extraction chromatogram. Panel
(b) shows the retention time (RT) and corresponding signal intensity of the unmodified peptide (red, RT
34.45 min) versus 1 lysine modification (blue, 61.75 min) and all lysines modified (green, 96.85 min). Panel
(c) and Panel (d) show mass (m/z) with z = 3 and the corresponding signal intensity of the unmodified
peptide (red, m/z 545.6256) versus all lysines modified (c, green, m/z 590.9792) and versus 1 lysine
modification (d, blue m/z 568.3017), respectively.

Figure 7.7. Histogram of frequency of MA modification (on lysines) for peptides resulting from cleavage with
enzyme Trypsin (a) and GluC (b). Black bars correspond to RCPhC1-MA 0.5 EQ and grey bars to RCPhC1-
MA 1 EQ.

Figure 7.8. The protein 3D-conformation of the sequence of RCPhC1 modelled with I-TASSER; (a) in the
cartoon view, showing helices (red), sheets (yellow), loops (green) and lysine residues in the structure
(magenta), (b) in the solvent surface accessibility view, showing the protein accessibility surface (green), all
lysines on the surface (magenta) and the RGD sequences at the surface (orange). The model in b is also
the same as for RCPhC1-MA 1 EQ of which all lysines are modified (magenta = cyan) (Figure S7.7). (c-d)
3D-conformation showing the modified lysines in two RCPhC1-MA 0.5 EQ isomorphs, and the
corresponding RCP sequences in Supplementary Information: (c) the first isomorph (Figure S7.8, blue) and
(d) the second isomorph (Figure S7.8, yellow), showing the unmodified lysines (magenta) and the modified
lysines (cyan).
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Figure 7.9. Coverage of the identified and quantified peptides on the sequence of COL1a1 and COL1a2 for
the samples of COL BS from both digestions. Green areas show the protein sequence coverage. Yellow
areas show the non-covered parts of the protein.

Figure 7.10. The protein 3D-conformation of the COL1a1 (a) and COL1a2 (b) proteins modelled with I-
TASSER in the cartoon view showing helices (red), sheets (yellow), loops (green), and lysine residues in
the structure (magenta). The same models shown in the solvent surface accessibility view for COL1a1for
one side (c) and 180° turn around Y-axis site (e), and COL1a2 for one side (d) and 180° turn around Y-axis
site (f), showing the protein accessibility surface (green), unmodified lysines on the surface (magenta),
modified lysine (cyan) and the RGD sequences at the surface (orange). Close-ups of the protein COL1a2
showing (g) the grouped RGD sequences (orange, indicated with arrow) and proximity of the modified
lysines (cyan) and (h) the buried unmodified lysines (magenta, indicated with arrow).
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Introduction: Biomaterials and processing
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constructs serving regenerative medicine
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1.1 Introduction

Bioengineering is a discipline in which engineering principles are applied to biological systems and
biomedical technologies. One of the main goals of bioengineering is to reproduce, repair, or recapitulate
tissues and organs, or their functions. In bioengineering, geometries are directly inspired by anatomy, while
properties closely follow physiological functions. From an anatomical point of view, there are five
fundamental levels of organization in the human body, from the simplest one to the most complex: (i) the
cellular level, (ii) the tissue level, (iii) the organ level, (iv) the organ-system level, and (v) the organism level
[3]. Each tissue is a complex structure composed by multiple cell types immersed in multiple sets of proteins
dispersed in an extracellular matrix (ECM) [4]. The cells in a tissue work together in an orchestrated manner
to accomplish specific functions. An organ is made of various types of tissues, and intrinsically, of several
types of cells. Each organ is characterized by complex structural, mechanical, and motility patterns

responsible for one or more specific physiological functions [5,6].

Diseases, injuries, and malfunctions of one (or more than one) of the organs affect and decrease the
patient's quality of life, and in the worst case, lead to death [7]. The type of clinical treatment depends on
the severity of the injury, the type of disease, and the medical history of the patient. As a first option, drug
therapy and/or other non-invasive therapeutic treatments are privileged. However, when the progression of
the disease advances, surgical intervention, including tissue transplantation or substitution, is unavoidable.
Current transplantation and substitution techniques are based on the use of (i) autologous, or (ii)
heterologous tissues, or (iii) synthetic prostheses, but these do not always represent a viable option [8,9].
Substitution or transplantation of autologous tissues is not possible in case of previous harvesting and/or
pathological degenerative conditions. As for heterologous tissues, the main limitation is a shortage of
suitable and available tissues [4,5,7,10]. In the past decades, synthetic prostheses were developed in the
hope of tackling the above-mentioned shortcomings. However, there is an important mismatch between
anatomical and mechanical requirements, and other issues can be found in the required biological properties
and long-term expected patency [9]. Therefore, although organ shortage is already addressed by reparative
[11-13] (through implants, artificial organs and devices) or regenerative [14] (cell-containing structures or
cell-based therapies) medicine, clinical complications still limit the success of the implantation. In an attempt
to improve this success rate and increase the overall clinical performance, tissue engineering and
regenerative medicine (TERM) aim to restore the functional and structural properties of diseased or
damaged tissue, while maintaining and/or improving tissue performance [15]. Different approaches have
been explored, all relying on the use of cells, scaffolds, or their combination [5,8,16]. Through further process
engineering, the resulting constructs are expected to mimic the structure (i.e. the internal architecture) and
the complex cellular microenvironment of native tissues [4,17]. Bioartificial organs (BAOs) constitute the
expected outcome of designing and developing functional organs from regenerative medicine (RM)

strategies. In order to be able to mimic the native organs to the greatest extent possible, researchers have



to look in detail into the anatomical hierarchy of tissues [18] and their biological and mechanical properties
[4,19-21].

Atala et al., 2012 [22] have proposed four levels of classification according to a defined scale of increasing
complexity: (i) flat tissue structures, (i) tubular structures, (iii) hollow, non-tubular, viscous structures, and
(iv) complex solid organs. Despite the available knowledge (both on the engineering and the biology side)
and the accessible technologies (both the standard and the more advanced ones), there are still plenty of
challenges in designing and developing more complex structures. Therefore, this chapter will point out the
current situation considering these challenges and can hopefully open a new path for future studies. More

precisely, this chapter will focus on the second group, namely the tubular structures.

The second group can be further subdivided into (i) non-hollow and (i) hollow tubular structures. Skeletal
muscles, tendons, and nerves belong to the category of non-hollow tubular structures. Skeletal muscle could
be considered a special case within this group, because the muscle consists of tubular cells (the muscle
fibers) arranged hierarchically in cylindrically shaped bundles (the muscle fascicles) [23,24]. The respiratory,
digestive, urinary, and circulatory system [3,9] can be placed in the category of hollow tubular organ
systems. Their main function is to transport fluids, metabolites, and gases from, to, and through organs
[5,22].

To engineer these tubular systems, biomaterials are processed into a tubular structure that is used as such
or combined with cells and allowed to mature in vitro, before implantation. Various processing techniques
to fabricate tubular constructs have already been proposed [9]. Such processing techniques can be grouped
into (i) conventional and (i) advanced techniques. Some examples of conventional laboratory techniques
are gas foaming, moulding, solvent casting, and a few others. More advanced techniques, for reproducible
results and adapted to clinical transfer, include three-dimensional (bio)printing (3D(B)P), solution
electrospinning (SES), and melt electrowriting (MEW) [6,9,25,26]. Each of them has its own pros and cons
- they will be discussed here below - which will influence the resulting properties of the fabricated tubular
construct. Likewise, the choice of the processing technique depends on the specific requirements for which
each BAO has been designed for. These biological and mechanical requirements depend, in their turn, on
the anatomical hierarchical structure of the different tissues and on the physiological functions related to the
anatomy of a specific organ. Consequently, there is an underlying correlation between (i) the requirements
to match the restoration of the physiological functions, (ii) the various processing techniques to fabricate a

tubular construct and (iii) the obtained properties of the fabricated construct.

In this chapter, the development of functional tubular constructs from biomaterials and/or cells will be
described (as depicted in the flow chart, Figure 1.1). More specifically, the hierarchical anatomical structure

of the non-hollow and hollow tubular organs will be described (section 1.2), together with the complex



physiological functions and the mechanical and biological requirements of each one. Then, the diseases
and malfunctions of tubular tissues will be described (section 1.3), followed by the current treatment options
(section 1.4). The state-of-the-art (SOTA) of the biological model (section 1.5.2), the biomaterial selection
(section 1.5.3) and the manufacturing process to develop tubular constructs (Section 1.5.4) will be discussed
as well. In the final part, the clinical translation potential (section 1.5.5) and the perspectives of regenerative

medicine (section 1.5.6) will be discussed.
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Figure 1.1. Flow chart. Part 1: Requirements dictated by anatomical and physiological concerns. Part 2: Strategies for the
fabrication of tubular constructs for the regeneration of tubular organs. Part 3: Relationship between the process, cells,
mechanical and biological performance.

1.2 The anatomical structure and physiological functions of tubular organs

a. Non-hollow tubular system: Tendon

Tendons are passive, relatively inelastic structures which have as main function to effectively transmit force
from muscle to bone and enable body movement [1,27]. However, specific tendons, such as the human
Achilles tendon or the equine superficial digital flexor tendon, have additional functional specializations that

allow energy storage [28-30].

Tendons are highly organized structures consisting of parallel oriented collagen fibers (mainly collagen type
[) embedded in an extracellular matrix (ECM). This ECM is composed of proteoglycans, glycoproteins, and

elastin [27]. Figure 1.2 shows the hierarchical structure of the tendon, in which collagen fibers assemble into



subunits of increasing diameter. First, three collagen molecules form a triple helix (i.e., tropocollagen).
Subsequently, five tropocollagen units form a microfibril, which are linked together to form a fibril. Depending
on the functional role of the particular tendon, the diameter of these fibrils can range from 10 to 150 nm
[1,31]. Different fibrils are grouped into fibers (i.e. primary bundle) and these are joined together in the
fascicle (i.e. secondary bundle). Between the primary and secondary bundles, the endotenon is present, a
cell-rich layer that facilitates sliding between fibers and/or fascicles. These fascicles are bundled together to
form the tertiary bundles, which are surrounded by the epitenon (i.e., the fibrous sheath containing blood
vessels and tracts for the nerves and lymphatics) and form the entire tendon [32]. Finally, the epitenon may
be surrounded by a membrane or synovial sheath that facilitates smooth gliding of the tendon towards
surrounding structures [31]. It ensures minimal friction and preserves the position of the tendon during

muscle contraction.
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Figure 1.2. Schematic hierarchical structure of a tendon with subunits of increasing diameter (from 1.5 nm to 500-2000 um). From
the smallest subunit onwards, the tendon consists of: (i) collagen molecules or tropocollagen, (i) fibrils, (iii) fibers, (iv) fascicles
composed of tenocytes, and (v) interfascicular matrix or endotenon [1].

The main component of tendons is water, which accounts for 55 to 70% of the tendon’s wet mass [1].
Collagen molecules count for 60 to 85% of the dry mass of tendons [1]. While tendons are predominantly
composed of type | collagen (more than 95%), the endotenon is primarily composed of type 1l collagen (less
than 5%) [32,33]. Collagen is produced and secreted by specialized fibroblasts (i.e., tenocytes) located in
the tendon. These fibroblasts are arranged in a layered composition and parallel orientation, which
maximizes tensile strength [31]. When subjected to tensile stress, tenocytes stretch along the collagen fibrils
in the form of longitudinal arrays [34]. In addition, they produce the ECM and assist with the orientation of
the newly synthesized fibrils [35]. Furthermore, they control the degradation and remodeling processes of
the ECM structure, which illustrates the continuous interaction between the tenocytes and the ECM [35].
Blood supply is also very important, although it is not as abundant present as in muscle and bone. Blood
accounts for only 1 to 2% of the ECM [34]. Blood supply is directly related to metabolic activity, which means
it is essential and even increased during the healing process after an injury. Furthermore, tendons have a
very rich neural network and are often innervated by the muscles to which they are connected or by the local
cuticular nerves [34]. The sensory innervation of tendons is of particular interest when considering

tendinopathies and tendon repair [36].



b. Hollow tubular system: Blood vessel

As introduced above, requirements for TERM applications are defined considering the organ anatomy and
physiology. The wall of the five hollow, tubular organs is composed of different layers. In general, four layers
can be distinguished including (i) mucosa, (i) submucosa, (iii) muscularis externa, (iv) adventitia and/or
serosa layer (Figure 1.3, left) [3], however, in some tubular systems, the submucosa and mucosa layer act
as one layer (and thus only three layers are distinguished). A comparison between the basic layers of each
tubular system (i.e. trachea, esophagus, intestines, urethra and ureter, and blood vessels) is shown in Figure
1.3. These four layers consist of various cell types and ECM, which are organ specific. Each kind of cell and
ECM component has a specific role to perform individually, but also as a multi-layered structure in its whole,

in such a way that they enable the physiological functions of the tubular organ.

The vascular wall architecture is highly complex and imparts unique biomechanical properties, challenging
the development of vascular wall models that can withstand the pulsatile nature, high pressure and high
flow rate of the bloodstream. The arterial wall is a three-layered structure composed of an intima (i.e. mucosa
and submucosa), media (i.e. muscularis externa) and adventitia (Figure 1.3) [37]. Each layer exhibits specific
histological, biochemical, and functional characteristics. Therefore, each layer contributes in a unique way
to maintain the vascular homeostasis and to regulate the vascular response to stress or injury. In addition
to the structure and composition of the vascular wall, another important aspect when developing a model of

the vascular wall is the physiology and the functions of these different layers (vide infra, Table 1.1).
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Figure 1.3. Anatomical structure of hollow tubular organs. Left: General structure of hollow tubular organs (Image adapted from
UNIFAL-MG, Histologia interatva, https://unifal-mg.edu.br). Right: Comparison of the wall structure of the trachea, esophagus,
intestines, urethra, ureter, and blood vessels.

Before 1980, studies addressing the control of vasomotor tone (i.e. action of vasodilation or vasoconstriction)
mainly focused on the tunica media. In the late 1970s, it became evident that the tunica intima also played
an important role in vasomotor responses [38]. Only recently, the tunica adventitia has been studied as a

potential contributor to vascular function.



The tunica intima, composed of a mono-layer of endothelial cells (ECs), is in direct contact with the blood
and therefore has a critical role in all aspects of tissue homeostasis [39-41]. Its main function is to provide
structural integrity of the blood vessel by forming a smooth, friction-reducing, semi-permeable membrane.
The endothelial cells are a significant contributor to the regulation of vasomotor tone, under the influence of
physical and chemical factors originating from the lumen or from surrounding tissues [41]. Endothelial cells
produce and release vasodilator (e.g. nitric oxide and prostacyclin) and vasoconstrictor substances (e.g.
endothelin and platelet-activating factor) [41]. Next to this, the ECs are not only involved in fibrinolysis and
thrombolysis but they also play a role in coagulation, inflammatory and immunological processes (including
platelet activation, adhesion and aggregation, leukocyte adhesion and smooth muscle cell (SMC) migration
and proliferation) [39,41].

The tunica media mainly consists out of elastin, collagen and SMCs. Elastin functions primarily as an elastic
reservoir and distributes stress homogenously throughout the wall and onto the collagen fibers. The function
of the vascular smooth muscle is to produce ‘active tension’ under vasomotor stimulation and thus to alter
the total tension in the wall and change the diameter of the lumen [40,42]. The vascular SMC is activated
by the sympathetic nervous system when vasoconstriction (and increase in blood pressure) is required.
Changes in vascular diameter depend on the contractile activation and interaction of actin with myosin in
vascular smooth muscle cells [40,43]. In addition to this, the vascular SMC synthesizes and organizes the
complex and unique ECM that defines the mechanical properties of the vascular wall [43]. In this context,
the vascular SMC monitors the changing tensional forces within the wall and adjusts the ECM matrix
accordingly [44]. Wagenseil et al. stated that achieving and maintaining the functional elastic modulus may

be the main physiological regulator of ECM gene expression in the vessel wall [44].

As the outer layer of the vascular wall, the tunica adventitia mainly acts as a protective and supportive layer
[44]. However, Stenmark et al. describe the tunica adventitia as the most complex compartment of the vessel
wall, that can act as a biological central processing unit that integrates key regulators of the vessel wall
function [45]. Moreover, the resident adventitial cells (i.e. fibroblasts, immune cells and progenitor cells) are
often the first to be activated and play a key role in the modulation of vascular tone and the restructuring of
the vessel wall [38,45]. In response to vascular stresses (including hormonal, inflammatory and
environmental stresses), adventitial fibroblasts undergo functional changes that include proliferation,
differentiation, production of ECM proteins and adhesion molecules, and the release of reactive oxygen
species (ROS), growth factors and matrix metalloproteinases (MMPs) [46,47]. The latter directly affect the
tunica media SMC tone and growth [45].



1.3 Diseases and malfunction of tubular tissues

a. Non-hollow tubular system: Tendon

Two partially oval/round tendons that rupture most often, are the Achilles tendon and the deep flexor
tendons. Tubular tendons respond equally to tensile loads with parallel collagen patterns. In addition, the
cross-sectional area is proportional to the maximum isometric force of the muscle [34]. The Achilles tendon
provides a connective tissue link between the gastrocnemius and soleus muscles and the os calcaneus.
The two main blood vessels supplying the Achiles tendon, are the posterior tibial artery that supplies both
the proximal and distal sections, and the peroneal artery that supplies its middle section [30,48]. The Achilles
tendon is innervated mainly by the sural nerve, with minor contributions from other smaller branches of the
tibial nerve [30]. It is the strongest and thickest tendon in the human body. As such, force measurements
have shown that the tendon is loaded with up to 9 kN during running, which is 2.5 times the body mass. The
Achilles tendon is the best example of an energy storage tendon as it centralizes the force of different
muscles [34]. The deep flexor tendons extend from the forearm through the wrist and across the palm,
providing flexion to the fingers [33]. This is in contrast with the extensor tendons, which provide extension
to the fingers. The flexor tendon structure of the hand consists of the tendinous extensions of the flexor
muscles of the forearm which attach to the small bones of the thumb and fingers. In addition, the deep flexor
tendons are subjected to greater flexion during movement and are therefore typically surrounded by a
vascularized synovial sheath [49]. The presence of synovial fluid compensates for the limited vascular
supply compared with other tendons (such as the Achilles tendon) [50]. In addition, synovial cells are present
in this tendon sheath and provide lubrication to reduce friction during movement and loading, which supports
the tendon to glide smoothly and efficiently [32,33,35].

Tendon injuries are painful, persistent, and can significantly affect the quality of life of patients who had
inadequate healing or unsuccessful treatment [51]. More than 4 million cases of tendon injuries are reported
annually worldwide [52]. Tendon injuries to the hand, in particular, are amongst the most common tendon
disorders in the human body. Typically, flexor tendon injuries of the hand account for a significant proportion
of trauma emergencies, affecting one in 2700 people each year [50]. The hand, as a performing unit of the
human body, is essential in daily life, including sport activities and occupations [53]. For this reason, the
tendons of the hand are often subjected to chronic overuse and ruptures. These injuries can have a
significant impact on hand function. Early treatment with optimal recovery is critical to prevent permanent
dysfunction [54].



b. Hollow tubular system: Blood vessel
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deaths annually. Moreover, in the European region, 48% of all
deaths are caused by CVDs (Figure 1.4) [2]. Cardiovascular
diseases are disorders of the heart, vascular diseases of the brain
and diseases of blood vessels. They can be divided into two main
groups: i) CVDs due to atherosclerosis, i) other CVDs. Ischaemic
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Atherosclerosis is known as the underlying disease mechanism in blood vessels that results in coronary
heart disease and cerebrovascular disease. It is responsible for most of CVDs, indirectly causing half of the
deaths in the Western world. Atherosclerosis is a complex pathological process that takes place in the walls
of the blood vessels [2]. The development mechanism of atherosclerosis is not yet completely understood
but is believed to occur in progressive steps: i) the endothelium is injured, ii) lipids accumulate and oxidize
in the tunica intima, iii) smooth muscle cells proliferate and a fibrous caps forms, and iv) the plaque becomes
unstable. The presence of plaques not only stiffens the artery wall which in turn, results in hypertension (i.e.
chronically elevated blood pressure), but it also constricts the vessel and causes the arterial walls to tear
and ulcerate [55]. Various factors promote the process of atherosclerosis, including behavioral risk factors
(i.e. tobacco use, physical inactivity, unhealthy diet, harmful use of alcohol), metabolic risk factors (i.e. raised
blood pressure, raised blood sugar, raised blood lipids, overweight and obesity) and other risk factors (i.e.
poverty and low educational status, advancing age, gender, inherited genetic disposition, physiological
factors) [2,56]. These factors play a key role in the disease mechanism of atherosclerosis and need to be
lowered to prevent heart attacks and strokes.

1.4 Current treatments of diseased or injured tubular tissues

a. Non-hollow tubular system: Tendon

Current surgical interventions include suture techniques (with needle and thread) or replacement tissue (i.e.,
biological and synthetic grafts) to repair tendon injuries. To date, none of these methods offer a long-term
solution because of the significant drawbacks limiting their success. Repaired tendons do not regain their

full functionality and strength [57-59]. Ideally, a healing response should be induced at the injured tendon



ends consisting of a repair site with low friction and minimal volume [33]. Adhesions are a frequently
observed complication after tendon injury [60] as a result of the non-organized collagen production during
the first phase of the healing process. Due to this scar tissue formation, injured tendons heal slowly, and a
long recovery period is often required. In addition, inflammation plays a critical role in tendon injury and
healing [61]. When surgical material is used, a strong inflammatory reaction might be triggered with
inflammatory cells being attracted to the injured site. Following these inflammation and adhesion processes,
the repaired tendon will be unable to regain its original mechanical properties, including ultimate tensile
strength and elasticity. The latter illustrates how challenging it remains to realize regeneration instead of
repair and restore the original mechanical properties of tendon by preventing the formation of adhesions

and inflammation.

b. Hollow tubular system: Blood vessel

CVDs are mostly preventable although certain individuals are at a higher risk for CVD development as a
direct result of a genetic predisposition. Nevertheless, the number of deaths caused by CVDs continues to
increase mainly because preventive measures are inadequate [2]. Treatments for CVDs vary according to
the affected body part and the medical history of the patient. In a first phase, medical drug therapy is often
recommended in combination with lowering of some risk factors (e.g. smoking, unhealthy lifestyle). Yet, for
many people these measures are not enough, and a surgical approach is needed. Balloon angioplasty and
(drug releasing) stents will be deployed. Angioplasty is a technique that is based on a minimal surgical
invasion to widen narrowed (i.e. stenosis) or obstructed arteries or veins. Even though angioplasty
temporarily clears the blood vessel lumen, restenosis often occurs. Therefore, very often, angioplasty is
combined with the insertion of a stent. A stent is a metal or plastic lumen-shaped structure that is inserted
into the newly dilated vessel to keep the vessel open after the surgical intervention. However, when the
disease is too advanced, angioplasty and stenting are not sufficient and other measures should be taken.
General strategies in the surgical treatment of severe lesions include bypassing the obstructed vascular
segments. Specific examples include coronary artery bypass grafting (CABG), or major arterial
reconstruction procedures (i.e. aortic reconstruction of peripheral bypass) with autologous, synthetic or

cryopreserved materials [62].

Given the limitations in available or suitable autologous vascular grafts (i.e. lack of tissue donors, previous
harvesting or anatomical variability) and the higher complication rate with currently used synthetic materials
(i.e. rejection, compliance mismatch), the search for a truly ideal conduit continues [62-65]. In this context,
tissue engineering and biomaterial design have gained increasing interest for vascular graft application and

in the development of in vitro models [11,66].



1.5 Tissue engineering and regenerative medicine as a viable solution

1.5.1 Principle of tissue engineering and regenerative medicine

To overcome the challenges encountered in currently employed treatments, and moreover, to improve
success rates and enhance overall clinical performance, research has focused on tissue engineering (TE)
and regenerative medicine (RM) approaches. The main goal of TERM is to develop methods to regenerate,
repair, or replace damaged or diseased cells, tissues, or organs while maintaining and/or improving their
performance [24,67]. This multidisciplinary research area combines expertise from developmental biology,

materials science, cell biology, engineering and medicine.

To regenerate, repair, or replace a damaged tissue, it is critical to understand the macro- and microstructural
architecture and functions of the tissue. Regardless of the complexity of the tissue being repaired, TERM
approaches typically involve various combinations of biomaterials, cells, and bioactive compounds that are
processed into a construct that attempts to mimic the functional unit of the tissue [68-71]. This chapter
focuses on advances in TERM, which enable efficient repair of non-hollow and hollow tubular structures
including tendon and blood vessel. Given recent advances in additive manufacturing technologies (section
1.5.3), the approach of this chapter is to describe how anatomical structure and function should serve as

the basis for efficient 3D design that considers both micro and macro aspects of these tissue types.

a. Non-hollow tubular system: Tendon

A particular challenge in tendon TE approaches is the fabrication of constructs with suitable mechanical
properties. Tendons are stiff and resilient structures that have a high tensile strength: they can stretch up to
4% before damage occurs [30]. They have also high anisotropic mechanical properties: they ensure that the
tendon is stiff along its long axis and can withstand its predominantly uniaxial loading environment by
transmitting muscle forces along the length of the tendon to the skeleton. Actin and myosin are present in
resident tenocytes, while the tendon itself may also have an inherent contraction-relaxation mechanism to
regulate force transmission [30]. Gomes et al. have listed some values on the mechanical properties of

tendons [1], that are also described in Table 1.1.

Besides the micro- and macrostructure of the tendon, the biochemical and cellular structure should be taken
into account as well in order to achieve its physiological functions. An overview of the anatomical key points,
the physiological functions and the mechanical as well as biological requirements for the construct design

is described in Table 1.1.

b. Hollow tubular system: Blood vessel
The four main factors to be considered in order to develop a successful vascular wall model are: i) a scaffold

that can support the cells, i) an appropriate cell population, iii) the right biomolecules (such as growth



factors), and iv) physical and mechanical stimuli to influence the proper development of the construct [72].
The cellular composition within each layer of the vascular wall is described above (section 1.2.b). The
mechanical properties of the vascular wall include i) a highly resilient wall where a large proportion of energy
input during systolic inflation will be recovered by elastic recoil, i) low hysteresis (i.e. low energy lost during
the inflation-deflation cycle) and iii) nonlinear elasticity characterized by stiffening with increasing pressure
to protect the wall from rupture [44]. Thus, one of the key factors in the development of a physiologically-
functional vascular wall model is elasticity. This property allows arteries to absorb pressure waves that come
with every heartbeat. In close relation to this, contractility can be seen as another key function of arteries,

that is controlled by the autonomic nervous system.

Human coronary arteries have a compliance of 4.5 - 6.2% change in diameter for a pressure increase from
80 to 120 mmHg, a burst pressure of 2031 - 4225 mmHg, a maximum stress of 1.44 + 0.87 MPa, a maximum
strain of 0.54 £ 0.25 and a physiological elastic modulus of 1.48 + 0.87 MPa [64,73-79]. However, it should
be noted that these characteristics depend on the applied mechanical testing set-up and protocols.
Therefore, some variation on data can be found in literature. Moreover, the mechanical properties of blood
vessels also vary depending on their location in the human body and their function, as has been described
in more detail in the work of Awad et al. [80] and Camasao et al. [79]. As an example, in the work of “Mc
Donald’s Blood Flow in Arteries”, reported values on the pressure-strain elastic (Peterson) modulus (Ej) of
human arteries range between [52-118] kPa, depending on the type of artery and the age of the patient [78].
This can be translated to incremental (~ Young’s) elastic modulus by taken into account the diameter and
the thickness of the blood vessel. As an example, for the abdominal aorta of a human aged 27 years old
(diameter of 13.2 mm and thickness of 1.59 mm) [78], an E;, of 52 kPa corresponds to an incremental elastic
modulus of 216 kPa. These reported values are much lower than data described in other references, where
elastic moduli of 1 MPa are reported [64,73—77]. This should be considered when comparing the mechanical
properties of the engineered artery and the healthy human artery. An overview of the anatomical key points,
the physiological functions and the mechanical as well as biological requirements for the construct design

can be found in Table 1.1.

¢. Summary of design requirements defined by the anatomy and physiology of the tissue

The design requirements for TERM applications are defined considering the anatomy and physiology of the
organ in question (section 1.2). Each organ has a typical hierarchical structure and is composed of different
cell types and a tissue-specific ECM. Each cell type and ECM component has a specific task to perform,
both individually and as part of the overall structure, so that they enable the physiological functions of the
organ in question. These important anatomical points and physiological functions in turn lead to very specific
mechanical requirements (MR) and biological requirements (BR) that should be considered in the design of
the constructs (i.e., the tubular structure comprising biomaterials and/or cells). In addition, it is crucial to

investigate the correlations that exist between (i) the anatomy and hierarchical structure, (i) the physiological
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function and the (iii) mechanical and (iv) biological properties of the tissue. Table 1.1 provides an overview
of these four important factors for tendons and for blood vessels. This table forms the basis for the following
sections, which focus on the correlation of these factors in a current review of strategies to guide tendon
repair and vTE.



Table 1.1. Anatomical key points, physiological functions and mechanical and biological requirements per system.

Circulatory system
(Blood vessels)

blood flow and an underlying basal lamina, (2) tunica
media, composed out of different layers of mostly
circularly arranged smooth muscle cells in an ECM of
collagen, elastin and proteoglycans, (3) tunica
adventitia, composed of a dense network of collagen
fibers that include fibroblasts and fibrocytes, this layer
is infiltrated with nerve fibers, lymphatic vessels, and
sometimes a network of elastic fibers and the vasa
vasorum.

- The tunica media is separated from the tunica intima
and tunica adventitia by an internal and external
elastic lamina.

- Tunica intima: critical role in tissue homeostasis, thrombo-

resistant barrier to enable laminar blood flow, regulates
transport of substances across endothelium, controls vessel
tone, platelet activation, adhesion and aggregation, and
leukocyte adhesion.

- Tunica media: regulates circulatory dynamics by providing

contractile and relaxation response, and muscle tone, produces
‘active tension’ under vasomotor stimulation, alters the total
tension, synthesizes and organizes ECM of the vascular wall.

- Tunica adventitia: reinforces the vessel and enables anchoring

to surrounding tissue, prevents vessel rupture and pulsatile
deformation, responds to vascular stresses.

mmHg, compliance: [4.5 - 6.2]% for a pressure increase
from 80 to 120 mmHg, max. stress: [1-2] MPa, max. strain:
[0.25-0.75)).

3. It should be highly resilient, a large proportion of energy
input during systolic inflation should be recovered by
elastic recoil; Should induce low hysteresis during inflation
- deflation cycle.

. It should also mimic the tunica media and

tunica adventitia.

. It should respond to vasomotricity.

Anatomical key points Physiological functions Construct design: Construct design: Refere
Mechanical requirements (MR) Biological requirements (BR) nces
- Highly organized connective tissues consisting of Store elastic energy (through reversible stretching of collagen Strongly dependent on the type of tendon and the exerted load. | 1. It should mimic the hierarchical
parallel orientated collagen fibers embedded within an molecules). 1. It should have appropriate mechanical properties (general): organization and fiber orientation.
extracellular matrix (containing cells, proteoglycans, Withstand large forces and assure effective load transmission max. strengths [13 - 300] MPa, elastic modulus [4 - 8] GPa, Remodeling of the tendon: tenocytes [1,36,81
= glycoproteins and elastin). between muscle and bone. strain and modulus at failure [6 - 50]% and [0.065 - 8] GPa. produce collagen and thus play a role in -88]
2 - Three collagen molecules form a triple helix (i.e. Act as a buffer by absorbing external forces to limit muscle Deep flexor tendons: Young's modulus [3.1 - 5.0] MPa, the crimping mechanism and collagen
% ™ tropocollagen), five tropocollagen entities constitute a damage. ultimate stress 4 MPa, ultimate strain [4 - 10]% and tendon fiber deformation; use of bioactive
@ _§ microfibril, that in turn form a fibril, fibrils are grouped Support to the stability of the joints. toughness [1000 - 4500] J/kg . components and mechanical stimulation
£5 into fibers (primary bundle) and then assembled into a 2. It should allow the crimping mechanism to stretch and to guide the remodeling.
e fascicle (secondary bundle), with an endotenon in recoil: protects the collagen fibers and relevant stress- . Alimited blood supply is very important
§ between these two layers, and fascicles are bundled strain properties (up to 8-10% before macroscopic failure). for metabolic activity; and innervation.
= together to form the tertiary bundle, surrounded by the 3. It should show appropriate levels of fiber sliding and . Minimal scar formation (minimal adhesion
epitenon. degree of rotations (depending on the type of tendon). formation and inflammation) during
- The tendon cells are tendon-specific stem cells and Should not show any gap formation in the repair zone. healing.
specialized fibroblasts or tenocytes.
- Arteries: D = [5-10] mmand T = 1 mm, veins: D = [5- - Arteries: carry blood away from the heart, veins: carry blood 1. It should not leak. . It should consist of a smooth, friction- [41,43,4
20]mmand T =0.5 mm. towards the heart. 2. It should withstand physiological pressures; Should be reducing and semi-permeable membrane | 4,62,63,
It consist of 3 layers: (1) tunica intima, most inner - 3 layers: repairing, remodeling and maintaining the blood vessel non-linear elastic, characterized by stiffening with (i.e. endothelium, tunica intima) that is in 73,76,7
layer, in direct contact with blood, that consists of 1 structure and function (i.e. transport of oxygen, nutrients, increased pressure to protect the vessel wall from rupture contact with blood; Should be non- 8,79,89
layer of endothelial cells aligned in the direction of the hormones and cellular waste products throughout the body). (elastic modulus: [0.2-2] MPa, burst pressure: [2031-4225] thrombogenic. -102]
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1.5.2 The biological model: Cells and bioactive compounds

As highlighted in the previous sections, cells play an important role in the regeneration of damaged tissue.
Therefore, cells are very often used as part of repair strategies, in combination with materials, or as a cell-
based therapy. Depending on the type of tissue to be repaired or regenerated, specific cells are selected to
achieve the appropriate physiological functions. For tendon repair, mainly tendon-specific stem and
progenitor cells have been investigated in combination with autologous tenocytes and/or other co-cultures
[103], which have been shown to increase collagen production and restore 3D collagen structure for both
cell therapy treatments and 3D scaffolds [70,104]. Straightforwardly, the application of vascular cells (i.e.
ECs, SMCs and FBs) is of great importance for vTE, and has been evaluated over the years [105]. In the
simplest form, mono-culture systems using only one vascular cell type have been studied [106-108]. These
systems were too simplified and were only useful to help understanding the main mechanism of only one
cell type. Therefore, the use of mono-culture systems has evolved to the use of more complex, co-culture
systems combining multiple human vascular cell types [109,110]. It is important to study the different
populations of cells and evaluate their interactions in order to understand the mechanisms underlying tissue
establishment and physiology [111,112]. In case of vascular wall modeling, the three different vascular cell
types (i.e. ECs, SMCs and FBs) combined into a (triple) co-culture system would help in gaining insight into
their interactions and in the development of functional tissue. Co-culture systems enable the development
of more complex and more accurate conditions for vascular wall modeling. In addition, an approach
employing a scaffold in combination with co-culture systems not only challenges the effect of cell-cell

interactions but also the one of cell-biomaterial interactions.

In addition to cells, bioactive compounds have also been evaluated for tissue engineering applications.
Bioactive compounds, including growth factors (GF), cytokines and signaling molecules play an important
role in the healing and repair of a damaged tissue. Growth factors have the capability to amplify the healing
response by enhancing cell recruitment, proliferation, differentiation as well as ECM synthesis at the repair
site [113]. For example, fibroblast GFs (FGF) are a family of cell signaling proteins that promote the growth
of tenogenic progenitor cells, resulting in histological and biomechanical improvement of the repaired tendon
[114]. Other GFs that have been used in tendon repair include transforming GF-B (TGF-B), vascular
endothelial GF (VEGF), platelet-derived GF, and insulin-like GF [1]. The role of GF in tendon regeneration
has been described by Randeli et al. [115], in which the various GFs as well as platelet-rich plasma for the
different tendinopathies are discussed in detail. In vascular TE, similar growth factors and cytokines have
been exploited including MCP-1, platelet-derived growth factor (PDGF), VEGF, FGF, and TGF-
[96,98,116]. In addition to the importance of including GFs, it is critical that the correct GFs (and their precise
ratio) are upregulated at the correct time during the various stages of the healing process, resulting in an
increase in cellularity and tissue volume [117]. For a more detailed discussion of the use of bioactive
compounds in tendon repair and vascular TE, we refer the reader to the reviews by Gomes et al. and Bianchi

et al. [1,70], and Yancopoulos et al. [116], respectively.
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Pharmacologically active compounds and drugs have been also employed in TERM approaches. In tendon
repair, both anti-adhesive and anti-inflammatory drugs have been introduced into drug-eluting structures to
efficiently enhance tendon regeneration [118-121]. Antibacterial drugs have also been studied in this area
[122].

1.5.3 The material selection: Synthetic and natural materials in TERM

Biomaterials have been used for over 20 years in tissue engineering and regenerative medicine to enhance
tissue repair and to support transplantation of cells and/or growth factors [123]. While initially "inert"
biomaterials were developed that elicit minimal immune response upon implantation, the emphasis has
shifted in recent years to polymers, hydrogels, and other materials that can function as bioactive matrices
[124]. Based on their chemical structure or nature, biomaterials for TE can be broadly classified into different
categories (i.e. synthetic versus natural materials). Each of these categories has advantages and

disadvantages (Table 1.2), and both types can be combined to take advantage of the benefits.

Table 1.2. Overview of the advantages and disadvantages of the use of synthetic and natural materials.

ADVANTAGES DISAVANTAGES

High reproducibility [125,126] Missing biochemical cues [125]
Simple quality control process [125] Poor long term patency [72,127]
Lower  cost, unlimited  supply

Compliance mismatch [127]
SYNTHETIC | [72,125,128]
MATERIALS | Mechanical properties can be tuned
more effectively [72,125,128,129]
Control of shape, architecture and
chemistry [4,126]

Biochemical cues for cell attachment Often require crosslinking step to become

Thrombogenicity [72,127]

Cytotoxicity (of degradation products) [72]

and proliferation [125] insoluble in aqueous-based solutions [125]
NATURAL

_ _ Limited processability and mechanical
MATERIALS | Non-toxic degradation products [125]

strength [4]

Low immune response [125] Batch-to-batch variability [130]

a. Synthetic polymers

Synthetic polymers are widely used as biomaterials for scaffolds because of their ease of fabrication, high
reproducibility, control of shape, architecture, and chemistry, versatility of processing techniques, and
effective tunability of mechanical properties [131-133]. Moreover, synthetic polymers are not associated

with the risk of transmitting diseases. However, these materials generally do not have great bioactive



characteristics [134,135]. Synthetic polymers used for tissue engineering and regenerative medicine include
(i) polyesters such as poly(e-caprolactone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(lactic-co-glycolic acid) (PLGA) and poly(hydroxybutyrate) (PHB), (ii) polyurethanes (PU), (iii)
poly(ethylene glycol)s (PEG), (iv) poly(vinyl alcohol)s (PVA), and (v) poly(hydroxyethyl methacrylate)
(PHEMA) [117,136-139].

A first major group of synthetic polymers includes the aliphatic polyesters (Figure 1.5). Polyesters are
thermoplastic polymers that have a hydrophobic structure and are generally biodegradable through the
hydrolytic cleavage of their ester linkages. The synthesis of polyesters occurs through ring opening
polymerization (chain growth) or a stepwise polymerization, depending on whether a cyclic lactone monomer
or the corresponding a-hydroxyl acid monomer or derivatives thereof are used. The production method
influences the molar mass which in turns affects the degradation time, i.e. the ring opening polymerization
results in a higher molar mass characterized by a longer degradation time and vice versa [140-142].
Degradation occurs mostly through hydrolysis of the ester linkages within the backbone, resulting in an acid
and an alcohol end group [143]. The produced acid accelerates biodegradation due to autocatalysis
occurring during hydrolysis [144]. The degradation time frame is in the order of weeks to years, which should

be considered for the degradation requirements depending on the specific biomedical applications.

Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA). The chain growth polymerization of lactide or
the stepwise polymerization of lactic acid leads to the polyester PLA [145]. Similarly, PGA is the
result of the stepwise polymerization of glycolic acid or the chain growth polymerization of glycolide.
PGA has a crystallinity of 45-55% and is not soluble in most common organic solvents. The polymer
possesses a high melting point of 220-225°C and a glass transition temperature of 35-40°C [146].
It exhibits excellent mechanical characteristics with a tensile strength of 60-100 MPa, an elongation
at break of 1.5-20% and an elastic modulus of 6-7 GPa [141,147]. PLA elongation at break is in
the range of 2.5-6% and is characterized by a tensile strength of 21-60 MPa and an elastic modulus
of 0.35-3.5 GPa [147]. However, the PLA mechanical characteristics depend on the isomer
proportion of the monomers D-lactide and/or L-lactide, determining the crystallinity.
Disadvantageous properties of PLA include brittleness and poor thermal stability [146]. The
chemical structures (Figure 1.5) show that PLA is less polar and thus more hydrophobic compared
to PGA resulting in a slower degradation rate. The additional methyl side group in PLA makes the
structure more resistant towards hydrolysis due to the hydrophobicity and steric hindrance effect
[146]. PLA completely degrades in a saline environment at 37°C over a period of 3-5 years, strongly
depending on its morphology, crystallinity and composition. Half of its tensile strength is lost in
these conditions after 6-12 months. PLA degradation products inside the human body after
hydrolysis are a-hydroxylic acid, converted into the citric acid cycle before being excreted [148].
On the other hand, PGA loses 50% of its strength after 2 weeks and 100% after 4 weeks inside the
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body. The material is completely degraded and absorbed after 4-6 months [149]. The fast PGA
degradation rate yielding acidic products is another reason for the limited use of pure PGA implants,
although it is used in biodegradable suture applications [146]. An intermediate degradation time
can be obtained by combining the properties of PLA and PGA in the copolymer poly(lactic-co-
glycolic) acid (PLGA) with a ratio depending on the intended application lifetime [148]. These
polymers are widely applied as biodegradable biomaterials inside the human body. Examples
include surgical suture thread applications with resorption of the thread when the wound has

sufficiently healed, drug delivery applications and their use as scaffold material.

Poly(e-caprolactone) (PCL) is synthesized by chain growth polymerization of the relatively low cost
e-caprolactone (CL) monomer using a catalyst or by the step growth polycondensation reaction of
caproic acid. This biodegradable hydrophobic polyester dissolves in a wide range of organic
solvents. The low melting point of 60-65°C accommodates straightforward processing of the
polymer. The degradability depends on the crystallinity and molar mass. PCL starts to lose strength
after 2-4 years [150]. The degradation time can be tuned by copolymerization of CL with e.g. lactide
or glycolide. Degradation products of PCL hydrolysis are eliminated as metabolized components
from the body [148,151,152]. PCL can reach a tensile strength up to 20.7-42 MPa with a particularly
flexible elongation at fracture of 300-1000% and an elastic modulus of 0.21-0.44 GPa [140,146-
148]. Semi-crystalline PCL degrades slower than amorphous PLA or PGA because it is less likely
for water to penetrate the more hydrophobic and more stable semi-crystalline PCL structure. Due
to these interesting properties, the polymer is used in various tissue engineering applications, as

well as in wound dressings and drug delivery systems [148].
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Figure 1.5. Overview of commonly used aliphatic polyesters in regenerative medicine: poly(lactic acid) (PLA), poly(glycolic acid)

(PGA) and poly(e-caprolactone) (PCL).

A second major group of synthetic polymers applied in TERM includes polyurethanes (PUs). This is mainly

thanks to their excellent mechanical properties along with biocompatibility [153,154]. PUs can be composed

of different building blocks or segments that allow synthesis of tailor-made materials, thereby providing the

possibility to obtain a great variability of properties (Figure 1.6). Their versatile nature enables their use in

several domains such as biomedical, construction, automotive applications, etc. Typically, PU is synthesized

by a polyaddition reaction. Components required for this type of reaction include polyols (soft segment),

chain extenders and diisocyanates (hard segment). Conventional polyols can be polyesters or polyethers
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(including PEG, PLA, PCL-diol or other polymers with pendant hydroxyl groups such as PVA), whereas both
aliphatic as well as aromatic diisocyanates can be used for PU synthesis. Usually, low molar mass molecules
with either hydroxyl or amine end groups function as chain extenders [155]. It should be noted that the use
of isocyanates often involves the generation of toxic degradation products [156]. Therefore, only aliphatic
diisocyanates are used for the synthesis of urethane-based biomaterials for biomedical applications (for
example isophorone diisocyanate, hexamethylene diisocyanate, L-Lysine ethyl ester diisocyanate).
Alternatively, research has been focusing on the synthesis of non-isocyanate-based polyurethanes (NIPU),

based on the reaction of polycyclic carbonates and polyamines [157-159].

0 0
0=C N\R'/N =0 % \H N HJ/
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U
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HO\R/OH

+

Figure 1.6. Basic reaction scheme for the synthesis of urethane-based polymers.

Degradable polymers such as aliphatic polyesters including PLLA, PLGA, PCL, and PHB or polyurethane-
based materials are most commonly used for tendon repair [1,70] and for vascular TE [160,161]. These
degradable polymers generally have better long-term biocompatibility than non-degradable materials such
as poly(tetrafluoroethylene) (ePTFE) and poly(ethylene terephthalate) (PET), as they degrade over several

months to physiological metabolites that are effectively excreted from the body [1,70].

A third major group of synthetic polymers includes poly(ethylene glycol) (PEG)-based hydrogels (Figure 1.7,

left). PEG hydrogels have already been used in a wide variation of biomedical applications due to their non-
toxic and non-immunogenic character. Moreover, the US Food and Drug Administration (FDA) approved the
use of different PEG-based hydrogels for various clinical purposes (including PEG hydrogels for controlled
drug release, protease-sensitive degradable PEG hydrogels, etc.) [162,163]. PEG is bio-inert to a number
of biological components found in the human body including proteins and does not exhibit cell-adhesive
properties [164]. PEG-based hydrogels can be easily modified to control the mechanical properties or to
make the hydrogels more biomimetic. Surface modifications can be performed to improve the
biocompatibility of their hydrogel surface. Furthermore, PEG polymers can be crosslinked to form hydrogels
by several methods including for example the photopolymerization of (meth)acrylate-endcapped PEG
macromonomers. Other methods use block copolymers of PEG to improve control over the degradation
kinetics. Besides linear PEG macromers, also PEG-based dendrimers have been developed due to their
ability to control the branching degree and thus the structural hydrogel properties and their degradation rate
[134,135,164-167].

A fourth major group includes poly(vinyl alcohol) (PVA)-based hydrogels (Figure 1.7, middle). These

hydrogels can be formed by crosslinking through chemical, irradiation-based or physical mechanisms.
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Crosslinking can be based on the formation of acetal linkages in the presence of difunctional crosslinking
agents, or covalent bonds can be formed using electron beam or gamma irradiation. These methods are
advantageous because they do not use chemical crosslinking agents, which are in most cases toxic and
therefore, to be avoided. However, an important drawback is that crosslinking methods based on electron
beam or gamma irradiation do not allow cell encapsulation and concomitant cell survival. On the other hand,
physical crosslinks can be formed during freeze-thaw cycling or can result in the formation of crystallites
during annealing and dehydration [168]. PVA hydrogels are often modified in order to provide a greater

biochemical similarity to native tissue and to improve their properties towards cell encapsulation [134,166].

Another important and widely applied synthetic polymer is poly(hydroxyethyl methacrylate) (p0HEMA) (Figure

1.7, right). The properties of this hydrogel depend, among others, on the method of synthesis, polymer
content, degree of crosslinking, temperature and final application environment. The synthesis of pHEMA
can be carried out by crosslinking using UV-irradiation, and/or in the presence of a crosslinking agent and a
good solvent [169]. This class of hydrogels (pbHEMA and its derivatives) show moderate to poor swelling
properties compared to others, e.g. PVA and PEG hydrogels [11]. Some of the main characteristics of
pHEMA are its inertness to normal biological processes, resistance to degradation, permeability to
metabolites, not being absorbed by the body, biocompatibility, ease of sterilization without damage, and the

possibility to be prepared in a variety of shapes [11,134].

%wl N W

PEG PVA PHEMA

Figure 1.7. Chemical structure of poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA) and poly(hydroxyethyl methacrylate)
(PHEMA).

However, the use of synthetic materials also has some limitations, including lack of biochemical cues, poor

long-term patency and compliance, and possible toxic degradation products [170-172].

b. Natural polymers
Natural polymers can mainly be derived from proteins (including collagen, gelatin, elastin, fibrin, silk) and
from polysaccharides (including alginate, cellulose derivatives, hyaluronic acid, chondroitin sulphate,

chitosan) [135,173,174]. Some selected natural polymers are shown in Figure 1.8.

Many natural polymers originate from various components found in the mammalian ECM including collagen,

hyaluronic acid and fibrin. Other natural materials find their origin in non-mammalian sources. Some
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examples include alginate and agarose, found in marine algae and chitosan prepared from arthropod
exoskeletons [134,166]. Advantages of natural materials include high biocompatibility and bioactivity in
combination with a low toxicity. Due to the presence of endogenous factors, these materials promote many
cellular functions [134,164,167]. Their low immune response, non-toxic degradation products and the
presence of biochemical cues make them highly efficient biomaterials for biomedical applications. However,

in general they present limited processability and lack mechanical strength [4].
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Figure 1.8. Examples of biomaterials from natural origin.

Alginate and agarose are used in TE due to their easy gelation process and cell encapsulation possibilities

[166]. Alginate forms a gel via ionic crosslinking, whereas agarose can be formed into a gel following a
thermal process. The properties of alginate depend on the type of marine algae resource, which strongly
influences cell adhesion and hydrogel stiffness. As alginate gels under mild conditions, it is an attractive
biomaterial for cell encapsulation [134]. The cell-interactive properties can be improved by coupling cell-
interactive peptides or growth factors [174]. The degradation of alginate hydrogels is based on ion exchange.
Agarose is non-degradable, which is a limitation for most tissue engineering purposes demanding
degradation when new tissue is formed [135,175].

Chitosan is prepared by partially deacetylating chitin that can be found among other in the shells of crabs
and shrimp (Figure 1.8, bottom) [174,176]. Interestingly, the properties of chitosan are highly pH-dependent.

In an acid environment, the polymer is water-soluble and positively charged, whereas in a more basic
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environment, a gel-like precipitation occurs [174]. At physiological pH, chitosan is neutral and hydrophobic
and forms a hydrogel based on various gelation interaction mechanisms [135,174]. Chitosan degrades by
lysosomes through hydrolysis and can therefore be degraded in the human body [134]. Moreover,
degradation kinetics depend on the degree of acetylation and on the hydrogel properties (e.g. crystallinity)
[166].

Hyaluronic_acid (HA, Figure 1.8, top right) is a glycosaminoglycan (GAG) composed of repeating
disaccharide units that are present in different tissues throughout the body including skin and cartilage [134].
It is involved in cell differentiation and ECM organization. HA can be chemically crosslinked to form a
hydrogel, but ionically crosslinked HA has also been studied [177-179]. Degradation of HA is activated by
cell-secreted hyaluronidase. Interestingly, HA can stimulate chondrogenesis due to their cell surface
receptors. Moreover, HA can be prepared by microbial fermentation, thereby eliminating the risk of
transmitting animal pathogens [135,166,174,173].

Chondroitin sulphate (CS, Figure 1.8, top left) is a GAG composed of alternating sugars (i.e. N-acetyl-D-

galactosamine and D-glucuronic acid). CS can consist of over 100 individual sugars, each of which can be
sulphated in variable positions and quantities. It is an important structural component of cartilage. Its main
function in cartilage is withstanding compression. Other properties include binding and modulation of growth
factors, cytokines and protease inhibitors [180]. However, since natural CS is water-soluble, chemical

crosslinking is required when applied for biomedical applications [174].

Collagen is the most abundant protein present in the human body (i.e. 30%). Different types of collagen
exist, with its most abundant form in the extracellular matrix being type I collagen [181]. Collagen hydrogels
can form a gel without the use of chemical modifications. However, the collagen hydrogel is then
characterized by weak mechanical properties [181]. These can be enhanced by synthesis methodologies
such as chemical crosslinking or crosslinking through a temperature or UV trigger [134,175]. Different
crosslinking techniques (chemical and physical) have been evaluated in literature [182]. The hydrogel
degrades naturally by enzymatic cleavage of proteins such as collagenase [166,175]. Collagen hydrogels
are attractive materials for cell growth due to the many cell-signaling domains present in their constitution.

Cell-interaction can further be improved by incorporation of specific peptides and/or growth factors [174].

Gelatin is a biopolymer formed by hydrolysis of collagen. It is used in tissue engineering and a wide variety
of other applications due to its unique gelation properties, its non-immunogenic character and biomimetic
properties. Gelatin gel formation is mediated by a thermal process and is based on the formation of physical
crosslinks [175,183]. Two types of gelatin (type A or type B gelatin) can be distinguished, depending on the
applied extraction process from collagen. This process has an influence on the physico-chemical properties

of the gelatin types. An acidic treatment leads to type A gelatin, whereas alkaline hydrolysis yields type B
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gelatin. Type A gelatin possesses an isoelectric point (pl) around 9, whereas the type B variant has a pl
around 5 [184,185]. Interestingly, gelatin shows a sol-gel transition around 37°C. At this temperature, gelatin
dissolves in aqueous medium. Therefore, gelatin should be crosslinked to prevent dissolution at body
temperature [174,175,183]. Most chemical crosslinking methods are irreversible. Reversible hydrogels can
be realized for example, through crosslinking by disulphide bond formation. Their reversible character offers

potential to act as cell carriers [183].

Elastin is a protein component of the ECM and is abundant in organs that involve stretching and recoil,
including blood vessels, ligaments and tendons, elastic cartilage, lungs and skin [174]. It is comprised of
approximately 800 amino acid residues [186] and is synthesized from tropoelastin, which is water soluble,
non-glycosylated and highly hydrophobic. Elastin hydrogels are typically obtained by crosslinking
tropoelastin solutions under physiological conditions [186]. Hydrogel crosslinking can be achieved through
numerous enzymatic, chemical and irradiation methods. The structural stability, elastic resilience, and
bioactivity of tropoelastin, combined with the capacity of self-assembly, make this protein a highly desirable

candidate for biomedical applications [186,187].

Fibrin is a protein found in the blood and plays an important role in the blood clotting process. This greatly
reduces the risk towards a foreign body reaction. Furthermore, fibrin shows excellent adhesion to the
surrounding tissue [188]. The protease thrombin induces cleavage of fibrinogen that in turn initiates the
formation of a fibrin network. One limitation of fibrin hydrogels is their poor mechanical properties [166,175].
Values of the elastic moduli range from 0.1 to 1500 Pa, depending on the clot structure and physiological

conditions as reported by Weisel et al. [189].

Further details on the types and properties of natural materials used for the fabrication of scaffolds for
regeneration of tendons [1,58,190] and blood vessels [63,187,191-195] have been described in literature
and are not further discussed in this chapter. The use of collagen for vTE has been described in more detail
in Chapter 4, 5 and 6.

c. Hybrid materials

Because of the intrinsic limitations of each group of materials mentioned above, research has focused on
hybrid materials in which the advantages of natural and synthetic materials are combined. The combination
of natural and synthetic materials results in higher cell affinity, low immune response, and excellent
biocompatibility of natural materials, together with the superior (tunable) mechanical properties and control
over shape, architecture, and structure of synthetic polymers [131]. Combining two or more polymers can
be done simply by mixing, but also by advanced processing techniques. Research has been devoted to

processing through coextrusion or coaxial pressure/electrospinning heads, where the core and sheath (and
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even more than one layer of the sheath) can be made of two or more different materials. Other possible

combinations include post-processing steps for coating.

As an example for tendon repair, Heidari et al. [196] have described the fabrication of hybrid scaffolds (i.e.,
PCL and GEL-MA) by co-electrospinning or by a coating step after processing. In this way, the mechanical
properties are improved compared to using a pure gelatin-based hydrogel, while maintaining good cell
adhesion properties. For vascular tissue engineering, mostly PCL has been exploited as a synthetic polymer

in combination with natural polymers including collagen [197,198], elastin [199], and gelatin [200-202].

d. Photo-crosslinkable biomaterials: crosslinking mechanisms and the use of photo-initiators

One of the approaches to develop materials with precise structural control and tailored mechanical
properties is photo-induced polymerization resulting in crosslinked networks [203,204]. The general
mechanisms associated with photo-crosslinking include chain-growth mechanisms, step-growth
mechanisms or photo-mediated redox crosslinking reactions [205-207] (Figure 1.9). The latter will not be

further described herein, but can be found elsewhere [205].

Chain-growth polymerization, such as free-radical polymerization of (meth)acrylate-functionalized

monomers, is (currently) the most frequently used method for 3D bioprinting of photo-crosslinkable
constructs [206,208]. Advantages include straightforward material handling, consisting of material
dissolution and the addition of a suitable photo-initiator (vide infra) prior to crosslinking. There is no need for
any additional crosslinker. A drawback associated with this polymerization mechanism is that a more
heterogeneous network is formed as a result of a spatially inhomogeneous crosslinking density [209]. In
addition, the crosslinking mechanism is prone to oxygen inhibition due to rapid radical scavenging by oxygen
molecules. This is undesirable when targeting cell encapsulation and also influences reaction reproducibility.
Moreover, chain-growth polymerization typically requires more energy and more photo-initiator compared to

step-growth polymerization.

In order to crosslink a polymer via free-radical polymerization, the polymer must initially be functionalized
with two or more photo-crosslinkable functionalities such as double bonds (e.g. acrylates or methacrylates).
Polymers that possess hydroxyl or amine groups (e.g. PEG, PCL-diol, gelatin) can be easily modified with
double bonds by reacting them with (meth)acryloyl chloride or (meth)acrylic anhydride [210]. After
modification with photo-crosslinkable functionalities, a photo-initiator is added. The photo-initiator creates
free radicals upon absorption of a photon from the incident radiation, typically in the ultraviolet (UV) or visible
range. The generated free radicals are highly reactive towards the double bonds and initiate the chain-
growth polymerization. Specifically, radicals propagate through unreacted double bonds (e.g.,
methacrylates, acrylates, acrylamides) [205]. This process of propagation is ultimately concluded when

termination occurs.
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As an alternative for chain-growth polymerization, step-growth crosslinking mechanisms have also gained

considerable attention recently [206]. A step-growth mechanism typically occurs between two
complementary reactive groups. Some examples are thiol-ene photoclick, thiol-Michael addition and Diels-
Alder click [209]. The thiol-ene photoclick reaction has emerged as a powerful method in tissue engineering
applications due to their increased control over the crosslinking mechanism, particularly in comparison to
free-radical chain-growth polymerization. The thiol-ene reaction involves light-mediated orthogonal reactions
between multifunctional macromers that are endcapped with norbornene functionalities and sulfhydryl-
containing linkers, in the presence of low amounts of photo-initiator [211]. This type of polymerization is not
susceptible to oxygen inhibition, exhibits lower radical concentrations and is characterized by faster reaction
rates compared to chain-growth polymerization [205]. Drawbacks include the necessity of a multi-functional,
thiolated crosslinker present in the reaction mixture which can be susceptible to cross-reactivity with other

thiols. Also, step-growth polymers generally exhibit lower storage moduli than their chain-growth

counterparts [209].
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Figure 1.9. Chain-growth versus step-growth polymerization. (A) General mechanism for the chain-growth polymerization, (B)
Schematic of crosslinking of polymers containing reactive groups through chain-growth polymerization, (C) Common functional
groups employed in free-radical chain polymerization, (D) General mechanism of step-growth polymerization based on thiol-ene
crosslinking, (E) Schematic of crosslinking of polymer chains containing reactive groups through thiol-ene reaction, (F) Common
‘ene’ groups employed in thiol-ene reactions. Figure adapted from [205].
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When using light-based crosslinking mechanisms, typically a photo-initiator (P1) is required to initiate the
crosslinking reaction. Selecting a suitable photo-initiator is imperative to ensure a desirable polymerization
rate and to achieve optimal functionality to serve biomedical applications [212]. Several key characteristics
should be considered when selecting a photo-initiator, including its absorption spectrum, molar extinction
coefficient, water solubility (important in case of water-soluble polymers), stability and ability to produce free
radicals [212]. The type of Pl and the duration and exposure to light can affect the cell viability and

photoinitiation efficiency [207].

In general, photo-initiators can be classified according to their activation behaviour into Norrish Type | and
Norrish Type Il photo-initiators [209]. The Norrish Type | Pls are typically characterized by photocleavage

into different smaller molecule radical species and are usually active in the UV-region [209].

The most broadly used photo-initiator for tissue engineering applications is Irgacure 2959 (1-[4-(2-
hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) which is characterized by moderate water
solubility, low cytotoxicity and minimal immunogenicity [212]. However, its low initiation efficiency and low
molar extinction coefficient in the UV-A spectral range have motivated the search towards alternative photo-
initiators  that exhibit enhanced efficiency and biocompatibility such as lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [213]. LAP has a superior water solubility and a much higher molar
extinction coefficient (i.e.218 M cm-") at 365 nm compared to Irgacure 2959 (i.e. 4 M-* cm), hence allowing
more light to be absorbed at this wavelength [205]. This leads to a higher initiation rate and subsequent
polymerization rate. Similar to Irgacure 2959, LAP has been applied in a range of bioinks and bioresins that
undergo either free-radical chain polymerization or thiol-ene crosslinking, and also both in extrusion-based

and lithography-based bioprinting [205].

1.5.4 The manufacturing process: Fabrication of tubular constructs

Regeneration of non-hollow and hollow tubular tissues should focus on structural cues to promote cell
adhesion, proliferation, and spatial alignment. On the other hand, cell-biomaterial interactions and the
mechanical and architectural impact (i.e., roughness, stiffness, porosity, orientation) of the material and/or
scaffold on the cells are also important factors to consider. Thus, in addition to the selection of materials,
cells and bioactive components, the processing technique also plays an important role in the required and

resulting mechanical and biological properties of a construct.

Within the additive manufacturing techniques for processing biomaterials to serve tissue engineering and
regenerative medicine needs, 3D (bio) printing (3D(B)P), solution electrospinning (SES), and melt
electrowriting (MEW) have emerged as promising methods for fabricating tissue constructs suitable for the

repair and regeneration of tubular tissues. Each of these fabrication techniques has specific advantages and
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limitations that should be considered when scientists seek to repair or regenerate damaged tissue (section
1.5.4.d).
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Figure 1.10. Schematic overview of the set-up of three-dimensional (bio) printing (3D(B)P), solution electrospinning (SES) and
melt electrowriting (MEW) for biomaterial processing.

a. Introduction to the three-dimensional bioprinting process

3DBP is a fabrication method that, starting from a computer-aided design (CAD) model, creates a 3D
construct in a layer-by-layer fashion [214]. As the ‘bio’ term suggests, it involves biologically derived
materials and/or cells [215]. This technique allows the creation of constructs made of multiple materials and
cell types in the same process, following a design-specific distribution. 3DBP techniques are usually
classified into three categories, depending on the working principle of the layer-by-layer deposition process.
They can be distinguished in (i) extrusion-based (Figure 1.10, left), (i) inkjet-based, and (iii) laser-assisted
bioprinting. For detailed information on the working principles of each bioprinter type, the authors suggest
the reviews of Holland et al., 2018 [9], Jeong et al., 2020 [216], Murphy et al., 2014 [214], and Van Hoorick
etal., 2019 [209].

Many advantages have been reported in literature on the 3DBP technique. One of them is the precise control
at the micrometric scale of the biomaterial deposition. This allows to obtain a controlled porosity, in terms of
both geometry and size, and to accurately mimic the physiological structure of the native organs [217].
Moreover, the possibility to combine multiple materials and cell types in the same process, with specific
arrangements, allows to overcome the limitations of conventional fabrication techniques and it brings TERM
closer to the complexity of native tissues. Finally, despite not yet used in clinical practice, in a future
perspective, 3DBP will allow the fabrication of patient-specific BAOs, starting from the patient's medical
images (e.g. magnetic resonance imaging) [218]. This customization would improve the technology

readiness level (TRL) of regenerative medicine.
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However, the formulation of biomaterials and cell components responding to the bioprinting requirements is
the main challenge of this technique and the final construct accuracy strongly depends on it [219]. Additional
drawbacks are (i) the possible cellular damage due to the stress applied during the process, and (ii) the use

in some cases of temperatures or light wavelengths incompatible with cell survival.

b. Introduction to the solution electrospinning process

SES is a versatile processing technique that relies on the application of a high voltage electrical force to
enable the production of micro- and nano-scale fibers from a polymer solution and deposit these fibers on a
suitable collector. The high voltage (within a range of several kV, typically between 5-20 kV) generates
electric charges on the polymer solution. These electric charges accumulate on the polymer surface until
they eventually overcome the surface tension and form a Taylor cone. This results in an electrically charged
polymer jet that is drawn from the tip of the Taylor cone and stretches in the electric field towards the
oppositely charged collector such as a plate, a rotating mandrel, etc. As the polymer moves towards the
collector, the solvent evaporates, and the jet solidifies, forming solid micro- and nanoscaled fibers. A
schematic representation of the SES process and the different elements constituting the SES set-up are
illustrated in Figure 1.10, middle. A detailed description of the fundamentals of SES can be found in the book
of Bosworth et al., 2011 [220].

Various factors influence the SES process, including solution parameters (i.e. polymer concentration and
molar mass, solution viscosity and conductivity, surface tension, solvents), process parameters (i.e. applied
voltage, flow rate, collecting electrode, needle tip-to-collector distance, diameter of the needle tip), and
environmental parameters (i.e. temperature, humidity). All these factors have been described in detail by
Ibrahim et al., 2020 [221] in a review on electrospun polymeric nanofibers, and will not be discussed further

in this introduction.

The main advantage of using SES as a processing technique for TERM is the production of fibrous networks
that resemble those of the natural ECM in terms of hierarchical organization and properties. Other
advantages include the high surface-to-volume ratio of the fibers, high aspect ratio, tunable porosity,
flexibility to tailor surface properties, and the possibility to produce fibers from a large variety of materials.
Electrospun scaffolds are known to provide a good microenvironment for cell adhesion, proliferation, and
differentiation [222,223].

Even though the SES process has been known since the 1930s, it gained renewed interest in the last
decades due to the inception of advanced electrospinning set-ups (e.g. side-by-side ES and coaxial ES).
These advanced set-ups have the ability to produce scaffolds with multiple layers, made of multiple

materials, with gradients, with fiber alignment, with multiphasic fibers, with core-shell fibers, with drug-loaded
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fibers, etc. [224-227]. Therefore, it has been extensively used in research focusing on the development of
scaffolds for various TERM applications [66,120,228-232].

c. Introduction to the melt electrowriting process

The MEW process is similar to SES, except that in MEW a polymer melt is used instead of a polymer solution
[233,234]. Therefore, an extra heating system to heat up the polymer is needed in the MEW set-up (Figure
1.10, right). As in SES, an electrostatically ejected jet is drawn as a polymer jet which then cools down and
solidifies either in air or on the collector. A low variation in fiber diameter can be obtained due to the high
viscosity and low charge of these polymer melts. In combination with @ moving collector, the MEW process
enables (i) to directly write a 3D scaffold, and (i) the rational design of scaffolds with control over pore size
and pore interconnectivity [235]. More specifically, MEW allows to fabricate scaffolds with high reproducibility
using a computer-controlled layer-by-layer approach (like fused deposition modelling technologies including
3DBP). In other words, MEW fibers can be precisely deposited to generate constructs with predefined
architectures [236]. Another advantage of MEW compared to SES is that it has no solvent evaporation and

thus, toxicity issues associated with solvents can be avoided [237-239].

The MEW technique and its use in TERM applications have already been extensively reviewed by Afghah
et al., 2019 [240], Dalton et al., 2013 [241], and Muerza-Cascante et al., 2015 [237]. The most recent
literature has been summarized last year by Robinson et al., 2019 [242], and will therefore not be described
in detail in this introduction. In addition to the optimization of general processing parameters, research has
also focused on the optimization of the MEW process with the aim to fabricate tubular constructs (and thus,
on the fabricating process onto a rotating mandrel). For more details on MEW onto rotating mandrels, and
the MEW design parameters of tubular constructs for TERM applications in general, the authors would like
to refer to the work of Brown et al., 2015 [238], Ibrahim et al., 2019 [243], Jungst et al., 2015 [244], McColl
et al., 2018 [245], Paxton et al., 2019 [246].

d. Strengths, weaknesses, opportunities, and threats (SWOT)
Each one of the presented fabrication techniques has specific advantages and limitations that should be
considered when scientists want to develop a BAO. Strengths, weaknesses, opportunities, and threats of

each technique are summarized in Figure 1.11 in a parallel SWOT analysis.
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Figure 1.11. Strengths, weaknesses, opportunities and threats (SWOT) of the 3 advanced processing techniques discussed in this
review. 3DBP, 3D bioprinting; SES, solution electrospinning; MEW, melt electrowriting.

1.5.5 Clinical translational potential of tubular constructs processed by 3DBP, SES and MEW

As previously stated, in a scenario in which heterologous organ transplantation is burdened by the shortage
of donor tissue and currently available synthetic grafts show issues in terms of biological and mechanical
properties (especially on the long term), bioengineered artificial tissues certainly represent a viable solution.
The development of physiologically relevant tubular tissues for regenerative medicine purposes can be used
to correct defects, restore functions, or substitute damaged tissues in patients suffering from life-threatening

conditions [9].

Tissue engineering-based constructs, in their journey from the lab bench to clinical use, are subjected to
strict regulation. The European Medicine Agency (EMA) and the FDA are closely working together in many
areas, streamlining efforts, sharing best practices and aiming to avoid duplication to promote human and
animal health [247,248]. The FDA is a centralized agency that oversees the drug development process in a
single country, whereas the EMA is a reviewing body that manages the process within Europe. As stated by
the U.S. FDA, the process of development for new medical products and devices can be divided in 5 stages:
1) discovery and concept, 2) preclinical research, comprehensive of in vitro and in vivo testing, and
prototype, 3) pathway to approval, 4) FDA device review and 5) FDA post-market device safety monitoring
[U.S. Food and Drug Administration]. SES and 3DBP to design, develop and optimize tubular organs have

already been reported, while MEW, despite its novelty, is rapidly gaining attention in this field.
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The current advanced TERM strategies (such as 3DBP, SES, and MEW) are still affected by some
limitations that impeach their successful translation into clinic. Despite the promising results and
achievements obtained in the past years, the produced devices are still hampered by a mismatch in
functionality (both at the mechanical and biological level) with the native tissues they are intended to
substitute [9]. Hunsberger et al., 2016 [250] reported that major drawbacks in the clinical transfer of
advanced TERM strategies are related to the precise mapping of cells in the developed tissues (their
placement, organization, phenotype and function), reliable sources for cells, immunosuppression, prosthetic

tissue integration with the host and vascularization.

Finally, these new technologies evolve in a specific and precise regulatory structure allowing the scaling-up
and marketing of tubular BAOs [9,251]. Although regulatory processes may appear to limit their
development, which might be true in some cases, it should also be noted that this constitutes a unique
moment for regenerative medicine specialists, including scientists, engineers, industrials and clinicians, to

seed the basics of future regulations.

Regulating a new BAO is a long and complex procedure, which requires time, investment and collaborations.
On the one hand, the International Standards Organization (ISO) must be involved, mainly because quality
control will require testing and evaluation of the final products. ISO is open to extend and add new standards,
specific to testing and assessing the mechanical performance, the stability, and the degradability of tubular
BAOs. On the other hand, contrarily to what is (sometimes) mentioned in some manuscripts, FDA does not
approve biomaterials, nor processes. The FDA is responsible for protecting public health by regulating
medical devices (and a panoply of other industrial products, including drugs, tobacco products, food for
humans and animals, cosmetics, and radiation-emitting electronic products). Future commercialised BAOs,
after having been developed and fully tested in laboratories, must be proven safe and effective to FDA’s
satisfaction before companies can market them in the interstate American commerce. Future manufacturers
must also prove they are able to make the product according to federal quality standards. The FDA does
not develop or test products before approving them. Instead, FDA experts review the results of laboratory
(in vitro), animal (in vivo), and human preclinical and clinical testing done by the manufacturers. If FDA
grants an approval, it means the agency has determined that the benefits of the product outweigh the known
risks for the intended use. FDA, and all other country-specific regulatory bodies, will require to be convinced
that the proposed BAOs will not present risks for its population. An interesting example is constituted by the
recent effort between FDA and the National Institute of Standard Technology, for the collaboration on
standards development activities supporting innovation and translation of regenerative medicine products
[252]. Standards development can accelerate product development cycles and broaden market
opportunities in innovative fields such as regenerative medicine. Standardization provides a forum for the
convergence of diverse scientific approaches; standardized approaches to address common scientific
challenges can enable broader application of innovative products without stifling continuing innovation.

Standardization efforts made by national standards regulatory bodies, industry, and academia can lead to
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international harmonization and global marketing of regenerative medicine products. Regulation and
standardization, together have the potential to speed up this important field: high-quality output is dependent
on continuous input from the large community of stakeholders, and coordination of standards efforts may

facilitate the development and the translation of regenerative medicine products, such as BAOs.

Despite the above considerations, the advancements achieved at the preclinical level by the above-detailed
strategies, and the rapid development of processing we witnessed in the last decade, foresee that the gap
separating them from the clinic will shortly be filled. In particular, the clinical translational potential of 3DBP
of degradable scaffolds with living (including autologous) cells is unique and very high. 3DBP clinical
translation would open the era of personalized medicine. For example, from medical images acquired from
the patient during the preoperative diagnostic phase, a 3DBP-personalised process could be implemented
for developing the required BAO to regenerate the diseased tissue or organ. If on one side this constitutes
a confined application, it is on the other side important to highlight the high impact that this would have in
some specific clinical cases. The clinical translation potential of SES and MEW for polymeric scaffolds (not-
cellularized at the time of implantation but able to attract and interact with a patient’s surrounding cells all
along the implantation time) will be in high demand for local and long-term support for tubular BAOs partially

affected by localized diseases (i.e. cancers, or inflammatory processes).

1.5.6 Perspectives of regenerative medicine for repair and regeneration of tubular organs

Injury, diseases and malfunctioning of tubular organs represent a unique challenge for bioengineers and
clinicians. A multidisciplinary approach needs to be applied to successfully develop functional bioartificial
organs. The main efforts in addressing the challenge are summarized in the following key points:

i. The mechanical and biological requirements should be the dictating factors during the design phase
of a BAO, being the key point to address the anatomical structure and physiological functions. This
is true for all tissues and organs, but it is particularly challenging in the case of tubular ones, due
to the complex hierarchical structure;

i Construct cellularization is a key point for replacing diseased or damaged tissues and organs. On
the one hand, 3DBP enables the incorporation of cells directly in the construct. On the other hand,
SES and MEW rely on post-processing seeding or on cell migration and infiltration after
implantation. In both cases, cell integration and cell-mediated remodeling are fundamental for a
successfully outcome of engineered BAOs;

iii. The main advanced techniques for the fabrication of tubular BAOs are 3DBP, SES, and MEW.
Although they are not all at the same level of technological maturity, they all have the potential for
clinical translation. While 3DBP presents the unique advantage to process materials and cells
together, this also raises the question of which cell source to use to ensure the best outcome.
Autologous outsourcing of cells looks like an attractive possibility, but its clinical feasibility for

personalized medicine remains low, due to possible auto-contamination issues, regulatory
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processes, and ethical concems. 3DBP, SES, and MEW all present unique advantages to process
materials leading to high reproducibility at the micrometric level, nano- and micro-fibres production
mimicking the ECM, and precise spatial deposition at fibre level, respectively;

iv. In the current research on the fabrication of functional tubular BAOs, there is a missing link that
focuses on the correlation between (i) the mechanical and biological requirements of the construct
design dictated by the anatomical structure and physiological functions, (i) the fabrication process
and (iii) the resulting mechanical and biological properties of the developed tubular BOA. Even
though the development of functional tubular BAOs using the presented processing techniques is
still at the preclinical level, the advancements in the last decade look promising and speculate great

potential for clinical translation.

1.6 Aim of the PhD thesis

The current thesis focuses on addressing some of the challenges currently encountered in tissue
engineering and regenerative medicine, and more specifically, in tendon repair and vascular wall modeling.
To this end, specific biomaterials were designed and characterized, and multiple biomaterial processing

techniques were evaluated.

In Chapter 2, the synthesis and characterization of photo-crosslinkable acrylate-endcapped urethane-based
polymer precursors (AUPSs) are described. AUPs based on a poly(ethylene glycol) (PEG) backbone and on
a poly(e-caprolactone) (PCL) backbone with different molar masses will be synthesized. By varying the
constituting building blocks, polymers with tunable properties will be developed and the final properties of

their crosslinked networks will be investigated.

In Chapter 3, melt electrowriting will be investigated as an emerging fabrication technique to process the
developed AUPs into tubular constructs with a predefined architecture and tunable mechanical properties.
The MEW processing potential of AUPs and the properties of the developed tubular constructs will be

evaluated by physico-chemical and biological assays.

Chapter 4 focusses on the application of AUPs for tendon repair. The processing potential of the selected
AUPs into tubular constructs will be investigated using solution electrospinning. In order to overcome the
challenges currently encountered in tendon repair (i.e. insufficient mechanical properties and adhesion and
anti-inflammatory issues), a combination of a mechanical (by material and scaffold design) and biological
approach (by anti-adhesion and anti-inflammatory drugs) will be proposed. The developed tubular
constructs will be physico-chemically and biologically characterized. Moreover, the developed tubes will be

evaluated in an ex vivo sheep tendon model and an in vivo rabbit model.
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One of the most important limitations of natural polymers in TE applications includes their inferior mechanical
properties. Their viscoelastic properties are often unsatisfactory, limiting their use in TE applications. For
example, in vascular TE, the mechanical properties of collagen-based constructs are unable to withstand
the high pressures and stresses encountered in the blood vessel. Therefore, in an attempt to overcome this
limitation, the next 2 chapters will explore different approaches to reinforce a collagen-based vascular wall

model.

In Chapter 5, three different processing techniques (i.e. solution electrospinning, three dimensional printing
and melt electrowriting) will be studied for the development of a tubular, (synthetic) polymeric reinforcement
construct for vascular wall modeling. The effect of the processing technique on the resulting mechanical and

biological properties of the reinforced vascular wall model will be evaluated.

A second approach explores the functionalization of collagen. Chapter 6 focusses on the development of
photo-crosslinkable collagen with tunable properties. The developed photo-crosslinkable collagens will be
evaluated for their physico-chemical and biological properties, and their potential use towards vascular wall

modeling will be described.

In Chapter 7, proteomic analysis will be evaluated as a tool to gain next level insights into photo-
crosslinkable biopolymer modifications. 'H-NMR spectroscopy and a colorimetric assay (i.e. OPA assay)
will be used as conventional techniques for the analysis of modified biopolymers, and proteomics will be
investigated as a stand-alone or as a complementary technique to these conventional techniques. Moreover,

the photo-crosslinkable moieties will be localized in the 3D model of the biopolymer.

In Chapter 8, general conclusions are described while addressing the perspectives towards future research.
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Chapter 2: Design and development of photo-
crosslinkable acrylate-endcapped urethane-
based precursors

This chapter describes the synthesis and characterization of a series of acrylate-endcapped urethane-based
polymers (AUPs). The synthesis and the physico-chemical characterization of the AUPs described in this
chapter was done by N. Pien, except for the high resolution-magic angle spinning nuclear magnetic
resonance (HR-MAS 'H-NMR) spectroscopy measurements, which were performed by J. Delaey (UGent)
using the facilities of Prof. J. Martins (UGent). The processing and application of the developed AUPs will
be discussed in other chapters: AUP PCL20k processing by melt electrowriting in Chapter 3; AUP PCL530
and AUP PCL2k processing by solution electrospinning for tendon repair in Chapter 4. The work done by
co-authors of the listed publications was on the processing and application and will be described in the
corresponding chapters. Parts of this chapter (on the synthesis and characterization of the AUPs) have been

published in/accepted as:

N. Pien *#, I. Peeters ¥, L. Deconinck, L. Van Damme, L. De Wilde, A. Martens, S. Van Vlierberghe, P.
Dubruel, A. Mignon. Design and development of a reinforced tubular electrospun construct for the repair of
ruptures of deep flexor tendons. Materials Science and Engineering: C, Volume 119, 111504. DOI:
10.1016/j.msec.2020.111504, Published: SEP 2020, Impact Factor: 7.328. Peer reviewed.

N. Pien, Y. Van de Maele, L. Parmentier, M. Meeremans, A. Mignon, C. De Schauwer, |. Peeters, L. De
Wilde, A. Martens, D. Mantovani, S. Van Vlierberghe, P. Dubruel. Design of an electrospun tubular construct
combining a mechanical and biological approach to improve tendon repair. Journal of Materials Science:
Materials in Medicine, DOI: 10.1007/s10856-022-06673-4, Published: MAY 2022, Impact Factor; 3.896.

Peer reviewed.

N. Pien ¥, M. Bartolf-Kopp ¥, J. Delaey, L. Parmentier, L. De Vos, D. Mantovani, S. Van Vlierberghe, P.
Dubruel, T. Jungst. Melt electrowriting of a photo-crosslinkable poly(e-caprolactone)-based material into
tubular constructs with predefined architecture and tunable mechanical properties. Macromolecular
Materials and Engineering, DOI: 10.1002/mame.202200097, Published: MAY 2022, Impact Factor: 4.367.

Peer Reviewed.

W: Authors contributed equally.
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2.1 Résumé

Dans cette chapitre, des nouveaux polyméres polyvalents photoréticulables a base d'uréthane (AUP) ont
été développés, ainsi que leur mise en ceuvre comme matériaux de départ pour le développement
d'échafaudages tubulaires. Parce que chaque tissu a ses propres exigences mécaniques et biologiques, et
parce que chaque technique de traitement a ses propres défis spécifiques, une boite a outils de AUPs a été
proposée. Des AUPs basés sur un backbone de poly(éthyléne glycol) (PEG) et un backbone de poly(e-
caprolactone) (PCL) avec différentes masses molaires ont été synthétisés. Les AUPs ont montré une large
gamme de propriétés physiques et mécaniques, couvrant les propriétés de nombreux tissus et les rendant
idéales pour la médecine régénérative d'un point de vue mécanique. En outre, les AUPs développés ont
permis une réticulation UV efficace a I'état solide, ouvrant la voie a diverses possibilités de techniques de
fabrication, notamment ['électrospinning en solution (SES), l'impression 3D par extrusion (3DP) et

'électrowriting en fusion (MEW).

2.2 Abstract

In this chapter, new versatile photocrosslinkable acrylate-endcapped urethane-based polymers (AUPS)
were developed, as well as their implementation as starting materials for the development of tubular
scaffolds. Because each tissue has its own mechanical and biological requirements, and because each
processing technique has its own specific challenges, a toolbox of AUPs has been proposed. AUPs based
on a poly(ethylene glycol) (PEG) backbone and a poly(e-caprolactone) (PCL) backbone with different molar
masses were synthesized. The AUPs showed a wide range of physical and mechanical properties, covering
the properties of many tissues and making them ideal for regenerative medicine from a mechanical
perspective. In addition, the developed AUPs enabled efficient solid-state UV crosslinking, paving the way
for various possibilities of fabrication techniques, including solution electrospinning (SES), 3D extrusion

printing (3DP) and melt electrowriting (MEW).
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2.3 Introduction

Given the complexity of the human body, recent advances in biomaterial design have been directed towards
the development and synthesis of novel polymers with properties tailored towards specific TERM
applications [253]. Although natural polymers have demonstrated the potential advantage of supporting cell
function and adhesion, there are a few limitations (including inferior mechanical properties and fast
degradation rates) with regard to their use in biomedical applications [254,255]. Conversely, synthetic
polymers have the advantage that they (i) are more reproducible, (ii) offer tuneable physico-chemical
properties, and (iii) show a straightforward processability and bio-inertness compared to natural polymers
[141,154,256].

One of the approaches to develop materials with precise structural control and tailored mechanical
properties is photo-induced polymerization resulting in crosslinked networks [203,204]. Photo-crosslinking
is an attractive technique to create tuneable crosslinked polymer networks as it offers temporal and spatial
control over the reaction [257,258]. In addition, it is a cost-efficient technique that can easily be implemented
for polymer processing techniques including electrospinning and additive manufacturing by means of in situ
or post-processing curing. The properties of the resulting scaffolds can be controlled spatio-temporally by
adjusting the concentration of the polymer, the amount and type of the photo-crosslinkable functionalities,
the type and concentration of photo-initiator, the wavelength, the light intensity and the exposure time
[259,260]. The general mechanisms associated with photo-crosslinking include chain-growth mechanisms,
step-growth mechanisms or redox-based reactions [205-207]. Chain-growth polymerization, such as free-
radical polymerizations of (meth)acrylate-functionalized monomers, is (currently) the most frequently used
method for 3D bioprinting of photo-crosslinkable constructs [206,208]. As an alternative to chain-growth
polymerization, step-growth crosslinking mechanisms including thiol-ene click chemistry have also raised

considerable attention recently [206].

Efficient crosslinking of conventional photo-reactive precursors relies on the mobility of the reactive groups
and is generally addressed from the liquid state [261]. This usually implies that the processing and UV-
irradiation require the use of molten or dissolved polymers. This renders conventional photo-crosslinkable
polymers hard to process into well-defined geometries using processing techniques such as extrusion-
based 3D printing, which are important for their functional properties in tissue engineering and regenerative

medicine.

In this chapter, previous work executed within the PBM research group addressing the above-mentioned
issue involving the design of a novel photo-crosslinkable precursor, is applied as starting point. The
precursor is an acrylate-endcapped urethane-based polymer (AUP) composed of different building blocks
(vide infra), that exhibits excellent solid-state photo-reactivity owing to its molecular design. Herein, we

extend the portfolio of solid-state photo-crosslinkable AUPs through variations in the polymer backbone and
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its molar mass, constituting the AUP backbone. A series of AUPs was synthesized and characterized, with
the aim to design polymers that exhibit tailorable physical properties to serve a wide range of tissue

engineering and regenerative medicine applications.

2.4 Materials and methods

2.4.1 Materials

Poly(ethylene glycol) with an average molar mass (MM) of 2000 or 20000 g-mol-*, poly(e-caprolactone) diol
with an average MM of 530 or 2000 g-mol-, isophorone diisocyanate (IPDI), triphenylphosphite (TPP),
phenothiazine (PTZ), phosphoric acid (H3PO4), dimethyl terephthalate (DMT), ethylene glycol and stannous
octoate were purchased from Sigma-Aldrich. Bisomer PEAG and bismuth neodecanoate were obtained from
GEO Specialty Chemicals and Shepherd, respectively. Butylated hydroxytoluene (BHT) was purchased
from Innochem GMBH, and chloroform and toluene were obtained from Chem-Lab. TPO-L was purchased

from Lambson.

2.4.2 Synthesis of acrylate-endcapped urethane-based poly(ethylene glycol) precursors

A schematic representation of the synthesis scheme for the PEG-based AUPs is shown in Figure 2.1. Two
different acrylate-endcapped urethane-based PEG precursors were synthesized exploiting poly(ethylene
glycol)s (PEG) with molar masses of 2000 and 20000 g-mol-'. Prior to the synthesis of the AUP precursors,
the PEGs were vacuum dried under a N2 blanket. Subsequently, the weak basicity content was quantified
by titration and phosphoric acid (H3PO4) was included to neutralize the small fraction of the weak basicity
content in PEG. Butylated hydroxytoluene (BHT, 500 ppm)) was added as radical scavenger. The synthesis
of AUP occurred through a two-step process. The reactions were carried out in bulk for PEG with a MM of
2000 g'mol*, and (dry) toluene was used as a solvent to decrease the viscosity of the reaction mixture for
PEG with a MM of 20000 g-mol-".

backbone functional groups
B~ ~ A B L 4 @)
o
JoAon AR ENILT oo
n R NTTo
poly(ethylene glycol) (MM = 2k or 20k g-mol?) (oligo)ethylene oxide isocyanate  hydroxyl  urethane
Bl yé‘ - M
poly(ethylene glycol) isophorone
diisocyanate O~—m (oligo)ethylene oxide
(IPDI) monoacrylate

acrylate-endcapped urethane-based poly(ethylene glycol)

Figure 2.1. Schematic representation of the synthesis route performed for the PEG-based AUP precursors.
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In a first step, PEG with a molar mass of 2000 and 20000 g-mol-! was linked to isophorone diisocyanate
(IPDI) in a 1:2 stoichiometric ratio. The reaction between the hydroxyl groups of PEG and the isocyanates
was catalysed by the addition of 300 ppm bismuth neodecanoate which is followed by an exothermal
reaction in a temperature range between 80 and 90°C. The urethane formation reaction then proceeded at
75°C. Potentiometric isocyanate titration allowed to monitor the progress of the urethane formation. A
degree of conversion of 50% after the first reaction step was aimed at, corresponding with an NCO value of
0.82 meqg-g(i.e. £ 3.5% NCO-content). When the NCO value reached this theoretical value, the acrylated
oligomeric ethylene oxide (6 units) (OEOacr) was added dropwise upon exposure to air in the presence of
300 ppm bismuth neodecanoate. Next, the temperature was raised to 80°C. The reaction progress was
monitored by measuring the NCO value via potentiometric titration. The reaction proceeded until the NCO
content reached a value of 0.02 meq-g-* (i.e. <0.10% NCO content). In case no titration system is available
(orin case a solvent was used), the NCO content should be determined qualitatively via FT-IR spectroscopy.
The reaction should be proceeded until no absorption band is observed at 2270 ¢cm-, indicating that the
NCO groups of IPDI have reacted completely. Phenothiazine (PTZ, 500 ppm) and triphenyl phosphate (TPP,
500 ppm) were added as stabilizers, and the reaction product was cooled to room temperature.
Subsequently, if a solvent was used, the AUP was precipitated in 50/50 viv% n-pentane/diethylether (10x

excess) and filtered and/or the AUP was transferred into a plastic container and stored in the fridge.

2.4.3 Synthesis of acrylate-endcapped urethane-based poly(e-caprolactone) precursors

For the synthesis of the PCL-based AUPs, a slightly modified synthesis route was applied. To this end, the
endcap was synthesized in a first step and consecutively, this endcap was reacted with the PCL diol
backbone. The PCL diol with a MM of 530 and 2k was purchased, whereas the PCL diol with a MM of 10k

and 20k was synthesized as described below (section 2.2.3.b).

(a) Endcap synthesis. First, 1 equivalent of IPDI was added to 1.2 equivalents of OEOacr. The reaction
proceeded at T =65°C for 2 h, after which the temperature was increased to 75°C and the reaction

proceeded during 1 h 15 min. The synthesized endcap is further abbreviated as IPDI-OEQacr.

(b) PCL diol 10k and PCL diol 20k synthesis. The monomer (e-caprolactone, 50 g, 483 mmol), catalyst
(stannous octoate, 4 g, 10 mmol), solvent (dry toluene, 160 mL) and initiator (ethylene glycol, 312 mg, 5
mmol) were added to a flame-dried Schlenk vial in an Argon-glovebox. The mixture was subjected to three
freeze-thaw cycles. The Schlenk vial was placed in an oil bath at 100°C while stirring and allowed to react
for 24 h. The synthesized PCL diol was exploited as backbone for the acrylate-endcapped urethane-based
polymer in a one-pot synthesis. Before usage, toluene was dried by refluxing over sodium in the presence
of benzophenone. e-Caprolactone was purified by vacuum distillation over CaH,, while ethylene glycol was

purified by vacuum distillation and stannous octoate was used as received.
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(c) Acrylate-endcapped urethane-based polymer synthesis. Next, acrylate-endcapped urethane-based PCL
was synthesized by dissolving 2 equivalents of IPDI-OEQacr in dry toluene in a 1:1 w:v ratio and adding the
solution to the PCL diol backbone together with 300 ppm catalyst (stannous octoate). The resulting mixture
was allowed to react overnight at T = 75°C under inert atmosphere. Then, the reaction mixture was
precipitated in a 10-fold excess of cold hexane. The resulting precipitate was filtered and washed with

hexane and dried in vacuo for 24 hours. A schematic representation can be found in Figure 2.2.
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Figure 2.2. Synthesis of an acrylate-endcapped urethane-based polymer (AUP) constituting a poly(e-caprolactone) backbone, an
(oligo)ethylene oxide spacer and a monoacrylate endgroup.

2.4.4 'H-NMR spectroscopy to determine the chemical structure, the acrylate content and the

polymer molar mass

Proton nuclear magnetic resonance ('H-NMR) spectroscopy enabled to determine the acrylate content, as
well as the MM of the backbone and of the developed AUP precursor. A fixed value of 10 mg AUP precursor,
combined with the standard dimethyl terephthalate (DMT, 10 mg), was dissolved in 1 mL deuterated
chloroform. An NMR spectrometer (Bruker Avance 400 MHz) was used to obtain the spectrum. Analysis of
the obtained spectra was performed using the MestreNova software whereby a baseline correction, based
on the Whittaker Smoother method, was carried out. The acrylate content was calculated using Equation
(2.1). The MM of the backbones and AUP precursors were determined by equations (2.2) and (2.3) (for
PEG-based AUPs) and equations (2.4) and (2.6) (for PCL-based AUPs), respectively.

MMacrylate content —
15=5.83—6.4ppm . N5=8ppm . Womr . 1000

2.1)

16=8ppm N6=5.83—6.4ppm MMpyr  Wayp
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PEG-based AUPs:

N . I3.4—4.0ppm . N5.8—6.4ppm N
acrylate " T N. — INSEO
X = 5.8—6.4ppm 3.4—4.0ppm

(2.2)

MMPEG backbone
MMgo

MMyp pgc = 2 * MMpisomer pEos + MMipp; + X = (MMpp; + MMpgg packbone)  (2.3)

With:

Is=3.4-40ppm = integral of signal of the methylene protons

Is=5.83- 6.40 ppm = integrals of the signal of the protons part of the acrylates
Na-=3.4-4.0ppm = NUMber of protons in 1 EO unit (= 4)

Na-= 5.83-6.40 ppm = NUMber of acrylate protons per acrylate endgroup (= 3)
Nacrylate = NUMber of acrylates per AUP (= assumed to be 2)

Nseo = number of EO repeating units in spacers of AUP (= 12)

MMpeG backbone = MM of PEG backbone used for the synthesis (g-mol-)
MMeo = MM of 1 EO unit (g-mol')

PCL-based AUPs:

I6=2.3ppm . N6=4.3ppm

MMpcr—backbone = N I * MM¢p,ynic + MMgo (2.4)
6=2.3ppm 6=4.3ppm
(16=5.83—6.4-ppm )
Ns_ _
DS [%] = ‘51 S83-64PP™ 7 . 100% (2.5)
( 5=4.3ppm )
N6=4.3ppm
DS
MMyyp pcr, = MMpcr—packbone + 2 100 (MM;pp; + MMgisomer pEOG) (2.6)

With:

Is= 23 ppm = integral of signal of the protons from the repeating unit of CL
l5=5.83- 6.40 ppm = integrals of the signal of the protons part of the acrylates
l5=8.00 pom = integral of the signal of the protons from the aromatic ring in DMT
l5=4.3 ppm = integral of signal of the protons from the ethylene glycol initiator
Ns= 2.3 pom = NUMber of protons from the repeating unit of CL (= 2)

Ne- 5.83 - 6.40 pom = NUMber of acrylate protons per AUP molecule (= 6)

Ni=8.00 ppm = NUMber of protons in the benzene ring of DMT (= 4)

Ni=4.30 ppm = NUMber of protons in the ethylene glycol initiator (= 4)

MMour = 194.186 g-mol'; MMcL uiit = 114.16 g-mol'; MMgo = 60.05 g-mol* (for AUP PCL10k and 20k) or
104.1 g:mol* (for AUP PCL530 and 2k); MMippi = 222.3 g-mol-'; MMaisomer e0s = 336 g-mol-!
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2.4.5 Chemical structure analysis by Fourier-transform infra-red (FTIR) spectroscopy

FTIR spectroscopy analysis was conducted on an FTIR spectrometer (PerkinElmer Frontier FTIR mid-IR
combined with a MKII Golden Gate set-up equipped with a diamond crystal from Specac) operating in
Attenuated Total Reflection (ATR) mode. AUP spectra were recorded in the range of 700 - 4000 cm!

exploiting 8 scans using PerkinElmer Spectrum Analysis Software.

2.4.6 Determination of the thermal properties using thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC)

Thermal stability was investigated by thermogravimetric analysis (TGA) (TA Instruments, Q50). First, the
material pan was pyrolyzed to remove remaining impurities. Next, the material (10 mg) was heated following
a pre-programmed method of equilibration at 35°C, heating at a rate of 10°C-min-! up to 600°C and cooling
until equilibration at 350°C. The software (TA Universal Analysis) registered the mass loss evolution as a

function of temperature.

The thermal properties of the AUP precursors were determined using conventional differential scanning
calorimetry (DSC) (TA instruments, Q2000 DSC, Zellik, Belgium). 4-6 mg samples were placed into Tzero
aluminum DSC pans and subsequently sealed using an aluminum Tzero lid. The samples were then placed
into the device furnace and equilibrated at 45°C prior to the start of the analysis. An initial heating cycle was
applied to erase the thermal history of the samples by heating up the precursors up to 100°C at a controlled
rate of 10°C-min-'. Next, the precursors were cooled down to 20°C at a controlled cooling rate of 5°C-min-!
and equilibrated at 20°C for 10 minutes. Next, the samples were heated again up to 100°C at a controlled
rate of 10°C min-'. The DSC thermograms recorded during the cooling and heating cycles were plotted as

a function of temperature.

2.4.7 Determination of the solvent uptake capacity, the gel fraction and the crosslinking efficiency
of crosslinked AUPs

Cylindrical samples (D: 8 mm) were punched out from 1 mm thick crosslinked AUP sheets after 30 min of

UV-crosslinking (A = 365 nm, 10 mW-cm-2). Every sample was first weighed in its dry state (W;) and then
placed in a 6-well plate and immersed in an excessive volume of ultrapure water (for PEG-based AUPS) or
chloroform (for PCL-based AUPSs). Following this, the samples were incubated at 20°C for 72 hours. After
removal of the excess water or chloroform, the mass of the samples in swollen state was determined (Ws).
Next, samples were dried, and the mass of the dried samples was recorded (Wr). The measurements were
performed in sixfold. The solvent uptake capacity (SUC) and gel fraction (GF) were calculated using

equations (2.7) and (2.8), respectively.
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(W: — wy)

Solvent uptake capacity (SUC)[—] = W
f

2.7)

w
Gel fraction (GF)[%] = Wf - 100% (2.8)

A

The crosslinking efficiency (CE) was assessed by high resolution magic angle spinning (HR-MAS) 'H-NMR
spectroscopy on a Bruker Avance Il 700 spectrometer. The spectrometer contains a HR-MAS probe which
was equipped with a 'H, C, 1"°Sn and gradient channel. The spinning rate was set at 6 kHz. The freeze-
dried samples were placed in a 4 mm zirconium oxide MAS rotor with Kel-F disposable inserts (50 uL).
Next, 30 uL CDCl; was added to let the samples swell. Finally, the samples were homogenized prior to the
measurement. A Kel-F cap was used to close the rotor. For the calculation of the crosslinking efficiency (CE)
from the NMR spectra [262] using Equation (2.9), the ethylene oxide peaks were chosen as reference peaks

since they represent groups that do not participate in the crosslinking reaction.

Ii Ie
(-1
CE [%] = ~TL—T¢%x 100% (2.9)
L

ri

With:

li= integration of the acrylates before crosslinking (5.83-6.4 ppm)

i = integration of the reference peak (EO) before crosslinking (3.55-3.65 ppm)
le = integration of the acrylates after crosslinking (5.83-6.4 ppm)

I« = integration of the reference peak (EO) after crosslinking (3.55-3.65 ppm)

2.4.8 Evaluation of the mechanical properties of crosslinked AUP samples

The UV-crosslinked AUP samples (100 wt% initial precursor concentrations) were cut into dogbone-shaped
samples (1 mm thickness, 30 mm gage length, 4 mm width). Next, the tensile properties of the crosslinked
AUP dogbone-shaped samples were determined at room temperature using a universal testing machine
(Tinius Olsen) equipped with a 500 N load cell. A preload force of 0.3 N was applied and the specimens
were tested at a cross-head velocity of 10 mm-min-'. Young’'s moduli were calculated from the initial slope

of the stress-strain plots on 4 replicates.

2.4.9 Rheological measurements on crosslinked AUP discs

The UV-crosslinked AUP samples (100 wt% initial precursor concentration) were cut into disks (D = 14 mm,
thickness = 1 mm). Storage (G’) and loss moduli (G”) of the AUP samples were determined via an Anton

Paar Physica MCR 301 rheometer using a parallel-plate set-up (top plate diameter: 15 mm) as a function of

43



the frequency (0.1-100 Hz). During the tests, the normal force was kept at 0.8 N to ensure contact between
the measuring system and the sample. The tests were performed at a strain (<0.5%) which was within the
linear viscoelastic region of the samples, predetermined by the strain-controlled oscillatory tests (data not

shown). The rheological measurements were done in triplicate.

2.5 Results and discussion

2.5.1 Synthesis of acrylate-endcapped urethane-based polymers

The developed AUPs are constituted of different building blocks: (i) @ backbone, (i) urethane linkers, (iii)
spacer units and (iv) crosslinkable endgroups (Figure 2.2 and 2.3). By varying these building blocks, AUPs
with tunable physico-chemical properties can be developed. Physical properties of the AUPs including
solvent uptake capacity, hydrophilicity, degradation rate and mechanical properties are mainly determined
by the backbone selection. The urethane linkers also contribute to the physical properties of the AUPs by
improving the toughness and because they act as a linker between the backbone and the spacer units [263].
The latter provide additional mobility to the photo-crosslinkable endgroups and are key for the solid-state
crosslinking kinetics [261]. The photo-crosslinkable endgroups enable the formation of a covalently
crosslinked network upon UV-irradiation. Variations in chemistry of the AUP building blocks enable the
development of AUPs with diverse physico-chemical properties and thus, the development of AUPs for

specific biomedical applications.

urethane | backbone urethane - end group |

e ﬁﬁkﬁﬁk/

Figure 2.3. Schematic overview of the building blocks of the acrylate-endcapped urethane-based polymers (AUPs). The example
is an AUP with poly(e-caprolactone) backbone (MM = 2000 g-mol-', m=8, n=1-3).

The schematic overview in Figure 2.3 represents the chemical structure of one of the AUPs synthesized in
this PhD research and shows the constituting building blocks. Herein, both poly(ethylene glycol) (PEG) and
poly(e-caprolactone) (PCL) were exploited as backbone of the AUP precursor. The PEG backbone was
selected for its hydrophilicity and excellent biocompatibility. For some applications, the biodegradability of
the material plays an important role, and hence, PCL was also evaluated as backbone of the AUP
precursors. Moreover, the use of PCL as backbone will also result in materials with a higher Young's
modulus, which could potentially be used for hard TE applications. Isophorone diisocyanate (IPDI) was
chosen as diisocyanate resulting in the urethane linkers upon reaction with OH-functionalities. As a spacer
group, an oligo(ethylene oxide) of six repeating ethylene oxide units was selected for its flexible nature,
facilitating the polymerization rate in the solid state. Acrylates were used as photo-crosslinkable groups due

to their intrinsic photo-reactivity [257]. As an alternative to changing backbone chemistry, another option to
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obtain AUP precursors with different mechanical properties or tunable (bio)degradation, is to design for
example, an PEG-based AUP with multi-acrylate endcaps or with caprolactone spacers instead of ethylene

oxide units, respectively.

Herein, we targeted the development of a series of AUP precursors leading to biocompatible materials with
a broad range of physical properties, by adjusting the type of polymer in the backbone as well as by varying
the backbone’s molar mass. By varying the backbone, AUPs with different crosslink densities and hence
physical properties including mechanical properties can be developed. These can subsequently serve

different TERM applications.

AUP precursors with a PEG backbone (MM = 2k and 20k g-mol-') and a PCL backbone (MM = 530, 2k, 10k
and 20k g-mol-') were synthesized following the synthesis route described in the M&M section (sections
2.4.1 and 2.4.2, respectively). The final PEG-based (AUP PEG2k, AUP PEG20k) and PCL-based (AUP
PCL530, AUP PCL2k, AUP PCL10k, AUP PCL20k) AUP precursors were characterized for their structural
characteristics (section 2.5.2), and for the physical properties of their resulting crosslinked networks (section
2.5.3). The AUP PEG2k precursor will serve as benchmark for the newly developed AUP precursors

throughout the present research.

2.5.2 Characterization of AUP precursors

(a) Chemical structure verification using Fourier-transform infrared (FTIR) and proton nuclear magnetic
resonance ('H-NMR) spectroscopy

The chemical structure of the developed AUP precursors was analyzed via Fourier-transform infrared (FTIR)
and proton nuclear magnetic resonance (*H-NMR) spectroscopy. In addition, via the latter technique, the
acrylate content, the molar mass of the backbone and the molar mass of the AUP precursor were

determined.

The FTIR spectrum revealed the characteristic absorption bands corresponding to N-H stretching (3330 cm-
1), the amide | (1720 cm") and the amide Il (1540 cm-") band confirming that the urethanization reaction
successfully proceeded throughout the synthesis . The spectrum of the final AUP precursor (Figure 2.4.A
and B) also confirmed the complete conversion of the isocyanate groups (i.e. disappearance of the peak
corresponding to -N=C=0 at 2260 cm"") that react with the hydroxyl moieties of the backbone and those of
the end-capping agents. The absorption bands at 1635 cm-*and 810 cm-! correspond to the C=C stretch
and the =CH, out-of-plane deformation of the acrylate groups [264]. The connection of the flexible,
monoacrylate spacer to the backbone using a diisocyanate linker enables great mobility of the reactive
groups, and exhibits excellent solid-state photo-reactivity [261,264]. An overview of the FTIR spectra of the

developed PEG- and PCL-based AUP precursors is presented in Figure 2.4.
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Figure 2.4. FTIR spectra of: (A) poly(ethylene glycol)-based AUPs, (B) poly(e-caprolactone)-based AUPs, (C) and (D) region
1100-1800 cm for PEG-based and PCL-based AUPs.

In addition to the qualitative FTIR analysis, 'H-NMR spectroscopy was performed to reveal information on
the chemical structures of the developed AUP precursors. The exact acrylate content can be quantified by
adding a specific amount of suitable standard into the precursor solutions prior to 'H-NMR spectroscopy. In
this work, we used dimethyl terephthalate (DMT) as a standard compound to determine the acrylate content
in the AUP precursors. The equation for the calculation of the acrylate content can be found in section 2.4.3,
and the peaks of interest for the calculations are indicated in Figure 2.5.A. In addition to the acrylate content,

H-NMR spectroscopy also enabled the calculation of the molar masses of the backbones and the developed
AUPs (vide infra, Table 2.1).
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Figure 2.5. (A) Example of an "H-NMR spectrum (AUP PEG2k) showing the characteristic peak of the dimethyl terephthalate
(DMT) standard, the deuterated chloroform (CDCI3) and the acrylate groups. (B) Experimentally determined acrylate content of
the developed PEG- and PCL-based AUP precursors (based on "H-NMR spectra), as a function of the backbone’s molar mass.

Figure 2.6.A shows an example of the 'H-NMR spectrum of a synthesized PCL diol with a targeted molar
mass of 20000 g-mol'. The characteristic peaks of the PCL diol are indicated in the spectrum. Figure 2.6.B
shows the 'H-NMR spectra of the PCL-based AUPs with the different backbone molar masses. These
showed a first indication of the increase in concentration of acrylate functionalities for decreasing molar
masses of the backbone. The experimentally determined acrylate content was calculated from the 'H-NMR
spectra and can be found in Table 2.1. The acrylate content is plotted as a function of the molar mass
backbone in Figure 2.5.B. An exponential decrease in the acrylate content was observed for increasing MM
of the backbone. More specifically, increasing the MM of the PCL backbone from 530 to 20000 g:mol-*
resulted in a decrease in acrylate content from 0.983 mmol-g-* to 0.036 mmol-g-*, respectively. The same
trend was observed for the PEG-based AUPs, showing a decrease from 0.593 mmol-g-* to 0.061 mmol-g-*
for the AUP PEG2k and the AUP PEG20k, respectively. These experimentally determined values were
found to be lower than the calculated theoretical acrylate content values. As an example, for the AUP PCL2k,
the theoretical acrylate content versus the experimental acrylate content is 0.642 mmol-g-' versus 0.512
mmol-g-', respectively. The differences in these values can result from the differences in targeted and

obtained MM of the developed AUP, which will be discussed in more detail in the next paragraphs.
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Figure 2.6. (A) Example of the "H-NMR spectrum of the synthesized PCL diol with a targeted molar mass of 20000 g-mol-" and
characteristic groups. (B) "H-NMR spectra of the PCL-based AUPs with varying backbone molar masses (AUP PCL530, 2k, 10k
and 20k).
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Table 2.1. Acrylate content, molar mass of backbone and molar mass of the developed AUPs with PEG and PCL backbones of

different molar masses.
AUP AUP AUP AUP AUP AUP
PEG2k PEG20k PCL530 PCL2k PCL10k PCL20k
Acrylate content [mmol-g-] 0.593 0.061 0.983 0.512 0.064 0.036
MM backbone [g:mol-'] 2000 20000 585 2402 12663 26168
MM AUP [g-mol] 3284 31464 1652 3393 13698 27076

As evidenced quantitatively via a 'TH-NMR study, increasing the backbone molar mass resulted in a decrease
in the concentration of acrylate functionalities (Table 2.1). The latter will strongly influence the curing kinetics
and the physical properties of the resulting crosslinked networks including the solvent uptake capacity and
the mechanical properties (vide infra). It is anticipated that the decreasing acrylate content will lead to a
lower crosslink density and therefore lead to a higher solvent uptake capacity and a lower stiffness of the
crosslinked AUPs.

In addition to the acrylate content, also the MM of the backbone and of the final AUP precursors were
determined (Table 2.1). A linear correlation was observed between the MM of the AUPs as a function of the
MM of the backbone, both for the PEG-based and the PCL-based AUPs. The linearity was expected,
because the MM of the other groups (total of IPDIs and monoacrylated oligo(ethylene oxide)) was included
as a constant value in the MM, resulting in a linear correlation (see also equations in section 2.4.4). For the
PEG-based AUPs, the final MMs of the AUPs were found to be approx. 1.6 times higher than the MMs of
the backbones. This could be explained by the imperfect selectivity of the catalyst [265]. The bismuth
neodecanoate catalyst shows a slightly higher selectivity towards the secondary isocyanate, due to steric
hindrance of the primary isocyanate caused by the methyl substituents in IPDI [265,266]. However, due to
an imperfect selectivity, also some primary isocyanate groups could react during the 15t reaction step (see
2.2.1) [265,266]. Hence, this could lead to the formation of repeating PEG-IPDI units along with an increase
in the average MM of the AUP. For the PCL-based AUPs with a lower MM backbone, the MM of the IPDI
(MM of 222.3 g'mol') and the monoacrylated oligo(ethylene oxide) (MM of 336 g:mol-') were predominant
in the equation (section 2.4.3) leading to 2.8 and 1.4 times higher MM for the resulting AUP compared to
the MM of the backbone. For AUP PCL10k and PCL20k, the high MM of the backbone was predominant
over the MM of the monoacrylated endcaps, hence resulting in smaller differences between the backbone’s
MM and the resulting AUP’s MM.

(b) Determination of the thermal properties of the developed AUP precursors
Considering the fact that the construct will be introduced into the human body, it is critical to evaluate at
which temperature range the newly developed polymer remains stable. Moreover, the developed materials

will be processed using extrusion 3D-printing and melt electrowriting. These techniques require the thermal
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stability of the selected material at the elevated processing temperatures, as well as suitable melt viscosities
and sufficient chain entanglements. The thermal stability and properties of AUPs were evaluated with TGA
and DSC analysis, respectively. From TGA analysis, the degradation onset points were determined. In
addition to the degradation onset point, the 5% and 50% mass loss were also recorded. From DSC analysis,
the melting temperature, the crystallization temperature and the glass transition temperature were obtained.

An overview can be found in Table 2.2.

Table 2.2. Overview of the data obtained with TGA and DSC analysis of the developed AUPs with PEG and PCL backbones of

different molar masses.
AUP AUP AUP AUP AUP AUP
PEG2k PEG20k PCL530 PCL2k PCL10k PCL20k
T at 5% weight loss [°C] 276.99 346.07 263.35 289.06 214.76 227.22

T at 50% weight loss [°C] 385.43 387.25 362.44 389.31 270.62 276.93
Degradation onset point [°C] 361.74 367.22 319.81 355.08 240.56 256.27

Melting T [°C] 35.43 58.10 - 37.25 51.98 53.64
Enthalpy [J-g] 64.26 127.90 - 38.80 64.97 67.86
Crystallization T [°C] -5.06 45.33 - -15.29 26.41 30.42
Enthalpy [J-g] 4851 146.8 - 2057 66.31 71.25
Te[°C] -30.03 4776 -39.44 5361 -48.81 -47.54

The TGA analysis indicated that a 5% mass loss occurred between [215 - 346°C], whereas complete
degradation did not occur below 300°C. As an example, for the AUP PCL2k, complete degradation was
observed at 425°C. This is in accordance with other PCL-based materials as they appear to be stable up to
380°C and completely degrade around 410°C [267]. The degradation onset points were located between
[241 - 367°C]. The PEG-based AUPs showed a similar degradation onset point (around 360°C). For the
PCL-based AUPs, a PCL2k backbone showed the highest degradation onset point (355°C), whereas the
PCL10k and PCL20k precursors had a degradation onset at temperatures around 250°C. For polymer
processing through 3D printing and melt electrowriting, there is thus no degradation risk upon exposure to

elevated processing temperatures.

The cooling cycle of the DSC thermograms indicated a dynamic crystallization exotherm for all materials,
except for AUP PCL530. For the latter, no crystallization nor a melt peak were detected in the DSC
thermograms, whereas a glass transition peak could be observed at -40°C. It can thus be stated that the
AUP PCL530 is an amorphous polymer. As anticipated, the melting T and crystallization T and
corresponding enthalpies increase with an increasing molar mass of the backbone (see Table 2.2) as a
consequence of the increased tendency of higher MM polymers towards the formation of a crystalline phase
[268-270]. In the heating cycle, a melting temperature below 60°C was observed for all AUP precursors.

Both the T, and the Ty of the developed PCL-based AUP precursors are slightly lower compared to those
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of pure PCL (i.e. T = 60°C and the Ty = -60°C) [271,272]. This could be explained by the plasticizing

influence of the oligo(EG) spacer in the AUP precursors.

2.5.3 Physical properties of crosslinked AUPs

For the determination of the physical properties of the crosslinked AUPs, the samples were molten at 60°C
between two glass plates (covered with a Teflon sheet for easy release of the crosslinked film) separated
by a silicone spacer of 1 mm thickness, and UV-irradiated at room temperature for 30 minutes (UV-A, A =
365 nm, 10 mW-cm-).

(a) Determination of the solvent uptake capacity, gel fraction and crosslinking efficiency

The physico-chemical properties of the crosslinked AUP precursors were assessed by means of a gel
fraction (GF) and solvent uptake capacity (SUC) assay (Figure 2.7) as well as HR-MAS 'H-NMR
spectroscopy to determine the absolute crosslinking efficiency (CE). For the PEG-based materials, the GF
and SUC tests were performed in water, whereas for the PCL-based materials, this was also done in

chloroform.

Table 2.3. Gel fraction [%], solvent uptake capacity [-] and crosslinking efficiency [%] of the developed AUPs with PEG and PCL
backbones of different molar masses as obtained from HR-MAS measurements.

AUP AUP AUP AUP AUP AUP
PEG2k PEG20k PCL530 PCL2k PCL10k PCL20k
Gel fraction [%)] 934+08 933+05 96.7+20 976%0.7 57.7+10 492+0.3
Solvent uptake capacity [-] 1.9+01 23103 1.7+£0.1 47+01 251+£08 59516
Crosslinking efficiency [%] 90.2 91.3 94.5 91.8 60.6 49.8

The solvent uptake capacity is depending on the volume fraction of the polymer, the polymer-solvent
interaction parameters, the molar mass between crosslinks and the crosslink density. The solvent uptake
capacity for hydrogel-like materials such as the PEG-based AUPs was assessed in water. As anticipated,
an increase in backbone MM (from 2k to 20k) resulted in a 10-fold increase in water uptake capacity (Table
2.3, Figure 2.7.A). This is caused by a decreased density of crosslinking points, leading to a higher water
uptake capacity. Variations in water uptake capacity lead to networks with different mechanical strengths
and diffusion rates towards e.g. ions, drugs and nutrients through the hydrogel network [273]. Given the
potential application of the AUPs in tissue engineering and regenerative medicine, and thus in the human
body, the SUC of PCL-based AUPs was also performed in water (as a simplification of the body’s
physiological fluids). The water uptake capacity of PCL-based AUPs was anticipated to be negligible due to
the hydrophobic character of PCL [120,264]. The SUC assay in water resulted in negligible values for AUP
PCL530, 10k and 20k, and a very limited water uptake capacity of 0.14 £ 0.05 for AUP PCL2k, confirming

this statement. The slightly higher values for AUP PCL2k could be due to an interplay between an increase
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in hydrophobicity and a decrease in network density. The SUC assay was also performed in chloroform (see
Table 2.3 and Figure 2.7.B) as suitable solvent for the PCL-based materials to obtain information on the
crosslink density. An increase in SUC from the lower MM to the higher MM AUPs was observed. Again, this

is due to a decreased crosslink density.
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Figure 2.7. Gel fraction and solvent uptake capacity of the developed AUPs: (A) PEG-based AUPs in water, (B) PCL-based AUPs
in chloroform. Non-significant differences between groups are indicated, while the other groups are significantly different with p <
0.0001.

The gel fractions represent the fraction of a material that remains incorporated within the network after
removal of the non-crosslinked part of the network by incubating the crosslinked material in the appropriate
solvent (i.e. water for the PEG-based, versus chloroform for the PCL-based AUPs). A high GF is a first
indicator for an efficiently crosslinked network. This can then further be confirmed and quantified by HR-
MAS "H-NMR spectroscopy. For the PEG-based AUPs (2k and 20k) and for the low MM PCL-based AUPs
(530 and 2k), very high gel fractions were obtained (>90%). In accordance with the high GFs, also degrees
of acrylate conversion exceeding 90% were obtained for these 4 AUP precursors. This implies that almost
all acrylates have reacted during crosslinking and that the crosslinked networks maintained their network
integrity, leading to the formation of stable, insoluble networks. However, the GFs of the higher MM AUP
PCLs (10k and 20k) were found to be significantly lower compared to those of the other AUP networks. This
can be due to the low acrylate content in these AUP precursors, leading to a less efficient crosslinking. HR-
MAS data also confirmed this, indicating degrees of conversion (crosslinking effiencies) of approx. 60.6 and
49.8% for AUP PCL10k and 20k, respectively. It should be noted that these assays were performed in the
absence of a photo-initiator to evaluate the solid-state crosslinking ability of the AUP precursors as such.
Addition of photo-initiator is expected to lead to higher GFs and CEs, and thus a more efficient crosslinking,
especially for these higher MM AUP PCLs.

(b) Evaluation of the mechanical properties of crosslinked AUP samples

The mechanical properties of the crosslinked precursors were evaluated via rheology and via tensile testing.
Rheology is a useful tool to determine the viscoelastic properties of polymeric materials. Here, oscillatory
shear tests were performed for gathering information on the viscoelastic behavior of crosslinked AUPs. To

this end, a frequency sweep was performed in the linear viscoelastic range of the materials, where the
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moduli are independent of the applied strain. The applied frequency sweep in the range of 0.1-10 Hz enables
the determination of the storage modulus G, the loss modulus G” and the frequency dependence of the
viscoelastic properties. For tensile testing, dogbone-shaped crosslinked films were fixed between the two
clamps of the tensile tester and stretched at a constant velocity until break, while the force is being
measured. The applied force and extension result in a stress-strain plot that enables the calculation of the
Young’s modulus, ultimate stress and strain at the break of a material [274]. An example of a stress strain
curve of AUP PCL2k can be found in Figure 2.8.A, whereas Figure 2.8.B shows the storage and loss

modulus in function of the frequency.
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Figure 2.8. Evaluation of mechanical properties on crosslinked AUPs. Example of AUP PCL2k (A) stress strain curve (tensile
testing) and (B) storage and loss modulus (rheological measurements).

An overview of the obtained mechanical data is shown in Table 2.4 and Figure 2.9. Storage moduli were
approx. a 10-fold higher than the corresponding loss moduli, indicating a well-established crosslinked
network. The rheological measurements on crosslinked PEG-based AUP discs revealed a decrease in
storage modulus G’ and loss modulus G” upon increasing the backbone’s MM. This is due to a decreasing
crosslink density with increasing AUP MM. For the PCL-based AUPs, AUP PCL2k indicated a slightly higher
storage modulus G’ of 417.45 £ 35.70 kPa compared to the higher MM AUP PCLs, however no statistically
significant differences were obtained (p > 0.05). It was anticipated that an increase in MM would lead to a
decrease in storage modulus (due to a decreasing crosslinking density). However, as discussed below in
more detail, the chain entanglements and crystallinity also affect the storage and Young's modulus of a
material, and thus a counterbalancing effect between decrease in crosslink density and increase in

crystallinity.

Table 2.4. Ultimate stress, elongation at break and Young’s modulus values (from tensile testing), and storage G’ and loss moduli
G” (from rheology measurements) for the developed AUPs with PEG and PCL backbones of different molar masses.

AUP AUP AUP AUP AUP AUP
PEG2k PEG20k PCL530 PCL2k PCL10k PCL20k

0.40 + 0.09 £ 128 £ 1.50 £ 1251 13.23 =

Ultimate stress [MPa]
0.07 0.01 0.23 0.28 1.56 1.17
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1413 + 50.75 + 17.75 % 12.60 + 7.34 567+

Elongation at break [%)]
2.28 7.16 3.13 7.96 1.84 1.16
299 £ 0.22 + 8.72 + 5.68 £ 24344+ 32144 +
Young’s modulus [MPa]
0.23 0.05 0.55 0.23 16.66 21.23
119.25 + 7.05+ 41745+ 34359+ 38781z
Storage modulus G’ [kPa] -
31.46 1.67 35.70 48.68 27.47
1215 125+ 31.26 £ 69.36 + 438.71 £
Loss modulus G” [kPa] >
0.88 0.16 5.43 9.98 7.08

The higher initial acrylate concentration in the lower MM AUPs should result in the formation of a more
densely crosslinked network, and thereby also in a higher stiffness (Figure 2.9). As anticipated, a higher
Young’s modulus was observed for AUP PEG2k (2.99 £ 0.23 MPa) compared to AUP PEG20k (0.22 £ 0.05
MPa), which is indicative for an increased stiffness. Similarly, the ultimate stress was found to be higher for
the lower MM backbone precursor (i.e. AUP PEG2k). In contrast to the ultimate stress and Young's modulus,
the elongation at break increased from 14.13 + 2.28% for AUP PEG2k to 59.75 + 7.16% for AUP PEG20k

as a result of the increase in MM (Figure 2.9.A).
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Figure 2.9. Young’s moduli and elongations at break of the developed AUPs: (A) PEG-based, (B) PCL-based.

A similar trend was observed for AUP PCL530 compared to AUP PCL2k (Table 2.4), where a higher Young’s
modulus was observed for AUP PCL530 (8.72 + 0.55 MPa) compared to AUP PCL2k (5.68 + 0.23 MPa).
However, for the higher MM PCL backbones, the trend inverted: AUP PCL10k and 20k showed an increased
stiffness (i.e. higher Young's modulus) and a more brittle structure (i.e. low elongation at the break) upon
increasing the MM of the backbone. Moreover, the developed AUP PCL20k indicated a higher maximum
force and ultimate stress, and a lower corresponding strain when compared to the lower MM AUP
counterparts (AUP PCL530 and 2k). Based on these results, it can be concluded that in case of PCL-based
AUPs, from a certain MM of the backbone, an increase in MM mainly leads to stronger but less flexible

materials. In addition, the increase in MM of the PCL diol backbone can also influence the crystallinity of the
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AUP. Itis hypothesized that the effect of the higher MM leading to an increased crystallinity and more chain
entanglements and thus increased mechanical strength, is overcoming the reduced crosslinking ability due
to the lower acrylate content for AUP PCL20k compared to AUP PCL530 or 2k. This hypothesis is based on
similar observations as reported by Grosvenor et al. [275]. They observed an increased Young's modulus
and tensile strength when increasing the MM of PCL, up to a certain point whereafter it started decreasing
again, and concluded this was due to crystallinity and chain entanglements [275]. Moreover, based on the
DSC data (section 2.5.2b) [276], the crystallinity (in %) increased with increasing MM backbone. Indeed, a
crystallinity of 15%, 48% and 51% was obtained for AUP PCL2k, AUP PCL10k and AUP PCL20k,

respectively.

2.6 Conclusions

Tuning the physical properties of a material would enable its successful application in specific tissue
engineering and regenerative medicine fields. In this chapter, a series of acrylate-endcapped urethane-
based polymers based on PEG- or PCL backbones with varying MMs was synthesized and characterized.
The structural and thermal properties of the non-crosslinked precursors were analyzed. FT-IR and 'H-NMR
spectroscopy confirmed the chemical structure of the developed AUPs, and the latter technique indicated
that AUPs with differences in acrylate content, backbone MM and AUP MM were synthesized. Determination
of their thermal properties confirmed that the developed materials are processable at elevated temperatures
without exhibiting degradation which is important for processing techniques such as extrusion 3D printing
and melt electrowriting. The physical properties of the crosslinked AUPs revealed that by varying the
backbone type (i.e. PEG or PCL) and/or the backbone MM (i.e. 530 g'mol! to 20 kg-mol), AUPs with a
wide range of physico-chemical characteristics can be obtained. For the PEG-based materials, an increase
in solvent uptake capacity was observed with increasing MM (i.e. 1.9 + 0.1 for AUP PEG2k versus 23.1 +
0.3 for AUP PEG20k). For the PCL-based materials, the hydrophobic character of the PCL material led to
almost no swelling. The developed AUPs showed Young's moduli ranging from 0.22 £ 0.05 to 321.44 £+
21.23 MPa, elongations at break between 7.34 + 1.84 and 59.75 £ 7.16%, and ultimate stresses between
0.09 £ 0.01 and 13.23 + 1.17 MPa. This indicates a potential application range of the developed AUPs to
reconstruct various tissues or to construct medical devices. Potential applications can be found in the
regeneration of, for example, skeletal muscle (Young’s modulus of 0.3-3 MPa), blood vessels (1-2 MPa),
tendons (0.5-1.5 GPa) [76,277,278].

55



Chapter 3: Melt electrowriting as an emerging
processing technique for the development of
tubular constructs with a predefined architecture

This chapter describes the processing of an AUP PCL20k precursor (synthesis and characterization, see
Chapter 2) using melt electrowriting. The MEW processing was conducted by N. Pien in collaboration with
M. Bartolf-Kopp within the fmz lab at Wurzbirg University (Germany) under the supervision of Dr. T. Jlngst
(during a 5-week research stay of N. Pien at fmz). The mechanical evaluation of the developed tubular
constructs was executed by N. Pien at the fmz lab, whereas the physico-chemical characterization of the
AUP material and the developed MEW constructs was conducted at PBM (UGent). The HR-MAS 'H-NMR
spectroscopy measurements discussed in this chapter were performed by J. Delaey (UGent) using the
facilities of Prof. J. Martins (UGent). The GPC measurements and the in vitro biological evaluation were
performed by L. De Vos (UGent) and L. Parmentier (UGent), respectively. Data processing and analysis

was done by N. Pien. This chapter has been published in:

N. Pien ¥, M. Bartolf-Kopp ¥, J. Delaey, L. Parmentier, L. De Vos, D. Mantovani, S. Van Vlierberghe, P.
Dubruel, T. Jingst. Melt electrowriting of a photo-crosslinkable poly(e-caprolactone)-based material into
tubular constructs with predefined architecture and tunable mechanical properties. Macromolecular
Materials and Engineering, DOI: 10.1002/mame.202200097, Published: MAY 2022, Impact Factor: 4.367.
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3.1 Résumé

L'électrowriting en fusion (MEW) est une technique de fabrication additive électro-hydrodynamique qui
gagne en importance ces derniéres années. Ceci est principalement di a la capacité de MEW a produire
des constructions définies avec des éléments de l'ordre du micron a partir de polyméres fondus. Ces
constructions sont trés pertinentes pour les applications biomédicales. Une configuration spécifique du
MEW permet méme d'imprimer des constructions tubulaires qui sont utilisées pour créer des structures
tubulaires de petit diameétre. Le petit nombre de matériaux compatible est I'un des obstacles qui limitent
I'application plus large du MEW en biomédecine. Pour pallier cet obstacle, dans ce chapitre, un polymere a
base d'uréthane (AUP), basé sur poly(e-caprolactone) (PCL) avec une masse molaire de 20000 g-mol-!

(AUP PCL20k) comme matériau de base, est synthétisé et utilisé pour le MEW.
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3.2 Abstract

Melt electrowriting (MEW) is an electro-hydrodynamic additive manufacturing process that is gaining more
prominence in recent years. This is mainly due to the ability of MEW to produce defined constructs with
elements in the micron-range from polymer melts. These constructs are highly relevant for biomedical
applications. A specific configuration of MEW even enables printing tubular constructs which are utilized to
create small diameter tubular structures. The small pool of processable materials is one of the bottlenecks
that limit wider application of MEW in biomedicine. To alleviate this obstacle, in this chapter, an acrylate-
endcapped urethane-based polymer (AUP), based on poly(¢-caprolactone) (PCL) with a molar mass of 20
000 g:mol* (AUP PCL20k) as backbone material, is synthesized and utilized for MEW. 'H-NMR and FT-IR
spectroscopy confirm the successful modification of the PCL backbone with photo-crosslinkable acrylate
end groups. Initial printing experiments of AUP PCL20k reveal limited printability but the photo-crosslinking
ability is preserved throughout the process, allowing the material to be crosslinked after MEW processing.
To improve printability and to tune the resulting mechanical properties of the developed constructs, the AUP
PCL20k material is blended with commercially available PCL (ratio AUP PCL20k:PCL of 80:20, 60:40 and
50:50). Print fidelity improves greatly for blends of 60:40 and 50:50. Blending enables tailoring mechanical
properties of the constructs and the resulting properties are in the range of relevant blood vessels for
transplantation surgeries. The crosslinking ability of the material allows even the pure AUP PCL20k to be
manipulated after processing and shows a significant difference in mechanical properties of the 80:20 blend
before and after post-processing crosslinking. An in vitro cell compatibility assay using human umbilical vein
endothelial cells (HUVECSs) also demonstrates the non-cytotoxicity of the newly synthesized material and its

blends.
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3.3 Introduction

Melt electrowriting (MEW) is an emerging high-resolution, direct-writing additive manufacturing technique
that is based on the deposition of an electro-hydrodynamically stabilized molten polymer jet onto a collector
[279]. While conceptually comparable to the widely known principle of electrospinning, MEW offers the
advantage of precisely depositing fibers in a well-defined pattern, allowing for intricate geometries to be
realized [280]. In addition, a distinct advantage over conventional 3D printing (3DP) techniques, such as
fused deposition modeling (FDM), is the smaller fiber diameter (i.e. 0.8-30 pm) [236] that can be achieved
with MEW [281].

At present, one of the challenges associated with the use of MEW is the limited availability of compatible
materials [282]. The ideal material should not only be efficiently processable via MEW (i.e. low melting point,
slow thermal/hydrolytic degradation, rapid solidification), but should also fulfill the requirements of the
intended application. In the field of regenerative medicine, this implies that the final construct should elicit
biocompatibility and cell-biomaterial interactions, have a controllable biodegradation rate and tunable
mechanical properties that strongly depend on the requirements of each individual tissue [141,159].
Additionally, bioactive compounds bound to the surface or a controlled release from the biomaterial is
favorable to generate an ideal growth environment for cells [283,284]. Generally, thermoplastic polymers
are chosen for MEW as they are processable above a certain temperature, and solidify upon cooling [285].
Most polymers used for MEW have a high molar mass (MM), implying an increasing degree of chain
entanglements, which is improving jet stability during the MEW process [286]. The current gold standard
used in MEW is poly(e-caprolactone) (PCL). This is mainly due to its semicrystalline and biodegradable
properties, low melting temperature and rapid solidification, and the U.S. Food and Drug Administration
(FDA) approval for multiple clinical applications [287]. However, it also has the drawback of being a
hydrophobic polymer, featuring a high elongation at break but overall low elastic properties [288]. Due to
this, PCL is attractive for biomedical applications including scaffolding and drug releasing material [289], but
is still lacking the ideal mechanical endurance to sustain tensile stress without plastic deformation to be the

ideal material for applications in regenerative medicine [290,291].

To overcome the limitations of conventional PCL, blending has been used to modify and also enhance the
properties of the material [291]. Ideally, a blend should improve upon the favorable characteristics of a
material while reducing the unwanted attributes of the educts. Several different materials from synthetic to
organic have been used in the past to achieve more biocompatible or mechanically comparable blends with
tissue models [291]. Problematic for the blending process are occurrences where the materials are not
homogeneously mixing, leading to a phase separation or inhomogeneous distribution of the blended

materials within the compound [292)].
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A different approach to the challenge has been investigating the processability of other thermoplastic
polymers, including commercially available polypropylene (PP) and poly(vinylidene fluoride) (PVDF) [293],
as well as polymers specifically synthesized for MEW processing. Examples are the (AB)x-type segmented
copolymers, poly(2-oxazoline)s (POx), UV-crosslinkable polymers like poly(L-lactide-co-¢-caprolactone-co-
acryloyl carbonate) (poly(LLA-e-CL-AC)) [290], and PCL-based blends [282,287]. Despite those efforts,
materials that enable printing constructs with tailorable mechanics and optimal mechanics for biomedical
application are scarce. In addition, material blends that feature good results with MEW are prepared using

solvents, hampering a transition into biomedical applications.

An interesting class of recently developed materials are acrylate-endcapped urethane-based polymers
(AUP). One of their main benefits is that they can be designed by varying the different constituting building
blocks [294,295]. Among other things, this enables the tunability of the mechanical properties of the
developed material. Another key advantage of the AUP material is that it enables crosslinking in solid state
[264]. In the past few years, AUP materials have been synthesized to serve various processing techniques
and biomedical applications. For each specific application, the building blocks were selected in such a way
that the material’s properties would correspond to the application’s requirements [120,121,296-298].
Initially, the AUP materials were based on a poly(ethylene glycol) (PEG) backbone in order to attain
hydrogel-like properties [294,295]. These PEG-based AUPs have been processed successfully by 3D
printing and electrospinning and have been used for meniscus tissue engineering (TE) and as wound
dressings [296-298]. Next, AUPs with other backbones (e.g. PCL), exhibiting a variation in constituting
building blocks (i.e. varying the spacer and end groups) were reported. To date, AUPs based on a PCL
backbone with a MM of 2000 g-:mol* have been evaluated in 2-photon polymerization processing [264] and
for tendon repair [120,121].

Initially, MEW was established on planar collectors, but meanwhile, it has transitioned towards the
fabrication of three-dimensional tubular geometries [244,299] as various applications in regenerative
medicine rely on such structures (including blood vessels, urethra and ureters, intestine, nerve etc.) [300].
Therefore, research has been devoted towards the elaboration of methods to improve the design and
fabrication of tubular scaffolds by exploiting specialized printer set-ups and mandrel collectors [244,299]. In
this regard, the advantages of MEW (onto a rotating mandrel collector) offer great potential as they enable
the generation of predefined architectures with high resolution, high porosity (i.e. > 87%) [301] and
interconnectivity due to the small fiber diameters. Especially, adaptable mechanical scaffold properties
resulting in flexibility and scaffold compliance would further advance applicability of melt electrowritten
structures for applications in regenerative medicine like vascular grafts but, to date, materials used in tubular

MEW are even more limited as those used with planar collectors [244].
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To explore the potential of MEW as a processing technique to develop tubular scaffolds with a predefined
architecture and tunable mechanical properties, we demonstrate a straightforward synthesis route for the
development of an AUP material with a PCL backbone possessing a photo-crosslinkable moiety at each
end and its processability with MEW. We show that post-process crosslinking has a significant impact on
the mechanical properties of the constructs produced by MEW compared to “commonly used” non-
crosslinkable PCL. Blending of functionalized AUP PCL and non-modified PCL enables tailoring mechanical
properties as well as improving printing behavior. Both materials as such, blends with unmodified medical
grade PCL, and the MEW processed tubular constructs are evaluated with respect to their physico-chemical

properties. In addition, the cytocompatibility of the developed constructs is determined by an in vitro assay.

3.4 Materials and methods

3.4.1 Material synthesis and characterization

An acrylate-endcapped urethane-based polymer with a PCL backbone of 20000 g-mol-' (AUP PCL20k) was
synthesized following the synthesis protocol described in Chapter 2 (Section 2.4). The AUP PCL20k was

physico-chemically characterized, as described in Chapter 2 (Section 2.5).

3.4.2 Material processing using melt electrowriting

(a) Material selection for MEW processing

For the blended materials, an automated micro-compounder system (MC 5, Xplore Instruments BV) was
utilized. To the blends, 2 mol% TPO-L as photo-initiator was added with respect to the amount of AUP
PCL20k material in the blend or pure batch of material. The following ratios have been realized by
compounding at 85°C for 30 min at 50 rpm: (1) AUP PCL20k, (2) AUP PCL20k:PCL 80:20, (3) AUP
PCL20k:PCL 60:40, (4) AUP PCL20k:PCL 50:50, and (5) PCL (Purac Purasorb PC 12, 1.18 dI-g"' density,
80 g-mol).

(b) Device and processing parameters

Tubular constructs of AUP PCL20k or PCL, as well as blends of the two materials were processed with a
custom-made melt electrowriting device with a cylindrical and interchangeable collector (diameter of 3 mm).
The motorization is based on an Aerotech axis system (PRO115) and uses the A3200 (Aerotech) software
suite as coding and machine operating interface. A modified code has been developed similar to previous
work [245] to move the collector in translational as well as rotational directions to allow precise fiber
placement onto a steel mandrel in predetermined winding angles. For the extrusion of materials,
polypropylene cartridges and 22G flat tipped needles (Nordson EFD) were used in all experiments. Printing
parameters were optimized for each individual blend of material and maintained throughout the experimental

process.
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The following predefined specifications were chosen for tubular construct generation: the length of the
construct was set to 11.56 mm, the number of fiber layers on top of each other was set to 20, the angle at
which the fibers are aligned in relation to the longitudinal axis (winding angle) was 70°, and the number of
turning points (pivot points) of the construct was 8. Further description of the printing variables can be found
in the work of McColl et al. [245].

3.4.3 Tubular construct characterization

(a) Photo-crosslinking of developed tubular constructs

A post-processing UV treatment was performed on the developed AUP PCL20k/PCL tubular constructs by
ultraviolet (UV-A) irradiation at 2 x 5 mW-cm2 (Philips TL OW/08 P8 T5/BLB lamps in the holder of Bi-Sonic
Technology Corp.; model 8B-230 HB; 250 - 450 nm range) for 30 minutes [120].

(b) Visualization of the tubes’ micro- and macro-architecture

The tubular constructs were analyzed using a SEM device (Crossbeam CB 340 SEM, Carl Zeiss) for
evaluation of the fiber diameter and the general fiber morphology. Videos to illustrate the mechanical
behavior of the different AUP PCL20k/PCL blend tubular constructs have been recorded on a mirrorless
interchangeable-lens camera (Nikon Z 4, Nikon Corporation) with a macro-lens (AF Micro-Nikkor 200 mm
1:4D IF-ED, Nikon Corporation).

(c) Physico-chemical characterization of the tubular constructs
= Determination of gel fraction, solvent uptake capacity and crosslinking efficiency of the developed
tubular constructs
Crosslinked tubular constructs were weighed (IWi). Next, the tubular constructs were incubated in deionized
water for 24h at room temperature and weighed in the swollen state (IWs). Then, the tubular constructs were
removed, dried and weighed again (W f). The SUCs and GFs were determined using Equations (2.7) and
(2.8) (see Chapter 2), respectively.

The crosslinking efficiency (CE) was assessed by high resolution magic angle spinning (HR-MAS) 'H-NMR
spectroscopy on a Bruker Avance Il 700 spectrometer. The spectrometer contains a HR-MAS probe which
was equipped with a 'H, 8C, 1"°Sn and gradient channel. The spinning rate was set at 6 kHz. The freeze-
dried samples were placed in a 4 mm zirconium oxide MAS rotor with Kel-F disposable inserts (50 pL).
Next, 30 uL CDCl; was added to let the samples swell. Finally, the samples were homogenized prior to the
measurement. A Kel-F cap was used to close the rotor. For the calculation of the Degree of Conversion
(DC) from the NMR spectra [262] using Equation (2.9) (see Chapter 2), the ethylene oxide peaks were
chosen as reference peaks since they represent groups that do not participate in the crosslinking reaction,

nor does this peak overlaps with the peaks of the blended virgin PCL.
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= Influence of melt electrowriting on the molar mass of the material
The number average molar mass (My), the weight average molar mass (My) and the polydispersity (D) were
determined by conventional gel permeation chromatography (GPC) using polystyrene standards (Agilent
Technologies, weight average molar mass range: 580 — 1 930 000 g-'mol-'). The polymers were dissolved
(10 mg-mL-") in chloroform (Biosolve, analytical grade) and filtered through a membrane with a 0.45 mm
pore size. The analyses were performed by liquid chromatography (Alliance Waters 1515 isocratic
pump with Waters 717plus Autosampler and Waters 2414 Refractive Index Detector) equipped with PLGel
Mixed-D polystyrene divinylbenzene GPC columns (353 PSI). The sample components were separated by

the GPC columns based on their molecular size in solution and detected by a refractive index detector.

= Evaluation of mechanical properties of the developed tubular constructs by uniaxial tensile testing
To determine the mechanical properties of the fabricated tubular constructs, a customized fixation setup on
a dynamic mechanical testing device (ElectronForce 5500, TA Instruments) was used. The sample mounting
construction allowed two metal pins to be introduced into the luminal cavity of the constructs and applied
radial tensile force during the testing procedure (Figure S3.1). Samples were measured in a 100-cycle
waveform setup with a peak displacement of 18% strain in reference to the inner tube diameter. Evaluation
of the construct measurements has been done after initial hysteresis subsided and the peak force stabilized
over several cycles. Pull to failure quantification used the identical setup and displaced the construct over a
distance of 10 mm, equivalent to 330% strain. Both non-UV treated, and UV-treated tubular MEW constructs

have been evaluated in triplicate.

(d) Biological evaluation of the tubular constructs using human umbilical vein endothelial cells

The biocompatibility of the various materials (AUP PCL20k, PCL and their combinations 50:50, 60:40 and
80:20) was evaluated through indirect contact in vitro biological assays. Human umbilical vein endothelial
cells (HUVECSs) (Lonza) were cultured under standard incubator culture conditions (37°C, 5% CO2) with
supplemented endothelial cell growth medium-2 (EGM-2) (Promocell) additionally supplemented with 1%
Pen/Strep (Sigma). Medium was changed every 2-3 days. The cells were split until a confluency of 80-90%

and used at passage 5.

The MEW tubes were sterilized through incubation in 70 viv% EtOH for 24 hours with a change after 12
hours. Subsequently, the samples were exposed to UV-C irradiation for 2 hours followed by incubation at
37°C in culture medium at a concentration of 1.125 mi-mg-' of material during 1, 3 and 7 days. Short-term
component leaching was then evaluated on seeded cells both in terms of cell viability as well as cell

proliferation.

To this end, 10 000 HUVECs were seeded into a well of a 96-well plate. The cells were allowed to attach

for 24 hours awaiting the addition of the medium in contact with the manufactured tubes for 1, 3 or 7 days.
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This test was performed in triplicate. Cells seeded on tissue culture plastic with the addition of standard

supplemented EGM-2 medium was included as reference.

HUVEC cell proliferation was assessed through an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Abcam) assay which was applied in a 20 viv%
ratio with culture medium to the cells. Reduction of the component into its formazan dye by the HUVECs
during 2 hours of incubation at 37°C in the dark enables the quantification of metabolic activity through
absorbance measurements at 490 nm (BioTek Instruments, EL800 Universal Microplate Reader with GEN5

software).

A live-dead viability assay was performed through the addition of 0.2 viv% calcein-acetylmetoxyester (Ca-
AM) (Sigma) and 0.2 v/v% propidium iodide (PI) (Sigma) in phosphate buffered saline (PBS). The cells were
visualized after 10 min of incubation in the dark with a fluorescence microscope (Olympus IX81 with software
Xcellence Pro) with a green fluorescent protein (GFP) filter for living cells and a texas red (TxRed) filter for

dead cells.

3.4.4 Statistical analysis

All data were analyzed using GraphPad Prism 8.0.2. A one-way or two-way ANOVA test was performed
followed by a Tukey post-test. The symbols representing the different significant levels are indicated on the
graphs (i.e.ns =p>0.05; * =p <0.05, *=p<0.01; ** =p <0.001).

3.5 Results and discussion

To successfully engineer a specific tissue model, research is focusing on material design and advances in
processing. A combination of the emerging technology of MEW and the design of novel materials provides
a promising approach for the fabrication of mechanically adjustable tubular constructs for applications in
regenerative medicine. Herein, we hypothesize that our photo-crosslinkable PCL-based polymer is a
suitable material feedstock to be applied in MEW. The presence of photo-crosslinkable moieties in the AUP
and the possibility to easily blend with conventional PCL enables fine-tuning of material properties. A
physico-chemical characterization was performed, before evaluating the material’s potential for the use in
in MEW of tubular constructs. In addition, the tubular samples were analyzed with respect to physico-
chemical and biological properties after fabrication. A schematic overview of the research conducted in this

study is visualized in Figure 3.1.
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Figure 3.1. Experimental overview of the synthesis and process evaluation.

3.5.1 Synthesis and physico-chemical analysis

There are some key requirements to consider when designing a material for MEW. One important aspect
includes the melting and glass transition temperature which enable processing of the material in a molten
state. Ideally, the material is easily processable above its melt temperature due to reduced melt viscosity,
lacks pronounced thermal degradation and is rapidly solidifying after processing [285]. These properties can
be achieved by a sufficiently high molar mass [302] so that enough chain entanglements are present which

result in viscoelastic melt properties that improve processing via MEW and help generating a stable jet [286].

As described in the introduction, AUPs are a class of materials that can be designed by varying the
constituting building blocks (Chapter 2, Figure 2.2). With respect to the material requirements of MEW, an
AUP with a PCL backbone of a higher molar mass (MM = 20000 g-mol-') compared to previously reported
PCL-based AUPs (MM = 530 and 2000 g-mol-') [120,264] was synthesized. In addition to the higher MM
aiming at improving the material’s MEW processing potential, the acrylate endgroups enable crosslinking of
the developed constructs after processing. The structural and physico-chemical characterization of the

developed AUP PCL20k precursor can be found in Chapter 2.

Upon tensile testing, the crosslinked AUP PCL20k showed an ultimate force of 70.97 + 10.73 N, a maximum
stress of 13.23 £ 1.17 MPa with a corresponding strain of 5.67 + 1.16%. The stress-strain relationship
indicated a Young's modulus of 321.44 + 21.23 MPa. When comparing the developed AUP PCL20k to
commercially available PCL, a similar maximum stress (13.58 + 0.83 MPa), a higher maximum strain (10.62
1 1.18%), and a 16-fold lower Young’s modulus (18.90 + 5.15 MPa) was observed for the non-modified
PCL. This implies that both materials will lead to tubular constructs with different mechanical properties after
MEW processing. Moreover, it offers tuneability in mechanical properties when both materials are blended

in different ratios as will be demonstrated later in this chapter.

65



3.5.2 Blending and MEW process optimization
After characterization of the developed PCL-based AUP (MM = 20000 g-mol-!, AUP PCL20k), the potential

for its application as MEW processable material was considered. The key processing parameters for MEW

include i) mass flow rate, ii) collector speed, iii) electric field, and iv) melt temperature. Viscosity and
conductivity of the fluid define the properties of the molten polymer and need to be considered when
choosing process conditions [242]. It should also be stated that upon changing one of these key process
parameters, the other parameters will also be influenced, and thus a proper optimization of all parameters
in different combinations is required. The process parameters were adjusted until a suitable setting could

be elaborated to achieve constant material flow and construct layering.

After achieving a stable material processing parameter set, the construct specifications were tested and
optimized. Following predefined specifications were chosen for tubular construct generation: the length of
the construct was set to 11.56 mm, the number of fiber layers on top of each other was set to 20, the angle
which the fibers are aligned in relation to the longitudinal axis (winding angle) was 70°, and the number of
turning points (pivot points) of the construct was 8. Further description of the printing variables can be found
in the work of McColl et al. [245].

A printability evaluation of the pure AUP PCL20k material revealed vastly different characteristics compared
to commercially available, non-modified PCL. The developed AUP PCL20k was more prone to electrical
discharge phenomena, known as arcing, at a higher incidence than regular PCL. This was compensated by
reducing the applied voltage and by increasing the printhead distance to the collector. Overall, it was difficult
to retain fiber morphology directly after printing, resulting in fiber merging and fusion, requiring lower melt
temperatures to allow quicker solidification of the material. This slow solidification characteristic also
manifested in very inhomogeneous fibers as well as attraction between the previously placed fibers and
newly deposited, causing deviations from the programmed printing path. Nevertheless, it was possible to

create constructs that resembled the programmed geometry (Figure 3.2).

To improve the printing properties of AUP PCL20k, blending with non-modified PCL was performed. This
enables combining the favorable printing behavior of medical grade PCL with benefits of the developed
photo-crosslinkable AUP PCL20k material. It is assumed that the higher molar mass of PCL improves
printability and fiber deposition while AUP PCL20k enables modification of the material’s mechanical
properties via photo-crosslinking. In MEW, combining different materials is usually performed by mixing
those in a dissolved state. Such an approach has already been undertaken in studies like the one by
Hochleitner et al. [303,304] where blending of polymers to create a co-polymer for MEW was applied in
order to alter the material properties. Toluene was utilized as a solvent to generate the blend. In contrast,
blending was performed using a compounder to physically mix the PCL and AUP PCL20k to create a blend

of materials in this study. To evaluate how much PCL was needed to improve printing properties of AUP
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PCL20k and the resulting mechanics, several ratios with different composition of AUP PCL20k:PCL were
chosen (80:20 and 60:40). Furthermore, a blend of 50:50 was added as previous studies with AUP have
shown beneficial electrospinning behavior using this material ratio [120]. Materials were blended for
30 minutes at 85°C and afterwards transferred into printing cartridges. Melt viscosity and shear rate were
recorded during blending, allowing for an initial evaluation of the blends and planning of process parameters.
Lower viscosities usually require adaptation towards less material flow (reduced voltage / pressure) or faster
collector speeds to properly distribute the material to achieve straight and homogeneous fibers [286]. Table
3.1 illustrates the printing parameters chosen to process the blends. Overall, printability of the blends
increased with higher ratios of PCL within the blend. A sweet spot could be reached at 60:40 where the fiber
morphology and fiber diameter variation were already very comparable to commercial PCL. The blend with
a 50:50 ratio showed a similar result. A slight increase in fiber diameter of 4-5 um was the most pronounced
difference between the 60:40/50:50 blend and pure PCL. The 80:20 ratio still showed increased fiber
merging and required adjustments of printing parameters. Overall processability of AUP PCL20k with MEW
is possible, and with the blending of AUP PCL20k and commercial PCL, a beneficial printing behavior could

be demonstrated.

Table 3.1. MEW printing parameters for the different materials processed. Veff = effective velocity, dm = distance to mandrel, ZHS
(Z-Axis Height Shift) = strand layer height. Fiber diameter as measured on SEM images. Melt viscosity and shear rate of the
materials and material blends as obtained by compounding at 50 rom, T = 85°C and t = 30 min. + indicates the standard

deviation.
Fiber Melt Shear
. Tempera Pressure  Voltage Vet dm  ZHS ) o
Material ture [°C] [bar] V] [ il mml [ diameter  viscosity rate
ure ar mm-min- mm m
H [am] [kPa-s] [kN-m-3]
AUP 66.70 £
70 0.55 55 511 45 15 0.26 41
PCL20k 34.22
36.21
80:20 80 0.60 44 707 35 17 0.28 4.2
6.74
18.81 £
60:40 89 0.60 44 707 35 17 0.32 5.1
1.76
17.02 £
50:50 89 0.60 44 707 35 14.5 " 0.34 5.6
1346 £
PCL 89 0.65 5.8 500 355 145 023 0.35 57

An overview with representative images of each blend-ratio-group is depicted in Figure 3.2. The images
were taken as a basis for the evaluation of the fiber diameter of the different blends, an integral value to
assess the quality of MEW-processed materials [305]. A clear trend is visible regarding scaffold morphology:
the scaffolds become more amorphous and inconsistent in their fiber distribution and overall structure when
more AUP PCL20k is present in the material, with the most prominent effect observed in the pure AUP

PCL20k sample. This effect can also be correlated with the increase in fiber diameter and the homogeneity
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of the produced fibers (PCL 13.46 £ 0.23 um, AUP PCL20k 66.7 + 34.22 um). The scaffolds made with
pure AUP PCL20k and the ones with an AUP PCL20k:PLC ratio of 80:20 led to fiber morphologies which
started to lose their clear appearance as single fibers stacked on top of each other. This is clearly visible at
the crossover points of deposited fibers (Figure 3.2, 3rd column). With higher amounts of AUP PCL20k
(ratios of 80:20 and higher), fibers begin to merge with each other as soon as they are stacked, indicating a
slow solidification of the material after extrusion. Adjustments to the printing temperature were necessary to
fabricate the structures (Table 3.1). The cause of this effect can potentially stem from a thermodynamically
different behavior of AUP PCL20k compared to PCL. It is hypothesized that a combination of factors
including the differences in melt viscosity and shear rate (Table 3.1), which were found to be lower for AUP
PCL20k (0.26 kPa-s) compared to PCL (0.35 kPas), and the slightly lower melting temperature of AUP
PCL20k (T = 53.96°C) compared to PCL (T = 60°C) can foster the effect of fiber fusing.

To quantitatively illustrate the difference between the mechanical properties of the printed constructs made
with varying AUP PCL20k:PCL ratios, a manual compression test has been conducted (Supplementary
video). Clearly visible is the increasing stiffness and resistance to compression for increased AUP PCL20k
content compared to pure PCL, indicating the effective alteration of the material properties after processing,
and successful post-processing crosslinking of the materials. The pure AUP PCL20k sample is not able to

withstand the compression and breaks immediately while the blends all remain undamaged.
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Figure 3.2. SEM images of the MEW processed tubes of PCL and AUP PCL20k, as well as the selected blends of AUP PCL20k at
27X and 200X magnification. The green boxes indicate the location of the 200X magnification on the SEM image with 27X
magnification.
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3.5.3 MEW tube characterization

(a) Physico-chemical characterization

= Determination of gel fraction, solvent uptake capacity and crosslinking efficiency of the developed

tubular constructs.

The gel fractions of the tubes made by MEW from AUP PCL20k, PCL and their blends all exceed 95%
(Table 3.2). For pure AUP PCL20k, a GF of 98.4 £ 2.5% was obtained, giving a first indication that
processing with MEW did not influence the material’s ability to crosslink effectively. This implies that almost
no leaching out of potential non-crosslinked material constituting the developed tubes will occur when
applied in tissue engineering. In addition, the material’s ability to crosslink was confirmed by calculating the
percentage of consumed acrylate groups (i.e. crosslinking efficiency, CE) obtained from HR-MAS 'H-NMR
spectroscopy indicating a crosslinking efficiency (CE) of 79.9% (Table 3.2). Moreover, the data showed that
the CE clearly decreased with a decrease of AUP PCL20k in the blend. For the 50:50 and 60:40 blends, a
CE lower than 50% was obtained, implying an incomplete conversion of the available reactive groups. The

50:50 blend only possessed a CE of 35.4%, which is due to the limited number of crosslinkable moieties.

For applications that rely on the mechanical properties of the constructs, it is important that the solvent
uptake capacity (SUC) of the developed tubes is as low as possible to avoid excessive swelling of the
construct to ensure that the scaffolds do not lose their shape and structure during cell culture. In accordance
with the SUC of pure, non-printed AUP PCL20k (i.e. 0.93 £ 0.25 before processing), similar values were
obtained for the processed AUP PCL20k tubes (i.e. 1.30 £ 0.42) (ns. p > 0.05). Very small SUC (< 1.30 £
0.42) was obtained for the developed MEW tubes, independently of the blend ratio. As anticipated, for pure
PCL constructs, shape and structure were perfectly maintained after contact with water as demonstrated by
high GF and low SUC during a timeframe of 24 h.

Table 3.2. Gel fraction (GF), solvent uptake capacity (SUC) and crosslinking efficiency (CE) of AUP PCL20k, AUP PCL20k:PCL

blends and PCL.

Material GF ste CE
[%] SD [-] SD (%]
AUP PCL20k 98.4 2.5 1.3 04 79.9
80:20 97.4 0.9 0.9 0.1 69.0
60:40 95.4 1.6 0.2 0.1 49.6
50:50 99.0 5.9 0.1 0.1 35.4

PCL 100.0 0.0 0.3 0.1 -
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= Influence of melt electrowriting on the molar mass of the material
As anticipated, the GPC measurements confirmed that the MEW processing technique did not influence the
molar masses of the AUP PCL20k and PCL (Table 3.3). For AUP PCL20k, the number average molar mass
(Mn) was around 23072 g-mol* and the weight average molar mass (M) was around 31504 g-mol* (with a
b < 1.5) which corresponds to the MM that was determined using "H-NMR spectroscopy (i.e. 27076 g-:mol-
1). The GPC measurements indicated a MM of the commercially available PCL was similar to that reported
in the technical sheet of the supplier (MM of 120000 g-mol-). Depending on the AUP PCL20k:PCL ratio in
the blend, both the M, and My, increased with an increasing PCL content in the blend. This was as expected
because of the higher MM of PCL compared to AUP PCL20k. The differences in MM of the different blends
have an influence on the printing parameters and optimization (as discussed in section 3.5.2) as well as on
the mechanical properties of the developed tubes (vide infra). It was also observed that the polydispersity
increased when more PCL was blended in, moreover, D was higher in all blends compared to D of both the
pure AUP PCL20k and pure PCL. This confirmed that the observed distribution of the blends is less uniform
(B = 1) upon blending in more PCL. The b of pure AUP PCL20k, PCL and the blend with a ratio of 80:20
could still be defined as moderate, whereas a b of more than 2 as is the case for 60:40 and 50:50 could be

defined as a broad polydisperse distribution.

Table 3.3. Determination of the Mn, Mw and polydispersity (D) of AUP PCL20k, PCL and their blends, before and after MEW
processing, using gas permeation chromatography. Mn = number average molar mass, Mw = weight average molar mass and b =
polydispersity index determined via GPC analysis.

M» [g:mol] Mw [g:mol'] D[]
Material

Before After Before After Before After
AUP PCL20k 23072 22127 31504 30684 1.37 1.39
80:20 23652 25107 45920 45231 1.94 1.80
60:40 30226 32129 61354 64347 2.03 2.00
50:50 26369 34531 78038 72411 2.96 2.10
PCL 76946 65520 130381 108820 1.69 1.66

= Mechanical properties of MEW tubes
To investigate the mechanical properties of the fabricated tubular constructs, unidirectional mechanical tests
were performed. The constructs were analyzed by a dynamic radial tensile experiment over a cycle count
of 100 at a strain of 18% to simulate conditions close to those that blood vessel experience during
physiological conditions [79,306-308]. Further, a series of pull to failure tests has been conducted to

evaluate the behavior of the constructs under elevated influence of tensile force.

The graphs depicted in Figure S3.6 show the plots for representative samples of the different material blends

of AUP PCL20k and PCL as well as the pure samples as force per displacement before and after UV-
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induced post-process crosslinking of the acrylates within AUP PCL20k containing samples. Figure 3.3 A-B
depicts stress/strain plots of the different samples. The graphs are also depicted in a larger version (easier
to read) in Annex 1 — Chapter 3 in Figure S3.4 and S3.5. Young’'s moduli, peak force and retained force
were calculated according to a method described in literature for the analysis of radially tested tubular
constructs and are shown in Figure 3.3, C-F [309]. All samples, except the pure, non-crosslinked AUP
PCL20k samples which broke apart during the first cycle, could be tested. Interestingly, the crosslinked AUP
PCL20k samples did not break during the first cycle but only started to break over the course of the testing
protocol. Even though the force reduced at each cycle, a minimal force was maintained at the end of 100

cycles (Figure S3.7).

Evaluating the maximum tensile stress exhibited by the constructs (Figure 3.3 F) revealed the rather brittle
nature of the AUP PCL20k material. Successive increase in the amount of blended PCL into the
compounded materials elevated the levels of ultimate tensile stress close to the values recorded for pure
PCL. The 50:50 blend showed no significant difference compared to pure PCL regarding stress at break.
On the one hand, AUP PCL20k showed a very small overall value in the amount of force required for a break
of the construct. This might arise due to the overall fragile constructs and the testing protocol, which was
set up to displace at slightly higher velocities than compared to the cyclic evaluation, leading to a more
pronounced failure of the constructs early on. On the other hand, this reinforces the benefit of blending the
material with PCL to attenuate this material characteristic. Figure 3.3 B depicts representative curves
recorded during the pull to failure test. It is noticeable that the higher amount of PCL leads to the
characteristic plastic deformation of PCL at elevated stresses before reaching a plateau of stagnant force
increase where the material is undergoing a ductile failure behavior. Higher amounts of AUP PCL20k lead

to a more brittle failure behavior of the material.

A clear trend is visible with respect to the declining amount of peak force depending on the amount of AUP
PCL20k present in the blends. The highest recorded value was observed for the UV-crosslinked pure AUP
PCL20k group (Figure 3.3 D). The only significant difference when comparing UV-treated versus non-UV
treated values (within one blend) could be recorded for the 80:20 blend samples (p < 0.0001). The high
content of AUP PCL20k within this blend enables a more effectively crosslinked network, due to increased
acrylate group interaction, that leads to an increased mechanical strength. This is in agreement with the HR-
MAS data (see Table 3.2), where a crosslinking efficiency of more than 50% was found for the 80:20 blend,
and below 50% for the 60:40 and 50:50 blends.

The Young's moduli exhibit comparable trends as described for the peak force. The only significant
difference between non-crosslinked and crosslinked samples is present in the 80:20 blend group (Figure
3.3 C) (p <0.0001). When comparing Young's moduli with values from literature, the blended samples all

range in the relevant window of 2 - 4 MPa which corresponds to average values from human saphenous
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vein (1.77 £ 1.2 MPa), radial artery (3.68 + 2.05 MPa) and coronary artery, which are in the range from 1.5
[73,76] to 4 MPa [310], depending on the specimen and test protocol used. With that, the blending allowed
the manufactured constructs to be closer to human blood vessels regarding their Young’s modulus, whereas
constructs made only from PCL do not reach these ranges. As anticipated, the differences in mechanical
properties of the pure AUP PCL20k and PCL (as discussed in section 3.5.1) also lead to differences in
mechanical properties of the developed tubular constructs based on the different materials. By blending and
varying the blend ratio, this resulted in achieving a range of Young's moduli in between the higher Young's
modulus of the AUP PCL20k and the lower Young's modulus of the PCL, and thus tuneability in mechanical

properties.

73



[>]

AUP PCL20k

g
=}

Stress [MPa]
o
3

e

0.
0.00 0.05 0.10 0.15 0.20

Strain [%]
AUP PCL20k
_30
S5
=20
@ 15
210
@5
0

Strain [%]

> O]

T =
=
3 41
El 7
g | 7
£ 7
2 | 7
S|
> 0
\+ '\
Qqu’Q %6?/

KN

[m]

S 1.0
Q
o
o
® 0.5
£
I}
(]
o
0.0
- o
o 5
o &
<
X

v

80:20

S

[ e —
0.00 0.05 0.10 0.15 0.20
Strain [%]

g
o

Stress [MPa]
o
o

60:40

Stress [MPa]

L
0.00 0.05 0.10 0.15 0.20
Strain [%]

50:50

g
o

Stress [MPa]
o
o

0.00 0.05 0.10 0.15 0.20
Strain [%]

PCL

g
o

Stress [MPa]
o
n

it
0.00 0.05 0.10 0.15 0.20
Strain [%]

80:20 60:40 50:50 PCL
_.30 30 _.30 _.30
& 25 &25 & 25 & 25
=20 =20 =20 =20
» 15 0 15 0 15 0 15
2 10 @ 10 © 10 9 10
@ 5 » 5 5 5 5 5
G‘J\" 0 0- o
o 1 2 3 4 o 1 2 3 4 o 1 2 3 4 o 1 2 3 4
Strain [%] Strain [%] Strain [%] Strain [%]
HE No UV — HE No UV
Z 0.8
w c ket uv
‘S
ﬁ 0.6
X %%
<) % o
%7 N 0.4 % %
) 5 m
/ @ B
/ o Al
 al 5 nl
1l 70
1l s b
% % %, s % %
Q ) v
> ) @)
Q)Q‘ (00' <
?.
HE No UV
uv E‘so_ [ I I ] T 1
=
. 25+
[}
£ 201
(2]
2 15-
(2]
c
2 104
g
S 54
£
5 o
Q Q N - Q Q ) N
) ) O Q v W %) @)
& & Q Qo& S & & Q
N
v

Figure 3.3. Mechanical evaluation of tubular constructs: (A)-(B): Stress [MPa] versus strain [%] plots obtained from a single
construct via uniaxial tensile testing data on MEW processed tubes (AUP, AUP:PCL ratios of 80:20, 60:40 and 50:50, and PCL):
(A) Representative graphs of cyclic radial tensile testing after initial hysteresis resided. Compared are constructs with (black) and
without (gray) post-processing UV irradiation. (B) Representative graphs of pull to failure testing. Constructs were pulled to 330 %
strain to elucidate their failure point. (C)-(F) depict mean and SD values of mechanical data analysis: (C) Young’s moduli [MPa].
(D) Max. force at 20% strain [N]. (E) The mean retained force [%], calculated by the difference of force at the beginning and at the

end of measurement. (*** = p < 0.0001). (F) Ultimate stress [MPa] of the developed MEW tubes (after UV crosslinking) in AUP
PCL20k, PCL and their blends (80:20, 60:40, 50:50) as obtained from uniaxial tensile testing until failure. (****: p < 0.0001, ns: p >

0.05).
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The graphs for all groups show very narrow hysteresis loops, indicating very little plastic deformation over
the course of the cyclic measurement. A closer look at the peak force for all samples during 100 cycles
(Figure 3.3 E) reveals a decline of peak force values during cycling testing. The decline can be attributed to
the internal material properties, adjusting to the external tensile force until an equilibrium between fiber
extension and orientation according to the applied force is reached [311,312]. Due to the crosslinked
network, the amount of AUP PCL20k in the blend corresponds with a higher force decay over the course of

the 100 cycles, while a higher PCL ratio shows little to no decay [313].

Regarding differences between non-UV and UV-treated samples, only the 80:20 group shows a 32%
difference in peak force between the start and end of the measurement (Figure 3.3 D). This can be caused
by the very brittle nature of the AUP PCL20k material that leads to breaking within the sample at the
beginning of the measurement, resulting in an overall lower force, while the formed crosslinked bonds allow
the material to withstand the applied tensile force better. The 50:50 blends perform best regarding force
retention as well as having a noticeable increase in Young's modulus compared to pure PCL. Relevant
observations for potential application in vascular regeneration or replacement are the small hysteresis loops
shown during the testing, especially as the investigated displacement area is larger than physiological values
for cyclic extension during systole of comparable small diameter blood vessels [308]. Additionally, there is
only a very small decay of force over the whole 100 cycles of tensile testing. These results indicate the
potential for long term mechanical dilatation and that the constructs are suited to withstand physiological

stresses.

(b) Biological evaluation

The in vitro biocompatibility of the developed MEW tubes was evaluated via an MTS assay and Ca-AM/PI
staining. To this end, human umbilical vein endothelial cells (HUVECs) were assessed on days 1, 3 and 7
after indirect contact with the materials, which is a common evaluation for testing of biocompatibility
[314,315]. The rationale behind the choice of HUVECs as cell type is because one of the potential
applications of the developed MEW tubes is their function as a reinforcement in in vitro vascular models. In
blood vessels, endothelial cells, in the experimental evaluation represented by HUVECs, together with
fibroblasts and smooth muscle cells form the majority of cell types present in vasculature [316] and therefore

a logic option to test herein for their viability after exposure to the constructs.

Following the ISO 10993-5:2009(E), a biomaterial and its leaching components are non-cytotoxic if the
viability is above 70% [317]. As indicated in Figure 3.4 A, the HUVEC viability at day 1, 3 and 7 remained
well above 70% for AUP PCL20k, PCL and their blends (i.e. > 95%). The live/dead staining images can be
found in Supplementary Information (Figure S3.8). In addition, an excellent metabolic activity was observed

(Figure 3.4 B). Thus, it can be concluded that the developed MEW tubular constructs do not show any
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cytotoxicity towards the HUVECs and could be further evaluated for their use as reinforcements constructs

in vascular tissue engineering applications.
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Figure 3.4. In vitro biocompatibility assay using human umbilical vein endothelial cells on day 1, 3 and 7: (A) cell viability. (no
significant differences, p < 0.05); (B) metabolic activity. (****= p < 0.0001 between all groups per day except if indicated with

3.6 Conclusions

another symbol: ns = p > 0.05 or *= p < 0.05).

In conclusion, this chapter presents the application of an acrylate-endcapped urethane-based polymer (AUP

PCL20k), synthesized with a straightforward synthesis route to introduce photo-crosslinkable moieties to a

PCL backbone, for MEW of tubular constructs with adaptable mechanical properties. Processing with MEW

did not result in degradation of the material and the photo-crosslinking capacity was preserved. Blending

with commercially available PCL helped improving fiber morphology and homogeneity. At the same time,

altering the mechanical properties of the created construct by adjusting the blend ratios was possible. This

enables tailor-made construct characteristics for different applications and their corresponding specific

mechanical requirements. In vitro assay using HUVECs revealed non-cytotoxic behavior of the AUP PCL20k

material demonstrating its relevance in biomedical applications.
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Chapter 4: Design and development of a
reinforced tubular electrospun construct for
flexor tendon repair

This chapter describes the application of two AUP precursors for flexor tendon repair (synthesis and
characterization, see Chapter 2), i.e. AUP PCL530 and AUP PCL2k. The AUPs were processed into tubular
constructs using solution electrospinning. This project was conducted in collaboration with |. Peeters
(University Hospital Ghent). This chapter is based on the work of L. Deconinck and Y. Van de Maele as part
of their master thesis, supervised by N. Pien and A. Mignon. The ex vivo and in vivo testing was performed
by |. Peeters under the supervision of Prof. L. De Wilde and Prof. A. Martens (Faculty of Veterinary Medicine,
UGent). The in vitro biological evaluation was performed by L. Van Damme, L. Parmentier and M.

Meeremans (UGent). This chapter has been published in/accepted as:

AUP PCL2k:

N. Pien *#, I. Peeters ¥, L. Deconinck, L. Van Damme, L. De Wilde, A. Martens, S. Van Vlierberghe, P.
Dubruel, A. Mignon. Design and development of a reinforced tubular electrospun construct for the repair of
ruptures of deep flexor tendons. Materials Science and Engineering: C, Volume 119, 111504. DOI:
10.1016/j.msec.2020.111504, Published: SEP 2020, Impact Factor: 7.328. Peer reviewed.

I. Peeters ¥, N. Pien ¥, A. Mignon, L. Van Damme, P. Dubruel, S. Van Vlierberghe, D. Mantovani, V.
Vermeulen, D. Creytens, A. Van Tongel, S. Schauvliege, K. Hermans, L. De Wilde, A. Martens. Flexor
tendon repair using a reinforced tubular, medicated electrospun construct. Journal of Orthopaedic Research.
DOI: 10.1002/jor.25103, Published: MAY 2021, Impact Factor: 3.494. Peer reviewed.
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Peer reviewed.
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4.1 Résumé

Les Iésions des tendons de la main représentent un probléme clinique majeur et peuvent réduire considérablement
la qualité de vie des patients. Dans cette étude, une solution ciblée pour la réparation du tendon fléchisseur a été
développée en combinant une approche mécanique et biologique. A cette fin, deux nouveaux polyméres & base
d'uréthane (AUP) ont été synthétisés en constituant différents backbones (c'est-a-dire du poly(e-caprolactone)
avec une masse molaire de 530 ou 2000 g-'mol-!, PCL530 et PCL2k) et leurs propriétés physico-chimiques ont été
caractérisées (voir Chapitre 2). Dans ce chapitre, des constructions de réparation tubulaires ont été développées
en utilisant I'électrofilage (électrospinning en solution, SES) du matériau AUP avec du naproxéne et de |'acide
hyaluronique incorporés (c'est-a-dire des composés anti-inflammatoires et anti-adhésion, respectivement), et avec
une tresse tubulaire comme renforcement mécanique. Les constructions de réparation de I'AUP a base de PCL

ont été comparées a des constructions de réparation en PCL.
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4.2 Abstract

Hand tendon injuries represent a major clinical problem and might dramatically diminish a patient’s life quality. In
this study, a targeted solution for flexor tendon repair was developed by combining a mechanical and biological
approach. To this end, two novel acrylate-endcapped urethane-based polymers (AUPs) were synthesized
constituting different backbones (i.e. poly(e-caprolactone) with a molar mass of 530 or 2000 g-mol-!, PCL530 and
PCL2k) and their physico-chemical properties were characterized (see Chapter 2). In this chapter, tubular repair
constructs were developed using electrospinning of the AUP material with incorporated naproxen and hyaluronic
acid (i.e. anti-inflammatory and anti-adhesion compounds, respectively), and with a tubular braid as mechanical
reinforcement. The developed PCL-based AUP repair constructs were benchmarked against PCL repair
constructs. Tensile testing of the repair constructs using ex vivo sheep tendons showed that the developed repair
constructs fulfilled the required mechanical properties for tendon repair (i.e. minimal ultimate stress of 4 MPa), with
an ultimate stress of 6.4 £ 0.6 MPa and 8.36 + 0.57 MPa for the AUP PCL530 and PCL2k-based repair constructs,
respectively. Moreover, in vitro biological assays showed that the developed repair tubes and the incorporated
bioactive components were non-cytotoxic. In addition, when equine tenocytes and mesenchymal stem cells were
co-cultured with the repair tubes, an increased production of collagen and non-collagenous proteins was observed.
The developed AUP PCL2k repair constructs were also evaluated in an in vivo rabbit model (40 New Zealand
rabbits) and benchmarked against the gold standard in tendon repair, i.e. Modified Kessler suture repair. The
electrospun AUP PCL2k repair constructs showed similar strength as the Modified Kessler technique.
Macroscopically, a significantly different adhesion pattern was observed at the suture knots, either centrally or
peripherally, depending on the technique. Histologically, a qualitative assessment showed good to excellent repair
at the tendon repair site, irrespective of the applied technique. AUP PCL530 was developed with the aim to design
an electrospun repair construct without the need of the reinforcement layer. Even though superior mechanical
properties were obtained for the AUP PCL530 compared to AUP PCL2k (Young’s moduli of 2.5 £ 0.9 versus 0.6
1 0.2 MPa, respectively), the construct still required the reinforced layer for application in tendon repair. In
conclusion, this novel AUP PCL repair constructs in which a mechanical approach (fuffilling the required
mechanical properties) was combined with a biological approach (incorporation of bioactive compounds), showed

potential as flexor tendon repair application.
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4.3 Introduction

Tendon injuries are painful and persistent, and can significantly reduce quality of life for patients in which insufficient
healing is observed or which were treated unsuccessfully [51]. Hand tendon lesions in particular represent one of
the most frequent tendon disorders in human [50]. The hand, being the human executing body unit, is crucial during
daily life, especially when considering sport activities and professional life [53]. As such, chronic overuse injuries
and ruptures in the hand are frequently observed. A considerable part of trauma emergencies typically involves
flexor tendon lesions of the hand, affecting one in 2700 people each year [50]. These injuries might have a
significant impact on hand function and thus quality of life. Therefore, early treatment with optimal recovery is

indispensable to prevent permanent dysfunction [54].

The healing capacity of tendon lesions mainly depend on the type of injury, the physical activity and age of the
patient, and also on the inflammatory response following injury [318]. Whereas relatively minor tendon traumas
may primarily regenerate, complicated tendon traumas, and more specifically complete ruptures or transections,
result in the formation of scar tissue. The mechanical properties of this scar tissue are impeded when compared
to the original tendon tissue, which often results in pain and poor functionality. Damaged tendons heal slowly, and

repair often requires a long recovery period. In these cases, surgical interventions are inevitable.

Current surgical interventions rely mostly on suturing techniques or on the use of tendon grafts (i.e. autografts,
allografts, xenografts and synthetic grafts) [52,319,320]. The current state-of-the-art in surgical techniques still
includes suturing the injured tendon ends together, which requires a non-degenerated tendon with regeneration
potential [57,321]. Surgical repair using sutures is known to minimize scar tissue formation, increase the rate of
collagenization and avoid the presence of non-tendinous tissues between the two ends of a tendon. Despite a
successful surgical tendon repair, however, tendon adhesions are typically observed after tendon injury, both with
the surrounding tissue and between tendon and tendon sheath [60,322]. These adhesions emerge from the non-
organized scar tissue. A second limitation of the suturing techniques is the need for a splint to (at least partially)
immobilize the tendon during rehabilitation [323,324]. This is important to protect the surgical repair and to prevent
reinjury. Third, the insertion of a material during surgery often elicits a strong inflammatory response, with
inflammatory cells being attracted to the injury site. In this respect, drug-releasing systems limiting adhesion and
the inflammatory response have gained interest. The ability of hyaluronic acid (HA) and naproxen (Nap) to promote

gliding and to counter adhesion formation around the repair complex, has been reported in literature [121].

The ideal technique of (flexor) tendon recovery should induce a healing response at the damaged tendon ends
and to generate a repair site with low friction and minimal bulk, resulting in less inflammation and less adhesions
(biological approach) [33]. Additionally, an optimal mechanical strength is required for tendon repair to fulfill the
minimal needs of a healing tendon (i.e. mechanical approach). For an optimal repair of hand tendons, the minimal
bearing stress of the construct should be approximately 4 MPa [82,319]. Both the mechanical and biological

approach are essential when developing a construct for tendon repair. However, current state-of-the-art mostly
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focusses on one approach, either mechanical or biological, rather than combining both [325-330]. Moreover,
considering the biological approach, it is remarkable that often only one biological issue (such as adhesion) is
evaluated in order to enhance tendon repair [122,331-333]. As such, a strong challenge in tendon repair remains

in order to tackle adhesion, inflammation, and mechanical strength all together.

In the present chapter, a repair construct was developed representing an optimal and controlled healing
environment with minimal inflammation reactions and adhesions to the surrounding tissues. To this end, both a
mechanical and a biological approach were combined in a tubular electrospun repair construct. Firstly, as a
mechanical approach, a novel acrylate endcapped urethane-based crosslinkable precursor (AUP), constituting a
530 g-mol* or 2000 g-mol-' poly(e-caprolactone) (PCL) backbone, was synthesized and characterized. To fabricate
a tubular construct for tendon repair, electrospinning (ES) was elaborated as a processing technique.
Subsequently, the developed repair construct was tested with regard to multiple mechanical requirements by
means of tensile testing. More precisely, mechanical properties of the developed constructs using ex vivo sheep
tendons were evaluated. Furthermore, a degradation study on the developed repair constructs was performed as

well. The developed PCL-based AUPs repair constructs were benchmarked against PCL repair constructs.

Secondly, in the biological approach, the proposed design aimed to provide a controlled drug release to avoid
adhesion and inflammation. Therefore, both naproxen and hyaluronic acid were incorporated in order to gradually
release the pharmaceutical components at the injured site. In vitro biological assays using human fibroblasts
(hFBs) were assessed to test the cytocompatibility of the developed repair constructs. Moreover, to evaluate the
potential supportive effect of the construct on tendon healing, collagen production was evaluated in an indirect co-

culture of equine tenocytes and mesenchymal stem cells (MSCs) with the repair construct.

Finally, the developed AUP PCL2k repair constructs were evaluated for tendon repair in an in vivo study in forty
white New Zealand rabbits. The developed repair constructs were compared with the gold standard being the
modified Kessler suture. The performance of the repair techniques was evaluated by biomechanical tensile testing,

macroscopic evaluation, and histological analysis.

4.4 Materials and methods

4.4 .1 Material synthesis and characterization

The PCL-based AUP precursors were synthesized following the protocol described in Chapter 2 (section 2.4). In
this study, a AUP PCL530 and a AUP PCL2k were developed based on a PCL backbone with a molar mass (MM)
of 530 g-mol-" and 2000 g-mol*, respectively. For the methods and protocols regarding the characterization of the
AUPs, we refer to Chapter 2. The chemical structure of the developed materials was determined by 'H-NMR
spectroscopy, the thermal properties through TGA and DSC while the following physico-chemical properties were

also determined: solvent uptake capacity, gel fraction, crosslinking efficiency and viscoelastic properties.
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4.4.2 Material processing using solution electrospinning

(a) Solution parameters

The ES solutions, i.e. PCL (reference), AUP PCL530 (i.e. AUP PCL530:PCL blend in a 50:50 mass ratio) and AUP
PCL2k (i.e. AUP PCL2k:PCL blend in a 50:50 or 25:75 mass ratio), were constituting a polymer concentration of
16 wt% in chloroform. The photo-initiator, ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate (TPO-L), was applied
in a quantity of 2 mol% relative to the acrylate content to facilitate crosslinking in the post-electrospinning step.
To enhance tendon repair, active compounds were incorporated in the electrospun constructs. These additional
components were included in the polymer solution (PCL or AUP:PCL blends) prior to ES. Based on literature
[118,119,122,334,335], the addition of an anti-adhesion and an anti-inflammatory component (i.e. HA, 1 wt% and

Nap, 1.5 wt%) was pursued.

(b) Device processing parameters

The in-house manufactured electrospinning set-up is composed of a high voltage source (Glassman High Voltage,
Inc.; model series EL50P00, high voltage DC power), a motion controller (CWFW Ghent University) and a motor-
driven syringe pumping system (New Era Pump Systems, Inc.; model Single Syringe Pump NE-300). The applied
processing parameters (i.e. voltage: 15-20 kV, flow rate: 0.5-8.5 mL-h-!' and needle-to-collector: distance 18-21
cm) were varied within the ES process and an optimal set of parameters was selected subsequently. For the AUP
PCL530 blend: voltage of 18 kV, flow rate of 1.5 mL-h-! and needle-to-collector distance of 18 cm. For the AUP
PCL2k blend: voltage of 15 kV, flow rate of 0.75 mL-h-' and needle-to-collector distance of 18 cm. ES was
performed at 21°C and the relative humidity was determined by a hygrometer which was present in the ES cabinet.
The homogeneous polymer solution (stirred overnight) was transferred into a 20 mL syringe that was clamped into
the syringe pumping system. The ES needle (inner diameter: 0.580 mm for the AUP PCL530 blend and 0.495 mm
for the AUP PCL2k blend) was placed at a variable height above the collector. First, a flat plate collector was used
to generate sheets and the quality of the fibers was assessed. Secondly, a mandrel rotating around its axis (180
rpm, Inox stainless steel, 4-6 mm diameter) was applied during the process of ES to produce tubular constructs.
For an easy release of the electrospun tubes from the mandrel, preheated mandrels were dip coated in molten
poly(ethylene glycol) 8000 g-mol* (PEG8kK) and, after performing ES, were submerged in ultrapure water to

dissolve the water-soluble PEG-coating and allow an easy release of the developed tubular constructs.

(c) Design of the repair construct

The design of the tubular constructs in the present study is based on multiple layers. The inner layer and outer
layer of the construct were electrospun PCL (reference) or AUP layers (i.e. AUP PCL530 or AUP PCL2k blended
with PCL, as described above). The latter included anti-adhesion and anti-inflammatory drugs, i.e. hyaluronic acid

(HA) and Naproxen (Nap). The middle layer acts as a reinforcement layer in between the two electrospun layers.
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This reinforcement is based on the Chinese finger trap mechanism and is composed of a polypropylene tubular

braid. The proposed reinforced, drug-loaded electrospun construct design is depicted in Figure 4.2.

4.4.3 Post-processing photo-crosslinking step
After ES, the AUP PCL530:PCL or AUP PCL2k:PCL mats and tubular constructs were transferred into a UV-

transparent plastic bag and subsequently flushed with argon to remove oxygen that could interfere with the

crosslinking process. The UV-treatment (both above and below the construct) was performed by UV-A irradiation
(A =365 nm, at 10 mW-cm=2)(Philips TL OW/08 P8 T5/ BLB lamps in the holder of Bi-Sonic Technology Corp.;
model 8B-230 HB; 250-450 nm range) for 30 minutes.

4 4.4 Mechanical evaluation of the developed repair construct

(a) Tensile testing of reinforced, drug-loaded electrospun tubes on ex vivo sheep tendons

First, an ex vivo tensile test on the non-reinforced, drug-loaded constructs was performed and the obtained data
were compared to those of reinforced, drug-loaded constructs (PCL as a reference, compared to AUP
PCL530:PCL and AUP PCL2k:PCL) applied in cadaveric sheep tendon. An overview of the used materials with
and without reinforcement, and the corresponding abbreviations is shown in Table 4.1. An example of the applied

tensile testing setup is shown in Figure 4.1C.

| Tensile testing set-up

Ruptured tendon
——

| ]
| ] |
Temporary sutures Fixed sutures |

4

With ex vivo
sheep tendon

Ruptured tendon

Figure 4.1. (A) Induction of a complete transection in the middle of the tendon, and final repaired tendon using the proposed repair
construct, (B) application method of the repair construct on the damaged tendons (C) Set-up of the tensile testing set-up of the repair
construct on the ex vivo sheep tendon.

Hind limbs of sheep were collected in a local abattoir. The flexor digitorum profundus tendons were immediately
dissected from the sheep’s hind leg and frozen at -18°C. Sheep tendons were chosen as a model because their
tensile forces correspond mostly to those of human deep flexor tendons [336]. After thawing, a complete
transection was induced in the middle of the tendons (Figure 4.1A). Both ends of the transected tendon were pulled
in the construct with a temporary suture at both ends (Figure 4.1B). Subsequently, either the non-reinforced
constructs or the reinforced constructs were fixed at their outer ends to the tendon by a circumferential interlocking

suture, again using a polydioxanone suture (PDS size 4-0, Ethicon Inc., Piscataway, NJ). The samples were
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mounted in a tensile testing machine (Lloyd Ametek C2S, software Nexygen Plus) with a clamp distance of 5 cm.
After a preload of 1 N, an elongation test at a speed of 20 mm-min-"was performed until failure. Each condition

was tested in triplicate.

Table 4.1. Overview of materials tested for the development of a (reinforced) repair construct.

PCL AUP PCL530:PCL AUP PCL2k:PCL
Non-reinforced PCL AUP PCL530 AUP PCL2k
Reinforced with tubular braid rPCL rAUP PCL530 rAUP PCL2k

(b) Degradation study in aqueous environment

Tubular constructs (thickness = 1 mm, inner diameter = 5 mm and length = 0.5 cm) were electrospun, the initial
mass of each sample was registered, and the samples were subsequently incubated (T = 37°C, phosphate-
buffered saline (PBS), pH = 7.4). Three samples were each time (every 2 weeks) removed and washed with
ultrapure water to eliminate possible PBS salts. Samples were weighed and compared to their original mass. This
ratio describes the percentage of mass loss and can thus be used as an indication of degradation. The degradation

was studied for a time period of 17 weeks. The degradation study of the samples was performed every 2 weeks.

(c) Suture retention strength of the developed tubular repair constructs

The suture retention strength of the PCL and AUP PCL2k:PCL electrospun constructs was measured as described
by Schaner et al. [337]. In brief: a tensile testing machine (Lloyd Ametek C2S, software Nexygen Plus) with a load
cell of 100 N was used. One end of the tubular constructs was fixed on one side in a clamp while the opposite end
was connected to another clamp by a polydioxanone suture (PDS size 4-0, Ethicon Inc., Piscataway, NJ) with a
round needle to avoid any cutting effect. The sutures were placed in the four corners (0°-90°-180°-270°) at 2 mm
from the edge of the constructs (diameter 5 mm). After a preload of 0.05 N, the constructs were pulled at a
crosshead speed of 10 mm-min-'until the suture pulled through the constructs. The suture retention strength, which

was defined as the fracture strength, was obtained. Each test was performed 5 times.

4 4.5 Biological evaluation of the developed repair construct

(a) Cytotoxicity assay using human fibroblasts

In vitro (in)direct cell tests, using commercial human fibroblasts (hFBs) (primary foreskin fibroblasts, purchased
from ATCC), were executed during this study to determine the biocompatibility of the materials. The electrospun
materials (PCL, AUP PCL530:PCL blends, and AUP PCL2k:PCL), as described in Table 4.2, were first evaluated
without additional compounds (reference) and subsequently with the addition of Nap or HA. The effect of Nap and
HA concentrations on cellular response and cell viability was evaluated. Samples were sterilized by incubation in
70% (vIv%) ethanol for 24 hours (with a refreshing of ethanol after 12 hours) and subsequent UV-C irradiation
(100-250 nm, 15 mW-cm-?) for 2 hours.
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Table 4.2. Overview of electrospun materials (PCL, AUP PCL530:PCL blend, AUP PCL2k:PCL blend) with or without additional
components applied in in vitro (in)direct cell tests.

Function Component PCL AUP PCL530:PCL AUP PCL2k:PCL
Reference / PCL Ref AUP PCL530 Ref AUP PCL2k Ref
Anti-inflammatory Nap PCL Nap AUP PCL530 Nap AUP PCL2k Nap
Anti-adhesion HA PCL HA AUP PCL530 HA AUP PCL2k HA

Positive control

Human fibroblasts were cultured in culture medium, consisting of Dulbecco's Modified Eagle Medium (DMEM) high
glucose, 10 v% nutritional fetal bovine serum and 1 v% antibacterial penicillin/streptomycin (P/S), at 37°C in 5%
CO; until a desired number of cells was reached. Culture medium was refreshed every 2-3 days, and cells were
passaged when 80-90% confluency was reached. Passage 13 human fibroblasts were used in these experiments.

As positive control group, hFBs not having contact with the electrospun materials were included.

= Indirect cell test
The developed repair constructs were incubated during 1, 3 and 7 days to assess the effect of potential leachables
using a cell proliferation and viability assay. These experiments were performed in triplicate. To this end, 10 000

hFBs were seeded onto a 96 well plate until 80% confluence.

The metabolic activity of the hFBs was assessed through an 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. A mixture of 16 viv% of MTS in culture medium
was prepared and added to the hFBs. Next, the MTS was bioreduced into the colored formazan by incubation at
37°C for 2 hours in the dark (wrapped with aluminum foil) under continuous shaking. Thereafter, a
spectrophotometer (BioTek Instruments; EL800 Universal Micropate Reader, with GEN5 software) was used to

measure the absorbance of formazan at 490 nm.

Furthermore, a live-dead viability assay was carried out using calcein-acetoxymethyl/propidium iodide (Ca-AM/PI).
A mixture of 0.2 viv% Ca-AM and 0.2 viv% Pl in PBS was added to the hFBs and incubated in the dark by covering
them with aluminum foil for 15 minutes at room temperature. Visualization of the HFBs was performed by
fluorescence microscopy (Olympus IX 81 with software Xcellence Pro), using a fluorescent protein (GFP) filter and

a Texas Red (TxRed) filter, which led to the distinction of green living cells and red dead cells.

= Direct cell test
A biocompatibility assay was conducted on cells which were in direct contact with the electrospun material. After
sterilization (vide supra), the materials were added to a confluent monolayer of hFBs in a 48-well plate (30 000
cells/well) supplemented with 400 L culture medium. Cell viability was assessed in triplicate by a live-dead Ca-

AM/PI fluorescence staining as well as a cell proliferation assay using MTS after 1, 3 and 7 days.
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(b) Indirect co-culture (tenocytes and MSCs) assay to evaluate collagen production

To quantify the total collagen production, a Sirius Red/Fast Green Collagen staining kit (Chondrex) was used in
mono-cultures (equine tenocytes or MSCs, respectively) and compared to direct co-cultures (equine tenocytes and
MSCs). This was tested on electrospun materials (PCL and AUP PCL530:PCL) without additional components

(reference) as well as supplemented with Nap or HA (Table 4.2).

Both tenocytes and MSCs were harvested from a 15-year-old Arabian horse. Equine tenocytes were isolated from
the superficial digital flexor tendon using 0.1% collagenase type la digestion in high glucose DMEM [338]. MSCs
were collected from abdominal adipose tissue using 0.1% liberase digestion in low glucose DMEM. Both cell types
were cultured until passage 4 and were then seeded in 12-transwell plates at a density of 25000 cells-cm=2 in
tenocyte medium (consisting of HG-DMEM, 10% FBS, 1% L-glutamine, 1% P/S/Amphotericin B(A)) or MSC culture
medium (consisting of LG-DMEM, 30% FBS, 1% L-glutamine, 1% P/S/A), respectively. In addition, a co-culture
with a ratio of 50% tenocytes and 50% MSCs was included in this study, cultured in a 50:50 ratio of the

corresponding media, as well as a tissue culture plastic (TCP) control.

ES discs (D: 8 mm) were punched out and sterilized (vide supra) before cell seeding. ES discs were placed on a
transparent insert with a pore size of 0.4 um. Cells (i.e. tenocytes and/or MSCs) were located at the bottom of the
well in order to have an indirect contact between the disk and the cells. All experiments were performed in triplicate.
The Sirius Red staining kit was used to quantify collagen production. In brief, medium was discarded after 7 days,
and cells were washed with PBS. An amount of 0.5 mL of Kahle fixative (i.e. 60 v% distilled water, 28 v% 97%
ethanol, 10 v% 37% formaldehyde and 2 v% glacial acetic acid) was added and subsequently incubated for 10
minutes at room temperature. After removing the fixative and washing the cells again with PBS, 250 uL of dye
solution was added and incubated at room temperature for 30 minutes. The stained cell layers were rinsed three
times with distilled water followed by dehydration in ethanol from 70% to 96% (1 min per step). After visualization,
1 mL of dye extraction buffer was loaded in each well and carefully mixed by pipetting until the color was eluted
from the sample. Finally, 100 L was compiled of the eluted dye solution and transferred into a 96-well plate. The
optical density (OD) was measured by a spectrophotometer (Infinite F50 Tecan) at 550 nm and 595 nm. The total

collagen and non-collagenous protein production were determined by Equations (4.1) and (4.2).

Total collagen [ ug ] _ 0D550 value — (OD595 value x 0.291) @1
section Col.Eq
Non — collagenous proteins [ a ] = 0D595 (4.2)
section Col.Eq

With:

OD550 value = optical density of Fast Green (550 nm)

Contribution of Fast Green at 550 nm is 29.1% — OD595 value is multiplied by 0.291
0OD595 value = optical density of Sirius Red (595 nm)
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Col. Eq (total collagen) = color equivalence of total collagen = 0.0378

Col. Eq (non-collagenous proteins) = color equivalence of non-collagenous proteins = 0.00204

4.4.6 In vivo study in rabbit model

(a) Surgical techniques
Technique 1: “Reinforced, drug-loaded construct”: The design of the electrospun repair construct has been
described in section 4.4.2. The material used was AUP PCL2k blended with PCL in a 1:3 ratio.

Technique 2: “Drug-loaded construct”: In this technique, the same protocol and processing parameters were used
as described for technique 1, but without the incorporation of a reinforcement tubular braid. This construct did not
have sufficient intrinsic strength (see results section 4.5.2) and was therefore combined with a modified Kessler
suture. Using this construct without reinforcement allows the evaluation of possible biological advantages of the
AUP PCL2k:PCL-drug-loaded polymers without interference from the braid.

Technique 3: “Tubular braid”: In this technique, a tubular braid without any drug-loaded electrospun polymers was
used. This braid is made of polypropylene strands of 0.18 mm, has a length of 15 mm, and a diameter of 2.5 mm.
Using this construct without drug-loaded polymers allows the evaluation of the mechanical strength of the braid

without medication interference.

Technique 4: “Modified Kessler”: The modified Kessler was used as a gold standard / control technique. In brief,
the Kessler repair is based on a suture that is anchored to the tendon in all 4 corners with a knot. This knot prevents
the suture from moving within the tendon substance. In the modified Kessler, a loop is used at each corner instead

of a knot. The suture is therefore not anchored in the tendon and can move freely [339].

(b) Animals

Forty 18-24-weeks-old female New Zealand White rabbits with an average weight of 4.6 + 0.3 kg were used (Cegav
S.S.C., France). The ethics committee of the Faculty of Veterinary Medicine of Ghent University, Merelbeke,
Belgium, approved the study (2019-60). All animals received humane care in compliance with the Guide for Care

and Use of Laboratory Animals published by the National Institutes of Health (NIH publication No. 85-23).

Before surgery, all rabbits were housed individually in standard rabbit cages for a minimum of 7 days. An overview
of the grouping details is presented in Figure S4.1. The rabbits were randomly divided into two groups of 20 rabbits
for evaluation at 3 and 8 weeks after surgery to assess the early and late stages of tendon healing. Surgery was
performed in the second and fourth deep flexor tendons of one hind paw using one of the four repair techniques
described above. Techniques 1 and 2 were always used in the same paw because the constructs used for these

techniques both release the same medication. Therefore, other combinations were not possible because undesired
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dispersion of medication could potentially influence the results. Whether a technique was used in the second or
fourth tendons was randomly determined. This implies that 10 samples were available for analysis at 3 weeks and
10 at 8 weeks for each technique. Of these 10 samples, eight were used for mechanical testing, and two were

used for histological analysis.

(c) Premedication and anaesthesia

All rabbits were sedated with intramuscular (IM) injection of medetomidine (0.2-0.3 mg-kg') and buprenorphine
(0.03-0.05 mg-kg). Subsequently, IM ketamine (10 mg-kg-') was used to induce anesthesia and a laryngeal mask
(V-gel®) was placed to administer isoflurane. An intravenous (IV) catheter was inserted into the marginal ear vein
(after applying EMLA® créme) to administer doxapram 5 mg-kg' IV in case of apnea. No antibiotic prophylaxis

was administered.

(d) Injury induction and surgical reconstruction

After positioning the rabbit in dorsal decubitus, the operative site on the right hind paw was clipped and surgically
prepared (chlorhexidine scrub and alcoholic disinfection). A proximal unloading tenotomy of the common deep
digital flexor was performed proximal to the heel, as described by Berglund et al. [340]. Next, the flexor digitorum
profundus (FDP) tendon rupture model described by Chou et al. [341] was used. Briefly, a longitudinal midline
incision was made on the plantar side between the second and third metatarsi. After subcutaneous dissection,
flexor digitorum superficialis (FDS) tendons were identified, and the second and fourth FDS were removed over a
length of 2 cm to expose the underlying FDP tendons. A full transverse section was then performed midway through
the second and fourth FDP tendons, which were subsequently repaired using one of the four techniques described
above. The skin was closed using subcutaneous (vicryl 4-0 Ethicon) and intradermal sutures (monocryl 3-0

Ethicon). Finally, a custom-made splint using a thermoplastic strip was applied to immobilize the phalanges.

(e) Operative protocol for tendon repair with the proposed surgical techniques

Technique 1. Reinforced, drug-loaded construct: During surgery, the two ends of the transected tendon were
pulled through the construct using a temporary simple suture (polydioxanone suture [PDS] 4-0, Ethicon). As a
result, the tendon ends were pulled together to achieve an overlap of the tendon ends of 3 mm. The construct was

then fixed to the tendon surface at the periphery of the construct using three simple surgical knots (PDS 4-0).

Technique 2. Drug-loaded construct: During surgery, the first part of the modified Kessler suture (PDS 4-0) was
placed on the proximal tendon end. Next, the suture threads were pulled through the polymer structure, which was
then glided halfway over the proximal tendon end. Finally, the modified Kessler suture was completed at the distal
end of the tendon. To complete the suture and tighten the knot, the tubular polymer was divided longitudinally until

midway through the construct. The cut was closed after completion with a simple surgical knot using a PDS 4-0.
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Technique 3. Tubular braid: During surgery, the same surgical steps as in technique 1 were used, including the
insertion of the two ends of the tendon in the tubular construct with temporary sutures and fixation of the braided

construct to the tendon surface with three simple surgical knots on both ends.

Technique 4. Modified Kessler: In this control group, the sectioned tendon was reconstructed using a two-stranded
modified Kessler suture with PDS 4-0.

(f) Post-operative protocol
During the first 3 weeks, the rabbits were housed individually. Subsequently, they were transferred to group
housing to improve animal welfare. With no lack of access to food and water, a standard rabbit diet was provided

in both housing conditions.

During the first 5 days, a daily dose of meloxicam 1 mg-kg' was administered. During the first week, eating,
drinking, production of fecal pellets and cecotropes, weight, and temperature were monitored daily. From the
second week onwards, weight and temperature were measured twice per week. An inspection for swelling and

wound or bandage problems was conducted daily.

(9) Euthanasia

All rabbits were anesthetized using xylazine 5 mg-kg' IM and ketamine 10 mg-kg' IM. The animals were then
euthanized by injecting sodium-pentobarbital (0.5 g-kg™') IV in the lateral ear vein. Immediately after euthanasia,
the hind legs were transected. Within 1 h, dissection of the tendons was performed with either immediate

macroscopic evaluation, tensile testing, or preservation for further histological analysis.

(h) Biomechanical testing

Tensile testing was performed using a hydraulic tensile testing machine (LRX Plus with a 100N load cell, Lloyd
Instruments, Bognor Regis, UK) using custom-made clamps with serrated teeth. Each tendon was secured
between the clamps using sandpaper to prevent slippage. During testing, the tendons were kept moist by spraying
them with a saline solution. The repaired tendons were first pre-tensioned at 0.5 N, and then a distraction was
performed at a rate of 5 mm-min-' until complete failure [331]. Ultimate load, extension from preload at maximum
load, and stiffness were recorded using Nexygen Plus software. As planned, 32/32 tendons available for tensile

testing were evaluated.

(i) Macroscopic evaluation
A macroscopic evaluation of the repaired tendons (32/32) was performed immediately after euthanasia. The
presence of adhesions around the repair site was evaluated using a frequently used visual scale [342]: grade 1,

no adhesions; grade 2, adhesion area requiring blunt dissection alone for separation; grade 3, adhesion area less
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than or equal to 50% requiring sharp dissection for separation; grade 4, 51-97.5% adhesion area requiring sharp
dissection for separation; grade 5, >97.5% adhesion area requiring sharp dissection for separation. One adaptation
was made; instead of grading adhesion only centrally, a second grading was also applied more peripherally at 7.5

mm from the center on each side.

() Histological analysis

After dissection, the tendons used for histological examination were retrieved and immersed in 10% formaldehyde.
Because of an infected hind paw in one rabbit, two tendons, treated with two different techniques, were excluded
from further analysis. A transverse cut immediately adjacent to the repair zone was performed, and the remainder
of the sample was cut longitudinally. After technical and qualitative evaluation of the sections, one sample of each
technique at each period was selected for further analysis (8/16 tendons available for histology). The samples were
then serially dehydrated in ethanol and embedded in paraffin wax to produce tissue sections of 5-um thickness on
positively charged glass slides. The slides were further heated in a 70°C oven followed by immersion in xylene
solution for 5 min, and the process was repeated three times. The deparaffinized samples were then rehydrated
and subjected to hematoxylin and eosin (H&E) and Masson’s trichrome staining to analyze connective tissue, and
immunohistochemical CD31 staining (Agilent, JC70A, 1/5 dilution) to analyze the number of blood vessels. The
tissue sections were examined under an upright light microscope (Olympus BX3 microscope, Tokyo, Japan), and
pictures were taken using an Olympus U-TVO.5XC-3 camera. Because of the limited number of samples available

for histology, only a qualitative evaluation could be performed.

Tendon repair quality was examined on longitudinal histologic sections using a four-point grading scale based on
Tang by a blinded observer [343]. The following four parameters were considered: the size of gap formation, newly
formed collagen fibers, type of inflammation, and vascularization. The quality of tendon repair was classified as
follows: (1) excellent - perfect continuity of the repaired zone, presence of collagen fibers, few inflammatory cells,
and vascularization; (2) good - small gap formation, presence of newly formed collagen fibers, inflammatory cells,
and vascularization; (3) fair - the presence of gap formation, minor presence of newly formed collagen fibers, a
moderate amount of inflammatory cells, and vascularization, (4) poor - large gap formation, no presence of newly

formed collagen fibers, numerous inflammatory cells, and vascularization.

To estimate the influence of the different repair techniques on vascularization, the total number of blood vessels
per mm? was counted manually by two independent observers (at 10x magnification) on transverse CD31-
immunohistochemical staining sections at 3 and 8 weeks for each technique using LAS V4.1 software (Leica

Microsystems).
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4 4.7 Statistical analysis

The mean and standard deviation (SD) on the samples (at least triplicate) were calculated using GraphPad Prism
7 software and all data were expressed as mean + SD. Statistical evaluation was carried out by performing a one-
way or two-way ANOVA, with a post Tukey multiple comparison test. Differences were considered statistically

significant at p < 0.05 and were annotated with *.

For the biomechanical tests in the in vivo study, a total of 32 rabbits were chosen based on power analysis with a
power of 0.80, an effect size of 0.65, and a significance level (alpha) of 0.05 for the biomechanical testing [122].
Furthermore, eight additional rabbits were added for histological analysis. Because normality (Shapiro-Wilk test)
and equality of variances (Levene’s test) could be assumed, parametric testing was performed. For each
dependent factor (ultimate load, extension from preload, stiffness), a two-way analysis of variance (ANOVA, tests
of between-subjects effects) was conducted to investigate the effects of both postsurgical periods, techniques, and
possible interactions. Further pairwise comparisons were conducted to determine the significance. Pearson’s chi-
square (Fisher's exact) test was conducted to investigate the significance of the macroscopic evaluation of
adhesion formation. For histological evaluation, only qualitative descriptions were provided. All statistical analyses
were performed using SPSS version 26.0 (SPSS Inc., Chicago, IL, USA).

4.5 Results and discussion

The goal of this chapter was to design an electrospun tubular polymeric repair construct able to withstand
mechanical stresses and to enable the controlled release of anti-adhesion and anti-inflammatory compounds,
resulting in a mechanically and biologically improved flexor tendon healing. To this end, the polymer was first
synthesized and characterized for its physico-chemical properties (Chapter 2). Subsequently, PCL (reference) and
the developed AUP PCL530 and AUP PCL2k polymers were processed into a tubular repair construct using
electrospinning. The mechanical, degradation and in vitro biological properties of the developed repair constructs
were evaluated. In addition, the repair constructs were tested using ex vivo sheep tendons. Finally, the AUP PCL2k

repair construct was tested in an in vivo rabbit model.

4.5.1 Design of the repair construct

The design of the tubular constructs in the present study is based on multiple layers. The inner layer and outer
layer of the construct were electrospun PCL or AUP layers, i.e. AUP PCL530 and AUP PCL2k (as described in
section 4.4.2). The average fiber diameter ranges between [3-4.5] um for AUP PCL530 and AUP PCL2k, and was
around 8 um for the PCL-based electrospun constructs. The electrospun layer includes anti-adhesion and anti-
inflammatory drugs, i.e. hyaluronic acid (HA) and Naproxen (Nap). These drugs should counter post-surgical
peritendinous inflammatory responses and adhesion formation with surrounding tissues, which are known to
induce pain and impede a proper healing and poor (re-)functionality of the tendon [333]. The middle layer acts as

a reinforcement layer in between the two electrospun layers. This reinforcement is based on the Chinese finger
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trap mechanism and is composed of a polypropylene tubular braid. This type of tubular braid tightens and grasps
the tendon upon elongation, mimicking the stress-strain behavior of tendons [121]. The proposed reinforced, drug-
loaded electrospun construct design is depicted in Figure 4.2. The dimensions of the repair constructs are: An
internal diameter of 2.5 to 4 mm, a thickness of approx. 1 mm, and a length of approx. 15 to 35 mm (depending on

their use in ex vivo sheep tendon testing or in vivo rabbit model).
D Biological approach

Drug-releasing electrospun layer \

Mechanical approach

Reinforcement layer

Figure 4.2. Visualization of a reinforced, drug-loaded ES construct. (A) Inner layer with no additional drugs that serves at enclosing the
tubular braid in between two electrospun PCL or AUP (AUP PCL530 or AUP PCL2k) layers. (B) Tubular braid with a Chinese finger trap
mechanism that acts as a mechanical support. (C) Outer electrospun PCL or AUP layer with incorporated anti-adhesion and anti-
inflammatory components. (D) Schematic visualization of the reinforced ES repair construct. The dimensions of the repair constructs are:
An internal diameter of 2.5 to 4 mm, a thickness of approx. 1 mm, and a length of approx. 15 to 35 mm (depending on their use in ex vivo
sheep tendon tests or in an in vivo rabbit model).

4.5.2 Mechanical evaluation of the developed repair construct

One of the main goals was to develop a material with sufficient mechanical properties to support the tendon in the
first stages of its recovery process in order to improve healing. The mechanical properties of the repair construct
were evaluated using ex vivo sheep tendons. The developed PCL-based AUP repair constructs were compared
to PCL constructs (as a reference). The minimal stress the construct should be able to bear in order to obtain an

optimal repair, is approximately 4 MPa in hand tendons [82].

Two PCL-based AUPs with a varying backbone MM were expected to lead to differences in mechanical properties.
The AUP precursor with a MM 530 g-mol-* PCL backbone is expected to attain superior mechanical properties
when compared to AUPs with higher MM PCL backbones. Herein, the AUP PCL530 will be compared to the AUP
PCL2k. It is expected that shorter polymer chains lead to a more densely crosslinked network, increasing the

stiffness. When comparing the mechanical properties of the pure (not processed) materials (evaluated as
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crosslinked films), as discussed in Chapter 2, a Young's modulus of 8.72 + 0.55 MPa and 5.68 £ 0.23 MPa was
obtained for the AUP PCL530 and AUP PCL2k, respectively. These materials were processed using
electrospinning into tubular constructs (as discussed in section 4.5.1). In the upcoming sections, the mechanical

properties of the tubular electrospun repair constructs were evaluated.

(a) Tensile testing of (reinforced) drug-loaded electrospun tubes on ex vivo sheep tendons
Ex vivo tensile tests were performed on cadaveric sheep tendons. The tensile testing set-up is shown in Figure
4.3. Both the AUP PCL530 and AUP PCL2k were evaluated using ex vivo sheep tendon.

Figure 4.3. Ex vivo tensile testing of the repair constructs using cadaveric sheep tendons. (A) Repair construct without reinforcement; (B-
C) Reinforced repair construct. The dimensions of the repair constructs are: An internal diameter of 2.5 to 4 mm, a thickness of approx. 1
mm, and a length of approx. 15 to 35 mm (depending on their use in ex vivo sheep tendon tests or in an in vivo rabbit model).

Both non-reinforced and reinforced repair constructs were tested (Figure 4.3). The non-reinforced repair constructs
failed at an average ultimate stress of 0.4 £ 0.1 MPa, 0.8 + 0.4 MPa and 0.8 + 0.0 MPa for the PCL, AUP PCL530
and AUP PCL2k, respectively. These ultimate stress values are not sufficient for the intended tendon repair
application, as a minimum of 4 MPa should be aimed at [82]. However, the developed reinforced repair constructs
attained ultimate stresses of 4.8 £ 1.0 MPa, 6.4 + 0.6 MPa and 8.4 + 0.6 MPa for PCL, AUP PCL530 and AUP
PCL2k, respectively. The difference in ultimate stress values between AUP PCL530 and AUP PCL2k can be
attributed to the difference in crystallinity. The higher initial acrylate concentration in the lower MM AUP should
result in a formation of a more densely crosslinked network, and thereby also in a higher stiffness. The higher
Young’s modulus obtained for the AUP PCL530 repair constructs (9.4 + 2.5 MPa) compared to the AUP PCL2k

repair constructs (3.7 £ 0.5 MPa) confirmed this statement.
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For all materials, there was a significant difference (p < 0.05) when comparing the non-reinforced to the reinforced
repair constructs, both with regard to the Young’s moduli and the ultimate stresses (Table 4.3). Haussman et al.
[336]. studied two different surgical suturing techniques on human flexor tendons and on sheep, pig and calf
tendons. They reported a ultimate stress of 2.05 + 0.32 MPa for a Modified Kessler suture and 3.47 + 0.58 MPa
for a deep running suture, on the repair of sheep tendons (with a surface value of 19 mm?) [336]. Two other suturing
techniques (i.e. Adelaide and Modified Adelaide) were evaluated by Tahmassebi et al.[344], and led to ultimate
stresses 0f 2.56 £ 0.31 MPa and 2.73 + 0.16 MPa respectively. Considering the average maximum failure stresses
in the current study of 6.4 + 0.6 MPa and 8.4 + 0.6 MPa for AUP PCL530 and AUP PCL2k respectively, the repair
constructs reached superior ultimate stresses compared to most standard surgical suturing techniques. This
suggests that the proposed repair technique might allow faster active rehabilitation, which is also beneficial in the

prevention of adhesion formation.

Table 4.3. Overview of the tensile testing data of the non-reinforced, drug-loaded versus reinforced, drug-loaded repair constructs (AUP
compared to PCL as a reference) on ex vivo sheep tendons.

Non-reinforced vs reinforced Material Young’s modulus [MPa] Ultimate stress [MPa]
Non-reinforced drug-loaded PCL 0.3+£0.2 0401
Reinforced drug-loaded PCL 57+1.2 48+1.0
Non-reinforced drug-loaded AUP PCL530 2509 0804
Reinforced drug-loaded AUP PCL530 94+25 6.4+06
Non-reinforced drug-loaded AUP PCL2k 0.6+0.2 0.8+0.0
Reinforced drug-loaded AUP PCL2k 3705 8406

(b) Degradation study in aqueous environment

The body-implanted construct should encourage a healing process (ideally within 6-8 weeks) in order to resume
and stimulate the normal properties of a tendon [58]. Also, the tendon itself should be mechanically strong enough
to perform its function before the repair construct starts degrading and the healed tendon is strong enough to bear
loads again. This implies that the repair construct should not start to degrade before a period of at least 8 weeks.
Moreover, it has been reported that the degradation of PCL occurs through hydrolysis of its ester linkages when in
contact with physiological conditions (such as the human body) [345]. This is associated with a reduction in strength
and a decrease in mass as a result of fiber rupture. Therefore, a degradation study in phosphate buffered saline
(PBS) of more than 8 weeks was proposed to investigate whether premature mass loss of the electrospun repair
construct (AUP PCL530, AUP PCL2k and PCL as reference) would occur.

Figure 4.4 demonstrates the degradation of the electrospun AUP PCL530 and the AUP PCL2k repair constructs.
The high standard variations may be due to the limitation of accurate weighing of the light massed electrospun
tubes (i.e. mg range). Only after 10 weeks, a decrease in remaining mass was observed, more in the PCL repair
constructs than the AUP PCL530 constructs. For the AUP PCL2k repair constructs, no significant decrease in

remaining mass was observed over the measured 9 weeks.
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Importantly, the mass of the AUP (PCL530 and PCL2k) repair constructs did not significantly (p > 0.05) decrease
in the crucial period up to 9 weeks, and thus would give the tendon enough time to pass to an advanced healing
stage.
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Figure 4.4. Degradation study of the electrospun AUP PCL530, AUP PCL2k and PCL repair constructs in aqueous medium.

(c) Suture retention strength

The non-reinforced PCL repair construct showed an average suture retention strength of 0.50 £ 0.09 MPa while
the non-reinforced AUP PCL2k reached a significantly higher average strength of 0.79 + 0.17 MPa (p < 0.05). The
AUP PCL2k construct was thus better at holding sutures in place in comparison with the PCL. This can be attributed
to the more densely covalently crosslinked structure obtained with AUP. The suture retention strength is a crucial
and invaluable characteristic and is generally underestimated in literature concerning electrospinning specifically
in tendon repair. This is in contrast with research in electrospun constructs in vascular surgery, where constructs
are always attached with sutures and the aspect of suture retention strength receives more attention. In the field
of tendon repair, no literature was found on sutures used for tubular electrospun constructs around a tendon. They
are mostly used as a carrier for drugs or stem cells and are considered as an additive in addition to the normal
repair techniques. Because in the current application, the construct will be used as a complete repair technique in

itself and not only as a carrier, the suture retention strength becomes one of the vital characteristics of repair.

4 5.3 Biological evaluation of the developed repair construct

In tendon repair, adhesion is one of the main complications of the currently used surgical techniques and refers to
the abnormal adherence of soft tissue to the surrounding structures [346]. In addition, during the repair period,
large numbers of inflammatory cells are attracted to the injury site [333]. As a result, recurrent injury or loss of
function are often observed.

The main goal of this research was to develop a mechanically and biologically relevant tubular construct for tendon

repair. Within the biological approach, the main aim was to incorporate drugs, i.e. naproxen and hyaluronic acid,
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in the electrospun construct to counter these adhesion and inflammatory processes. It has been reported in
literature that Nap prevents adhesions by inhibiting the inflammatory response [334]. HA on the other hand is a
natural polymer, ubiquitously present in the human body which has the ability to interfere with pro-inflammatory
factors such as prostaglandins and cytokines [122]. Therefore, both drugs indirectly influence each other while no

adverse effects on biocompatibility are expected [333].

(a) In vitro biocompatibility evaluation of the developed material

Potential cytotoxicity of the developed drug-loaded electrospun constructs was assessed using both an indirect
and direct contact test. Evaluation of the biocompatibility of the materials was performed by Ca-AM/PI staining and
an MTS assay at three different time points (i.e. day 1, day 3 and day 7) both in indirect and direct contact with
human fibroblasts (hFBs).

Using the Ca-AM/PI staining, it was demonstrated that cell viability for all materials in both contact tests exceeded
70% after 7 days (Figure 4.5). Moreover, viability data for these materials was non-significantly different when
compared to the tissue culture plastic positive control. Hence, the developed AUP material, and the incorporation
of both an anti-inflammatory and an anti-adhesion component (i.e. Nap and HA) showed excellent biocompatibility,
both in terms of the material on its own (direct contact) as well as leachable compounds derived from it (indirect
contact) [317]. The live/dead staining images are shown in Figure S4.2 and S4.3 for AUP PCL530 and AUP PCL2k,
respectively. The same trend was observed for the metabolic activity, used as a marker of cell proliferation (Figure
S4.4 and S4.5, for AUP PCL530 and AUP PCL2k, respectively).
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Figure 4.5. hFBs cell viability of indirect (top) and direct (bottom) assay using hFBs, by a Ca-AM/PI staining at day 1, 3and 7. (*
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(b) Quantification of the total collagen production in mono- or co-culture of mesenchymal stem cells and tenocytes
In vivo, tenocytes, which are the terminally differentiated cells of a tendon, maintain extracellular matrix (ECM)
homeostasis and increase the production of collagen type | during the tendon healing process [32,35]. MSCs
represent a promising regenerative treatment for tendon injuries, as they are known to promote tissue regeneration,
prevent pathological scar formation, modulate immune responses and regulate inflammation [103,347]. As such,
it has recently been demonstrated that direct co-culture of MSCs and tenocytes resulted an increased proliferation
and collagen type | production when compared with mono-culture controls [103]. Additionally, non-collagenous
proteins, such as glycoproteins, play an important role in modulating collagen fibrillogenesis during tendon
development and healing [85]. Therefore, a co-culture with a ratio of 50% equine tenocytes and 50% equine MSCs

was included in this study.

After 7 days, the main collagen production was significantly higher (p < 0.05) in the co-culture system (tenocytes
& MSCs) when compared to mono-culture systems (tenocytes or MSCs) (Figure 4.6). When considering only the
mono-cultures, a significantly higher (p < 0.05) collagen production was observed in tenocytes when compared to
MSCs (Figure 4.6.A). Additionally, a high amount of non-collagenous proteins was detected in all cell conditions
when compared to the total collagen production, and this production was significantly higher (p < 0.05) in the co-
culture system when compared to MSC mono-culture, indicating that both collagen and non-collagenous protein
production are higher in the co-culture system (Figure 4.6.C). These results illustrate the potential of MSCs to

promote flexor tendon repair [103]. The Sirius Red/Fast Green staining images are depicted in Figure S4.6.

In the MSC mono-culture system, collagen production was significantly increased when MSCs were cultured on
PCL Nap and PCL HA (p < 0.05) when compared to TCP. As it is known that the micro-environment regulates
stem cell function [348], the increased collagen production might be a result of the different biochemical micro-
environment with the presence of Nap and HA, and a differing mechanical strength [349]. It should be mentioned
however that the Sirius Red/Fast Green Collagen staining kit cannot distinguish between different types of
collagen. In the co-culture system, collagen production was significantly higher in PCL HA when compared to AUP
PCL530 Nap (p < 0.05).
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control. (*=p < 0.05).
collagenous proteins was observed when compared to TCP (Figure 4.6D).

Regardless of the cell type, the collagen production did not significantly differ between the materials evaluated in
production of non-

this study (Figure 4.6B). In almost all materials, except for AUP PCL530 Nap, however, an overall significantly
higher (p < 0.05)

These findings were confirmed in the MSC mono-culture, except for AUP PCL530 HA (Figure 4.6C). In the co-
culture, only AUP PCL530 ref showed a significantly higher non-collagenous protein production when compared

to TCP (p < 0.05).
of collagen and non-collagenous proteins was observed when tenocytes were directly co-cultured with MSCs.

In conclusion, in both materials (PCL and AUP PCL530) evaluated in this study, an overall increased production
These findings illustrate that patients suffering from tendon injuries may benefit from MSC therapy as these proteins

play a key role in tendon repair.



4.5.4 In vivo evaluation of the developed tendon repair constructs

In this in vivo study, biomechanical, macroscopic, and histological analyses were performed on four different
techniques to repair flexor tendons. Based on previous studies, a rabbit tendon model was used as a model for
human flexor tendons [122,350]. The modified Kessler suture was used as the control group because it is the most
used technique in biomechanical studies both in hand surgery and regenerative medicine studies using rabbit
tendon models [350]. Only AUP PCL2k repair constructs were tested in this in vivo study.

(a) Biomechanical testing

For the ultimate load at failure, the two-way ANOVA showed statistically significant differences between the
postsurgical periods (p = 0.05) and the interaction between the postsurgical periods and techniques (p = 0.018).
There was no statistically significant difference between the techniques (p = 0.551). Subsequently, a pairwise
comparison was conducted for the interaction between the postsurgical periods and techniques, showing a

statistically significant difference only for the drug-loaded construct between 3 and 8 weeks (p = 0.001).

For the extension from preload at maximum load, the two-way ANOVA showed a significant difference between
the techniques (p = 0.008). There was no statistically significant difference between the postsurgical periods (p =
0.498) and the interaction between the postsurgical periods and techniques (p = 0.184). Subsequently, a pairwise
comparison was conducted to compare the techniques showing statistically significant difference only between
techniques using the drug-loaded construct and the tubular braid (p = 0.006). For stiffness, the two-way ANOVA
showed no statistically significant difference between the postsurgical periods (p = 0.094), techniques (p = 0.221),

and their interaction (p = 0.054).

In these biomechanical tests, the ultimate load to failure showed no statistically significant differences between the
experimental techniques and the control group. This demonstrated that using a tubular braid as a repair strategy
for tendon rupture has a strength comparable to that of the modified Kessler suture. Notably, the tubular braid with
a smaller filament size (0.09 mm) used as a mechanical support in the reinforced drug-loaded construct showed
similar strength as that of the tubular braid in technique 3 (0.18 mm). Furthermore, the techniques constituting the
AUP/PCL polymers containing hyaluronic acid and naproxen also exhibited comparable strength, which indicates

that the medication release does not adversely influence the strength of the repair.
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Figure 4.7. Results of biomechanical testing of the four techniques at 3 and 8 weeks. (A) Ultimate load at failure, (B) extension from
preload at maximum load, (C) stiffness. The data are shown as the mean + standard deviation (SD). Asterisks indicate statistically
significant differences after pairwise comparisons: * p=0.001, ** p=0.006. Blue: reinforced, drug-loaded AUP PCL2k construct, orange:
drug-loaded AUP PCL2k construct, grey: tubular braid, yellow: modified Kessler.

A significant difference was observed between the ultimate load to failure at 3 and 8 weeks. Evaluation of the
graphs and post-hoc analysis indicates that the increase in strength of the drug-loaded construct between 3 and 8
weeks may have caused this group difference. The reinforced drug-loaded construct also increased in strength but
failed to reach significance. Although one would expect the tendon repair complexes to become stronger over time,
a previous study similar to ours failed to show significant differences between the postoperative periods [351].

(b) Macroscopic evaluation

Macroscopic samples of each technique are shown in Figure 4.8, and the results of the macroscopic evaluation
are shown in Figure 4.9. All techniques showed a slight decrease in adhesion formation between 3 and 8 weeks
postoperatively. A significantly different pattern can be distinguished with the techniques using the tubular braid
(reinforced, drug-loaded construct and tubular braid as such), which predominantly showed peripheral adhesions,
whereas the techniques using the Kessler suture (drug-loaded construct and modified Kessler) mainly showed

central adhesions.
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Figure 4.8. Macroscopic samples. (A) Reinforced, drug-loaded AUP PCL2k construct (B) Drug-loaded AUP PCL2k construct (C) Tubular
braid (D) Modified Kessler.
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Figure 4.9. (A) Mean total scores on adhesion formation at 3 weeks postoperatively. (B) Mean total scores on adhesion formation at 8
weeks postoperatively. Techniques with (*) are each individually significantly different (p < 0.05) from those with (#). The (reinforced) drug-
loaded constructs were based on AUP PCL2k.

Adhesion formation is one of the main causes of unsatisfactory postoperative results after flexor tendon surgery.
It can lead to stiffness and pain, and sometimes necessitates a second surgery to release the repaired tendon. In
this study, there were two distinct patterns of adhesion (Figure 4.9). In the reinforced, drug-loaded construct and
the tubular braid techniques, adhesions were observed at the constructs' peripheral ends and not centrally where
the actual repair zone was located. This is illustrated in Figure 4.10. It can be hypothesized that these adhesions
were provoked by multiple exposed interrupted suture knots, rather than by the construct itself. Conversely, in the
drug-loaded construct and the modified Kessler techniques, adhesions were observed more centrally, again at the
suture knot. It is known that monofilament sutures require additional half-hitches compared to that with braided
sutures because of their poorer loop-holding capability and inherently low coefficient of friction [352]. This creates
longer and sharper knots that promote adhesion. In hindsight, an adaptation in the protocol using a continuous
suture technique with only one suture knot or a (thin) multifilament suture that requires fewer half-hitches could
potentially lead to a better evaluation of the anti-adhesion and anti-inflammatory effects of the drug-loaded
electrospun constructs.

Figure 4.10. Image showing adhesion peripherally (black arrowhead) and no adhesion centrally (white arrowhead) when using a
reinforced tubular, drug-loaded electrospun construct.

Although the anti-adhesion and anti-inflammatory effects of the drug-loaded electrospun constructs (techniques 1
and 2) were unfortunately confounded by the adhesion reaction on the suture knots, a trend towards a positive

effect could still be assumed when comparing the complete absence of adhesions centrally in the reinforced drug-

loaded construct compared to the presence of some adhesions in the tubular braided technique.
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(c) Histological analysis

Qualitative measurements of the tendon repair quality grading are shown in Table 4.4. Histological images of the
longitudinal sections stained with H&E and Masson’s staining are shown in Figures 4.11 and 4.12, respectively.
The reinforced, drug-loaded construct showed good healing with a gap of 0.25 mm at 3 weeks and excellent
healing with continuity of the repaired zone at 8 weeks. The drug-loaded construct showed good healing with a
gap of 0.75 mm at both 3 and 8 weeks, respectively. Less inflammatory cells and vascularization were observed
with the drug-loaded construct compared to that with the reinforced, drug-loaded construct. The tubular braid
showed fair healing with a gap of 1.5 mm at 3 weeks and excellent healing with continuity of the repaired zone at
8 weeks. The modified Kessler suture showed good healing with a gap of 0.75 mm at 3 weeks and excellent

healing with continuity of the repaired zone at 8 weeks.

The connective tissue surrounding the repair site was also investigated histologically. In the techniques using the
AUP PCL-based polymers with hyaluronic acid/naproxen, a larger number of macrophages and multinucleated
foreign body giant cells were observed (Figure 4.13.A) compared to that with the tubular braid and modified Kessler
techniques (Figure 4.13.B). Additional pan-macrophage CD 68 — immunohistochemical staining (Dako, clone KP1,
1/200 dilution) demonstrated stronger cytoplasmic granular staining in the macrophages and multinucleated giant
cells in the technique using AUP PCL-based polymers with hyaluronic acid/naproxen (Figure 4.13.C) compared to
the modified Kessler (Figure 4.13.D).

Table 4.4. Grading scales qualitative histological examination of the repaired region

Week 3 Week 8

Reinforced, drug-loaded construct Good Excellent
Drug-loaded construct Good Good
Tubular braid Fair Excellent

Modified Kessler Good Excellent
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Figure 4.11. Longitudinal histologic sections of all four techniques at 3- and 8 weeks postoperatively. H&E staining. The region of interest
is indicated at 12.5x magnification and enlarged at a 100x magnification. Single scalebar, 800 micron; double scalebar, 100 micron.
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Figure 4.12. Longitudinal histological sections of all four techniques at 3- and 8 weeks postoperatively. Masson’s trichome staining.
Region of interest is indicated at 12.5x magnification and enlarged at a 100x magnification. Single scalebar, 800 micron; double scalebar,
100 micron.

Figure 4.13. lllustration of the stronger macrophagic reaction in the connective tissue surrounding the repair in the drug-loaded constructs
compared to that in the modified Kessler control group (A) H&E staining, drug-loaded construct demonstrating larger presence of
macrophages and multinucleated foreign body giant cells (B) H&E staining, modified Kessler showing fewer macrophages and no

multinucleated foreign body giant cells (C) CD 68 staining, drug-loaded construct: strong granular cytoplasmic CD68 staining in
macrophages and multinucleated foreign body giant cells (multinucleated foreign body cells are marked in boxes) (D) CD 68 staining,
modified Kessler with only punctate presence of macrophages. Magnification 200x, scalebar 50 micron.

For the reinforced drug-loaded construct, the mean number of blood vessels on a transverse section was 16.9/mm?
at 3 weeks and 41.8/mm? at 8 weeks. For the drug-loaded construct (Figure 4.14), the mean number of blood
vessels was 14.3/mm? at 3 weeks and 23.7/mm? at 8 weeks. For the tubular braid, the mean number of blood
vessels was 18.1/mm? at 3 weeks and 22.9/mm? at 8 weeks. For the modified Kessler, the mean number of blood
vessels was 28.1/mm? at 3 weeks and 14.4/mm? at 8 weeks.

The histological qualitative estimation of the repair using the four different techniques was graded from excellent
to fair healing. Using a semi-quantitative scale is difficult because within a grade, some variation remains between
the results due to the four evaluation criteria (gap formation, inflammation, vascularization, and the presence of
newly formed collagen fibers). Inevitably, for example, between the samples of techniques 1, 2, and 4, all of which

scored grade 2 at week 3, some variation was still observed in gap formation and the amount of inflammation.
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Figure 4.14. Example of transverse histologic section (drug-loaded construct) stained with CD31 immunohistochemical staining. Black
arrowhead illustrating one blood vessel. Scalebar 20 micron.

In general, there seems to be an evolution from good/fair tendon healing at 3 weeks to excellent/good healing at 8
weeks. All repairs showed small to limited gap formation with the largest gap of 1.5 mm. This is smaller than the
2-mm limit for gap formation in human flexor tendon repair. In humans, a gap larger than 2 mm is considered a
clinical failure and has been shown to result in inferior postoperative outcomes [353,354]. Extrapolation must be

executed carefully because of the difference in the diameters of the tendons.

Notably, a noticeable increase in macrophages and giant cells was observed in the techniques using electrospun
polymers. Because it is unlikely that there would be an inflammatory reaction against naproxen, either the AUP
PCL-based polymers or hyaluronic acid must be the causative agents. According to Zimmermann et al., a literature
search revealed that in plastic surgery, where hyaluronic acid is commonly used, a foreign body reaction with
macrophages and a few multinucleated giant cells is a physiological rather than pathological reaction after

hyaluronic acid injections [355].

Another important consideration is the influence of tubular braids on vascularization. The braid exerts a grasping
effect, which could theoretically have a negative influence on vascularization. On the other hand, when the braid
relaxes, it may also cause a pumping effect that could stimulate blood circulation. Therefore, a vessel analysis was
performed. Healthy vessels were found in all four techniques, including those using a braid. Moreover, techniques
using a braid did not show the lowest number of vessels at 3 or 8 weeks. Although this does not suffice to predict
long-term results and the analysis was done only on one section per technique, it is reassuring that after 8 weeks,

vascularization did not seem to be affected.

4.6 Conclusions

In this chapter, both a mechanical and a biological approach were combined to develop a tubular electrospun
repair construct for flexor tendon. In order to improve the healing process, an optimal and controlled healing

environment should be provided to minimize inflammation and adhesion processes. To this end, acrylate-
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endcapped urethane-based polymers (AUP) with a poly(¢-caprolactone) (PCL) backbone of 530 and 2000 g-mol-!
were synthesized. The PCL-based AUP materials were electrospun into a tubular repair construct and
benchmarked against PCL (reference). On a side note, the AUP PCL530 material was developed with the aim to

overcome the need to use a reinforcement layer in the design of the AUP PCL2k repair construct.

The repair constructs were mechanically tested using ex vivo sheep tendons. The non-reinforced AUP PCL530
showed superior mechanical properties compared to the AUP PCL2k repair constructs (Young's moduli of 2.5 +
0.9 versus 0.6 + 0.2 MPa, respectively), but still insufficient to be applied for tendon repair without the reinforcement
layer. However, the reinforced AUP PCL530 and AUP PCL2k repair constructs showed a Young’s modulus of 9.4
1 2.5MPaand 3.7 £ 0.5 MPa, and an ultimate stress of 6.4 £ 0.6 MPa and 8.4 £ 0.6, respectively. In comparison,
the reinforced PCL repair constructs (reference) showed a lower Young’s modulus of 5.7 + 1.2 MPa compared to
AUP PCL530 and a lower ultimate stress of 4.8 + 1.0 MPa compared to both reinforced AUP repair constructs.
Thus, the reinforced repair constructs have proven to fulfill the required mechanical properties for flexor tendon
repair (i.e. minimal ultimate stress of 4 MPa). In addition, the developed PCL and AUP repair constructs did not
show any significant degradation before min. 8 weeks, which covers the initial healing period of an injured tendon

to resume its normal properties and function.

Moreover, anti-inflammatory and anti-adhesion components were incorporated to further optimize the repair
construct, i.e. hyaluronic acid and naproxen, respectively. In vitro biological evaluation using human fibroblasts
indicated that the developed PCL-based AUP repair constructs, including the bio-active components, were non-
cytotoxic (viability > 70%). Additionally, a direct co-culture of equine tenocytes and mesenchymal stem cells in the
presence of the AUP PCL530 construct resulted in an increased production of both collagen and non-collagenous

proteins, which play an important role in the tendon healing process.

In the in vivo study, the developed AUP PCL2k repair construct showed similar strength as the Modified Kessler
(gold standard). However, macroscopically, a significantly different adhesion pattern was observed at the suture
knots, either centrally or peripherally, depending on the applied technique. This observation indicated that the
addition of bio-active compounds had a beneficial effect on the healing (adhesion limitation within the repair zone).

Histologically, a qualitative assessment showed good to excellent repair at the tendon repair site.

In conclusion, the developed PCL-based AUP repair construct design combining a mechanical and biological
approach shows potential for application in flexor tendon repair when designed with a reinforcement layer.
However, as future perspective, it would be interesting to alter the building blocks of the AUP material in order to
attain sufficient mechanical properties of the electrospun repair construct without the need of the reinforcement

layer, e.g. multi-acrylate endcaps instead of mono-acrylate endcaps.
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Chapter 5: Design and development of a reinforced
vascular wall model

This chapter describes the application of synthetic polymers processed into tubular constructs for the development
of a reinforced collagen-based vascular wall model. Three different processing techniques were used for the
fabrication of the tubular constructs, i.e. solution electrospinning, 3D printing and melt electrowriting. The MEW
processing was performed by N. Pien during a research stay in the fmz lab at Wiirzbiirg University (Germany)
under the supervision of Dr. T. Jiingst. The 3DP processing was conducted by V. Calbet at Biomechanics and
Tissue Engineering group at Universitat Politécnica de Catalunya (Spain) under the supervision of Prof. M.
Pegueroles. The mechanical and biological experiments were performed in collaboration with D. Di Francesco
during a research stay at the LBB lab at ULaval (Canada) under the supervision of Dr. F. Copes and Prof. D.
Mantovani. The SEM imaging was conducted by Dr. P. Chevallier (LBB lab). The data reported in this chapter will

be submitted as an article which is in preparation:
N. Pien, D. Di Francesco, F. Copes, M. Bartolf-Kopp, V. Chausse Calbet, P. Chevallier, M. Pegueroles, T. Jlingst,

S. Van Vlierberghe, P. Dubruel, D. Mantovani. Polymeric reinforcements for collagen-based vascular wall models:

Influence of the processing technique on the final mechanical and biological properties. In preparation.
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5.1 Résumé

Dans ce chapitre, nous visons & améliorer un modéle de paroi vasculaire tubulaire & base de collagéne
précédemment développé en le renfor¢ant a l'aide d'un échafaudage polymérique tubulaire. Les échafaudages
polymeres tubulaires ont été fabriqués en poly(e-caprolactone) (PCL) commercial, un polymére déja utilisé pour
fabriquer d'autres dispositifs approuvés par la FDA et disponibles dans le commerce pour des applications
médicales, par (i) électrospinning en solution (SES), (ii) impression 3D (3DP) et (iii) électrowriting en fusion (MEW).
Le modéle non renforcé a base de collagéne a été utilisé comme référence (COL). L'effet de la technique de
traitement (c'est-a-dire SES, 3DP et MEW) et de l'architecture correspondante de I'échafaudage sur les propriétés

mécaniques et biologiques du modele a base de collagéne renforcé a été évalué.
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5.2 Abstract

In this chapter, we aim to improve a previously developed tubular collagen-based vascular wall model by reinforcing
it using a tubular polymeric scaffold. The tubular polymeric scaffolds were fabricated in commercial, poly(e-
caprolactone) (PCL), a polymer already used to fabricate other FDA-approved and commercially available devices
for medical applications, by (i) solution electrospinning (SES), (ii) 3D printing (3DP) and (iii) melt electrowriting
(MEW). The non-reinforced collagen-based model was used as a reference (COL). The effect of the processing
technique (i.e. SES, 3DP and MEW) and the corresponding scaffold architecture on the resulting mechanical and
biological properties of the reinforced collagen-based model were evaluated. SEM imaging showed the influence
of the processing technique on the scaffold’s architecture at both the micro- and the macrolevel. The polymeric
scaffold led to significantly improved mechanical properties of the reinforced collagen-based model (initial elastic
moduli of 382.05 + 132.01 kPa, 100.59 £ 31.15 kPa and 245.78 + 33.54 kPa, respectively for SES, 3DP and MEW
at day 7 of maturation) compared to the non-reinforced collagen-based model (16.63 £ 5.69 kPa). Moreover, on
day 7, the developed collagen gels showed stresses (for strains between 20-55%) in the range of [5-10] kPa for
COL, [80-350] kPa for SES, [20-70] kPa for 3DP and [100-190] kPa for MEW. In addition to the effect on the
resulting mechanical properties, the different processing techniques and polymeric tubes’ architecture influenced
the cell behavior, in terms of proliferation and attachment, along with collagen gel compaction. The MEW
reinforcement led to a collagen gel compaction like the COL reference, whereas 3DP and SES led to thinner and
longer collagen gels. Overall, it can be concluded that (i) the selected processing technique strongly influences the
resulting mechanical and biological properties, and (i) the incorporation of a polymeric reinforcement leads to
mechanical properties more closely resembling those of the native arteries. In a follow-up study, it would be
interesting to evaluate the effect of the reinforcement scaffold on a co-culture (i.e. endothelial cells, smooth muscle
cells and fibroblasts, mimicking the three layers of the vascular wall) collagen-based model under dynamic

maturation.
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5.3 Introduction

Although tissue engineered blood vessels (TEBV) as living arterial substitutes have been studied extensively
throughout the last 25 years, clinical translation has not yet occurred [93,94,356,357]. Strategies for vascular tissue
engineering (VTE), and more specifically, for the fabrication of TEBV, differ from each other in terms of materials
used, fabrication techniques, applied cell sources or the approach to statically/dynamically or biochemically
stimulate constructs towards tissue formation [63,358]. During the past years, the potential of TEBV as living
models in in vitro cardiovascular research has been explored with the aim to bridge the gap between 2D cultures
and in vivo models [359], to advance the current knowledge of pathophysiological processes and to support the
development of clinical therapies [358,360]. More precisely, an in vitro vascular wall model that is capable of
recapitulating the cellular and mechanical environment of native vessels represents a valuable platform to study
cellular interactions and signaling cascades, test drugs and medical devices under (patho)physiological conditions,

and could reduce the number of animals required for preclinical testing [358,360].

Two of the most important elements when bioengineering a blood vessel or modelling the vascular wall are (1) the
scaffold, an artificial structure that should possess mechanical stability, sustain biological functions and exhibit
biocompatibility and biodegradability, and that is expected to support the formation of the three-dimensional (3D)
tissue, and (2) vascular cells populating the scaffold and remodelling its structure, that should enable biological

functioning similar to that in the native blood vessel [11,361].

With respect to the development of the ideal scaffold, the material selection plays an important role. Collagen,
being one of the main components of the vascular extracellular matrix (ECM), is currently the most commonly used
natural polymer for vTE applications [91,362], and more specifically, for the development of vascular wall models
[109,181,363-365]. The use of collagen is prompted by several favorable characteristics including weak
antigenicity and robust biocompatibility along with promotion of cell adhesion, and biodegradability [181,366,367].
However, one of the most important limitations of collagen-based materials includes their mechanical properties.
In particular, their viscoelastic properties are often unsatisfactory, limiting their use in TE applications [181,368].
For vascular TE, this implies that the mechanical properties of collagen-based constructs are unable to withstand
the high pressures and stresses encountered in the blood vessel [181,369]. Human coronary arteries have a
compliance of 4.5 - 6.2% change in diameter for a pressure increase from 80 to 120 mmHg, a burst pressure of
2031 - 4225 mmHg, a maximum stress of 1.44 + 0.87 MPa, a maximum strain of 0.54 £ 0.25 and a physiological
elastic modulus of 1.48 £+ 0.87 MPa [64,73-79]. Conversely, the extracted collagen that is used in vascular TE

applications shows a poor burst pressure of 18 + 1 mm Hg and elastic moduli of maximum 30 kPa [370-373].

Therefore, research has focused on different approaches to overcome this limitation, including (i) maintaining the
construct’s structural integrity by chemical, physical or enzymatic crosslinking [181,368], (ii) blending with other
natural biomaterials, e.g. fibronectin [374] or elastin [372], or (iii) combining natural materials with synthetic

biomaterials by developing multi-material scaffolds [181,363,367]. The latter includes blending before processing
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[375], co-extrusion or layer-by-layer processing methods [376], post-processing steps including dipcoating [377],

or using synthetic polymer scaffolds as a reinforcement for collagen-based models [378,379].

A plethora of synthetic materials as such (i.e. without blending with natural materials) have already been studied
for vTE including poly(urethane) (PU) [380,381], poly(lactic-co-glycolic acid) (PLGA) [382,383], poly(e-
caprolactone) (PCL) [160,198,384-386], poly(lactic acid) (PLA) [161,387-389], poly(L-lactide-co-e-caprolactone)
(PLCL) [388,390] and, poly(vinyl alcohol) (PVA) [168,391]. The main advantages of synthetic polymers include
their excellent reproducibility, mechanical properties’ tunability and control over shape, architecture and chemistry
[72,127-129]. PCL is a semi-crystalline, bioresorbable polymer that is approved by the U.S. Food and Drug
Administration (FDA) for certain clinical purposes [287]. Compared to PGA and PLA, PCL exhibits a lower tensile
strength yet increased elasticity (i.e. an initial tensile strength of 50 MPa versus 890 and 900 MPa for PGA and
PLA, respectively; and an elongation at break of 70% compared to 30 and 25% for PGA and PLA, respectively)
[392,393]. In addition, PCL grafts have shown improved patency and endothelialisation compared to commercially

available non-degradable grafts such as expanded poly(tetrafluoroethylene) (ePTFE) [394].

The scaffolds’ properties not only depend on the selected material, but are also strongly influenced by the
architectural design of the matrix structure, which is mainly defined by the processing technique [66,187]. In turn,
the architectural design affects prominently the cell behavior in terms of adhesion, migration, proliferation and
differentiation [66,187]. Therefore, the processing technique has an important influence on the resulting mechanical

and biological properties of the developed scaffold.

To process biomaterials into tubular constructs, multiple processing techniques have been proposed and
evaluated. These processing techniques can be grouped into conventional and advanced techniques. Some
examples of conventional techniques include gas foaming, moulding, solvent casting, dip coating amongst others
[26]. More advanced techniques, include solution electrospinning (SES), three-dimensional (bio)printing (3D(B)P)
and melt electrowriting (MEW) [9,216,242]. Each one of them has its own pros and cons, and will influence the
resulting properties of the fabricated tubular construct [300]. SES and MEW are techniques that enable the
production of nano- and micro-scale fibers, respectively, constituting an advantage with regard to mimicking the
natural ECM in terms of hierarchical organization and properties [225,287]. 3D(B)P allows control of material
deposition down to the micron level (45-1600 pm) [25,214,395]. Both 3D(B)P and MEW offer the possibility to
design complex geometries through computer aided design [242,396]. All three techniques present unique

advantages to process materials serving tissue engineering applications, including vTE [300].

The aim of this research was to improve a previously developed collagen-based model [372,397,398] by reinforcing
the model using a tubular polymeric reinforcement composed of PCL. In doing so, we aimed at recapitulating the
mechanical properties of the wall of the vascular medium diameter vessel (3-5 mm). The effect of the processing

technique (i.e. SES, 3DP and MEW) and the corresponding scaffold architecture, were evaluated on the resulting
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mechanical and biological properties of the reinforced collagen-based model. As a reference, a fibroblast-
cellularized collagen-based model without PCL reinforcement layer was used. Cell viability and - proliferation,
immunofluorescence staining, ECM production through gene expression analysis (ongoing experiments) and

histology, and the viscoelastic properties were evaluated after 3 and 7 days of maturation.

5.4 Materials and methods

5.4.1 Development of reinforcement scaffold using solution electrospinning

Solution electrospun scaffolds were produced within the Polymer Chemistry and Biomaterials research group at
Ghent University (Belgium). The in-house manufactured electrospinning set-up is composed of a high voltage
source (Glassman High Voltage, Inc.; model series EL50P00, high voltage DC power), a motion controller (CWFW
Ghent University) and a motor-driven syringe pumping system (New Era Pump Systems, Inc.; model Single
Syringe Pump NE-300). The applied processing parameters were varied within the ES process (voltage 15-20 kV,
flow rate 1.0-2.0 mL-h-" and needle-to-collector distance from 16-18 c¢cm) and an optimal set of parameters was
selected subsequently (i.e. voltage of 18 kV, flow rate of 1.4 mL-h-' and needle-to-collector distance of 18 cm). ES
was performed at 21°C and the relative humidity (i.e. ranging between 25-35%) was determined by a hygrometer

which was present in the ES cabinet.

The homogeneous polymer solution (23.3 (w/v)% PCL (Medical grade PCL, Purasorb PC 12) in chloroform, stirred
overnight; optimized concentration from the tested range between 16 and 25 (w/v)%) was transferred into a 20 mL
syringe that was clamped into the syringe pumping system. The ES needle (inner diameter: 0.58 mm) was placed
above the collector. A mandrel rotating around its axis (180 rpm, Inox stainless steel, 2 mm diameter) was applied
during the process of ES to produce tubular constructs. For an easy release of the electrospun tubes from the
mandrel, preheated mandrels (T=80°C) were dipcoated in molten poly(ethylene glycol) 8000 g-mol! (PEG8k)
(T=80°C). After performing ES, the mandrels were submerged in ddH0 to dissolve the water-soluble PEG8k-

coating (approx. 1 mm thickness) and allow an easy release of the developed tubular PCL constructs.

5.4.2 Development of reinforcement scaffold using melt electrowriting

Melt electrowritten scaffolds were produced at the fmz lab, Department for Functional Materials in Medicine and
Dentistry, University of Wirzburg (Germany). Tubular constructs of PCL (Medical grade PCL, Purasorb PC 12)
were processed with a custom-made melt electrostatic writing device with a cylindrical and interchangeable
collector. The motorization is based on an Aerotech axis system (PRO115) and uses the A3200 (Aerotech)
software suite as coding and machine operating interface. A modified code has been developed similar to previous
work [245] to move the collector in translational as well as rotational directions to allow precise fiber placement
onto a steel mandrel in predetermined winding angles. For the extrusion of materials, polypropylene cartridges and
22G flat tipped needles (Nordson EFD) were used in all experiments. The printing temperature and pressure were

set to 89°C and 0.65 bar, respectively [399]. Based on the dimension of the collagen-based model as previously
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described [372] and based on earlier findings on evaluating MEW tubes for vascular TE [399], the following
predefined specifications were chosen for tubular construct generation: the length of the construct was set to 11.56
mm, the number of fiber layers on top of each other was set to 20, the angle at which the fibers are aligned in
relation to the longitudinal axis (winding angle) was 70°, and the number of turning points (pivot points) of the

construct was 8. Further description of the printing variables can be found in previous work from McColl et al. [245].

5.4.3 Development of reinforcement scaffold using three-dimensional printing

3D printed scaffolds were produced at the Biomaterials, Biomechanics and Tissue Engineering group, Department
of Materials Science and Engineering, Universitat Politécnica de Catalunya, (Spain). 3D printed tubular PCL
constructs were fabricated by a solvent-casting direct-write technique using a BCN 3D+ printer (BCN 3D
technologies) as explained previously [400]. In brief, the printer was modified to solvent cast inks through a syringe
micro-nozzle with a 250 mm inner diameter (Nordson®). Moreover, the printer's Y-axis was modified by introducing

a carbon fiber rotating mandrel to print cylindrical structures.

PCL inks were prepared by dissolution of PCL pellets (Medical grade PCL, Purasorb PC 12) in chloroform (Sigma-
Aldrich) at a 62.5% ratio (w/v) using a centrifuge (SpeedMixer™, AC 150.1 FVZ, FlackTek). The tubular shape
was inspired by the Igaki-Tamai stent (Kyoto Medical Planning, Japan) design structure composed of rhombic cells
and its dimensions were 3 mm in diameter and 20 mm in length with 10 peaks. The software Fusion 360™
(Autodesk) was used for the tubular construct design and the resulting Computer-Aided Design was exported to
STL format. Finally, Slic3r (open source) was used to translate STL to G-code, which was needed for the 3D

printer. PCL tubes were printed at 4 mm-s-' velocity.

5.4.4 Morphological characterization of the developed tubular constructs

Microstructural characterization of surfaces and cross-sections of the developed tubular constructs were conducted
by scanning electron microscopy (SEM) performed with a FEI Quanta250 SEM system (Thermo-Fisher) using a
secondary electron detector. The SEM images were acquired with an acceleration voltage of 15 kV. Calculations

of the fiber diameter and pore size were performed using ImageJ software.

5.4.5 Cells and cell culture

Neonatal human dermal fibroblasts (HDFs, C0045C, Gibco, Thermo Fisher Scientific) were cultured in an incubator
at 37°C under constant supply of 5% CO- in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin solution (Pen-Strep, Gibco). Cells were
cultured up to 90% confluency, then enzymatically detached and counted for sub-culturing or experimental use.

For the presented experiments, cells at passage 7 were used.
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5.4.6 Preparation of reinforced cellularized collagen-constructs

Type | collagen was extracted from rat tail tendons, solubilized in 0.02 N acetic acid at a concentration of 4 gL,
sterilized and processed according to a previously reported protocol [401]. The collagen solution was mixed with
a neutralizing buffer solution (3.5 DMEM supplemented with 10 mM HEPES and 60 mM NaOH) and a suspension
of HDFs in culture medium (DMEM supplemented with 10% of FBS and 1% of Pen-Strep) at 4°C in a ratio of 2:1:1,
respectively. The final collagen concentration in the gel was 2 g-L-* (pH 7.2) and the cell density was 1.5 x 108
cells'ml'. The final solution was poured in a 48-well custom-made plate containing a central PEEK mandrel (@ =
2.985 mm), in 4 different conditions: (1) no reinforcement (COL, reference), (2) a solution electrospun (SES), (3) a
three-dimensionally printed (3DP) or (4) a melt electrowritten (MEW) reinforcement (i.e. tubular reinforcement
construct placed around the mandrel before adding the final solution). The tubular gel was gently detached from
the wall and medium was added to fill the well. The plate was incubated at 37°C and 5% CO; for 3 and 7 days.

Culture medium was changed every day. Four samples for each condition and time point were prepared.

5.4.7 Mechanical characterization of tubular constructs

(a) Evaluation of gel compaction

The length and the outer diameter of the developed constructs (gel and reinforcement layer) were measured to
evaluate gel compaction after 3 and 7 days of culture. A calliper was used for measuring the length while a scanning
laser interferometer (LaserMike 136, Series 183B, NDC Technologies) was applied to determine the external
diameter. The inner diameter was known and equal to the diameter of the central polyether ether ketone (PEEK)
mandrel (@ = 2.985 mm), which allowed calculating the volume of each sample. Length and wall thickness were

calculated for each sample at both time points. Data are expressed as mean + standard error of mean (n=3).

(b) Evaluation of visco-elastic properties (Instron)

The viscoelastic properties were evaluated by tensile stress relaxation tests using an Instron E1000 (Instron
Corporation) equipped with a 5 N load cell. Ring-shaped samples (length approx. 4 mm) were placed on ad hoc
made L-shape grips and tested in a phosphate-buffered saline (PBS) bath at 37°C to mimic physiological
conditions. A pre-strain of 5% was applied to the samples followed by 5 progressive stress relaxation cycles each
consisting of 10% strain ramps (5%-s strain rate) and 10 minutes of relaxation. After the 5th cycle (55% of
deformation), the test continued with the same strain rate up to sample failure. The measured load was divided by
the initial cross-sectional area of the sample to obtain engineering stresses. Strain was determined as the variation
of the distance between the grips (I-lo) divided by the initial distance (lo), the point of zero force calculated with the
sample’s original circumference. Ee is defined as the equilibrium elastic modulus, and Eo as the initial

(instantaneous) elastic modulus. Data are expressed as mean + standard error of mean (n=3).
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5.4.8 Biological characterization of tubular constructs

(a) Evaluation of cell viability (Resazurin)

AlamarBlue Cell Viability assay (Thermo Fisher Scientific) was performed according to the manufacturer’s
instructions. Briefly, the culture medium was removed from each well and replaced by 850 L of resazurin solution
in DMEM (1X) at each time point (i.e. day 3 and 7). The plate was then incubated for 4 hours at 37°C and in 5%
CO. to allow the reduction of resazurin into the pink and highly fluorescent resorufin. Aliquots (100 L, n=4) from
each sample (n=3) were transferred to a 96-well plate and fluorescence was measured (Aex = 560 nm; Aem = 590
nm) in a multi-well plate spectrophotometer (SpectraMax i3x, Molecular Devices). Results were normalized over
the non-reinforced collagen-based model (COL) at day 3. Data are expressed as mean + standard error of mean
(n=4).

(b) Immunofiuorescence staining (Phalloidin for actin / DAPI) and histochemistry

After 3 and 7 days of maturation, the constructs were fixed with 3.7% formaldehyde (Sigma) for 60 min, washed
with PBS 1X (1x 20 min, 2x 2 min), and treated with 0.5% Triton X-100 in PBS1X for 5 min at room temperature
(r.t.) to permeabilize the cells. Thereafter, the constructs were rinsed two times with PBS 1X. Afterwards, the
samples were blocked in a 3% bovine serum albumin (BSA) in PBS solution for 20 minutes at r.t.. Then, the
blocking solution was removed and the samples were incubated at r.t. for 2 h with Collagen | primary antibody
(mouse) (1:1000, Novus Biologicals) in blocking solution. The samples were then rinsed with PBS 1X and
incubated for 1 h with a goat anti-mouse Alexa Fluor 488 secondary antibody (1:200, Life Technologies) and with
Rhodamine-conjugated phalloidin (1:200, Sigma), both prepared in blocking solution. The samples were then
rinsed with PBS 1X and 4',6-diamidino-2-phenylindole (DAPI, 1:3000, Thermo Fisher Scientific) was used to stain
cell nuclei. Images were obtained using an LSM 700 confocal laser scanning microscope (Zeiss) controlled by ZEN

2009 software for image acquisition and further analysis.

Histochemistry (HC) was performed to observe collagen, cell distribution and compaction. Tubular samples were
rinsed in PBS and fixed in 3.7% formaldehyde (Sigma-Aldrich) for 60 min. Fixed samples were then embedded in
paraffin and cut into circumferential cross-sections of 5 um. Sections were deparaffinized with toluene, rehydrated
with successive washes with ethanol in deionized water (dH,0) at decreasing concentrations (100%, 95%, 80%
and 0%), refixed in Bouin solution overnight and stained with a modified Masson’s trichrome procedure. The
following dye solutions were added to stain the nucleus, the cytoplasm and collagen: Weigert’s iron hematoxylin,
acid fuchsin with xylidine ponceau and light green SF yellowish, respectively. Images were obtained by an Olympus

BX51 microscope (Olympus Canada Inc.).
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5.4.9 Statistical analysis

All data were analyzed using GraphPad Prism 8.0.2. An two-way ANOVA test was performed followed by a Tukey
post-test. The symbols representing the different significant levels are indicated on the graphs, and/or defined in
the captions (i.e. ns = p > 0.05; *=p < 0.05; *™* =p < 0.01; ** = p < 0.001).

5.5 Results and discussion

Tubular polymeric scaffolds were fabricated in PCL by (i) solution electrospinning (SES), (ii) 3D printing (3DP) and
(iii) melt electrowriting (MEW). These PCL tubes were then used as reinforcement for the previously developed
collagen-based model [372,397,398]. The non-reinforced collagen-based model was used as a reference
throughout this chapter. The effect of the processing technique (i.e. SES, 3DP and MEW) and the corresponding
scaffold architecture, on the resulting mechanical and biological properties of the reinforced collagen-based model
were evaluated. In order to be able to compare this reinforcement approach to previous research done in the LBB
lab by Camasao et al. [372], who studied the influence of elastin in the collagen-based model, fibroblasts were

selected for this study.

5.5.1 Morphological analyses

As a first step in the evaluation of the effect of the selected processing technique on the scaffold’s architecture,
SEM was performed to visualize the fibers’ alignment and diameter. Figure 5.1 shows the fibers of the developed
scaffolds using SES, 3DP and MEW at different magnifications. The SES tubes showed a randomly oriented fiber
distribution, closely resembling the native ECM. SES scaffolds (fabricated on rotating mandrels at low rpm) are
known for such fiber arrangements, representing one of the main advantages of this processing technique [232].
The average diameter of the SES fibers was 6.58 + 0.30 um, the smallest of the three techniques compared in
this chapter. The largest fiber diameters were measured in the 3DP structure, with an average fiber diameter of
237.04 + 12.51 um. The visualization of the 3DP structure also confirmed the predefined design and controlled
deposition of the fibers down to 100 um level. MEW is known to be a technique that allows the deposition of
micrometer (up to £ 10 pm) scale fibers in a predefined design. This was confirmed by SEM images, which
indicated that the average fiber diameter of MEW constructs was 13.16 + 0.67 ym. The multiple layers of the MEW

fibers were perfectly deposited onto each other, leading to a precisely defined scaffold architecture.

Next, the SEM images were analysed to assess the pore size of the different tubular scaffolds. The tightly packed
fibers of the SES tubes showed the smallest pores, with widths (i.e. shortest distance between 2 struts) ranging
from a minimum of 8 £ 1 um up to a maximum of 37 £ 5 um. Conversely, the 3DP tubes showed the largest pore
sizes, being 800 + 100 um in width and 1800 £ 110 pm in length (i.e. greatest distance between 2 struts). Lastly,
the MEW tubes showed pore sizes of 512 £ 4 ym in width and 736 + 3 um in length (see Figure 5.1).
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The different PCL tubular scaffolds were also characterized in terms of their thickness. The 3D printed tubes, which
constituted only a single fiber monolayer, exhibited a thickness of 216.43 + 49.27 um. This value was similar to
the average fiber diameter shown in the SEM images (i.e. 237.04 + 12.51 pm), confirming that the scaffold’s
structure is based on one single strut. For SES and MEW, a thickness of 613.07 + 138.01 um and 191.7 £ 5.50
Mm were obtained, respectively. The small standard deviation obtained for the MEW tube, compared to SES, also
evidences the excellent reproducibility and precision regarding fiber deposition of the MEW technique. Al
developed tubular scaffolds were fabricated with an inner diameter of 3 mm, aiming at small-diameter (i.e. <6 mm)
VTE [402].

Itis hypothesized that differences in fiber alignment, diameter, pore size and hence scaffold architecture, will have
an influence on collagen compaction, and on both mechanical and biological properties. These properties will be

evaluated in the upcoming sections.

SES 3DP MEW

100X

500X

1000X

Figure 5.1. Visualization of the reinforcement tubes using SEM imaging, processed by SES, 3DP and MEW. Fiber diameters of SES, 3DP
and MEW amounted 6.58 + 0.30 um, 237.04 + 12.51 um and 13.16 + 0.67 um, respectively.
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5.5.2 Mechanical characterization

(a) Evaluation of gel compaction

Upon visual inspection, differences in gel compaction (both in length and thickness) could be observed at day 3
and day 7 when comparing the tubular gels reinforced by the three different processing techniques. In case of a
SES reinforcement layer, the collagen gel compacted as an outer layer around the SES scaffold. For the 3DP
scaffold, the collagen gel compacted thereby filling the large holes of the tubular structure. After maturation during
3 and 7 days, the collagen gels of COL (reference) and MEW were visually very similar in thickness and length
(Figure 5.2). Seemingly, the HDFs-mediated collagen compaction was not influenced by the presence of the MEW
scaffold. This is probably due to the predefined architecture and the resulting nicely stacked, thin PCL fibers that
lead to a flexible structure. The flexible structure is anticipated to enable the deformation of the MEW tube, and
therefore, the MEW scaffold shrunk in length upon compaction of the collagen gel (to the same length and thickness
as the COL condition). When comparing COL to 3DP and SES, the cellularized collagen gel was more spread out

in length over the 3DP and SES tube and was thinner in wall thickness.

The differences in scaffold architecture along with flexibility of the developed tubular reinforcements exhibit an
important influence on the collagen gel compaction. The 3DP tubes showed the largest pores within the 3
developed tubular scaffolds (i.e. SES, 3DP and MEW), but had a less deformable, less flexible structure due to the
presence of 1 thick strut (i.e. average diameter of 237.04 + 12.51 ym). The MEW tube showed smaller pores and
a much more flexible structure compared to the 3DP tube. The SES tube exhibited a high surface area-to-volume
ratio, yet small pores and was less deformable compared to the MEW construct, but more deformable compared
to the 3DP tube (vide infra, 3.2.b). When comparing the collagen compaction for the 3DP and SES tubes, the
collagen gel did not seem to be compacted in the same way as in COL and MEW. For 3DP and SES, the collagen
gel was found to be more spread out over almost the full length of the reinforcement tube. An overview of the
measured wall thicknesses and lengths is shown in Figures 5.2.A and B, respectively. No statistically significant
differences were found when comparing the wall thickness and the length of the different models between day 3
and day 7, with the exception of the wall thickness of the collagen model (p = 0.0074). The significant differences

in between the groups (per day) are indicted in Figure 5.2.
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Figure 5.2. Compaction of the cellularized tubular gels without reinforcement (COL), and with the different types of reinforcement (SES,
3DP and MEW) at day 3 and day 7 of maturation. (A) Wall thickness of the tubular gel. (B) Length of the collagen gel. (*=p < 0.05; **=p
<0.01; **=p<0.001).

(b) Evaluation of visco-elastic properties

As shown by SEM imaging, the selected processing technique affects the developed scaffold’s architecture on
both the micro- and the macro level, thereby influencing the resulting mechanical properties. The effect of the
reinforcement scaffold on the viscoelastic properties of the collagen-based model was evaluated by stress-
relaxation testing. An example of the stress response of a collagen gel (COL, day 3) after five cycles of 10%
deformation followed by 10 minutes relaxation is shown in Figure 5.3.A. The initial elastic modulus (Eo, Figure
5.3.B) corresponds to the data obtained right after the deformation, while the equilibrium elastic modulus (Ee, Figure
5.3.C) corresponds to data obtained just before a new deformation (i.e. at the end of the 10 minutes deformation)
or cycle was initiated. Figure 5.3.D represents the ratio between E. and Eo and gives information on the
predominance of the viscous or the elastic component. A higher ratio Ee / Eq implies that the viscous component

becomes less representative, and that there is a predominance of the elastic behavior [372].

No statistical differences were found when comparing Ee and Eo of COL, 3DP and MEW (p > 0.05) on day 3 and
day 7. For SES, a significant increase in elastic moduli was observed at day 7 (p < 0.05). The incorporation of a
reinforcement scaffold (i.e. SES, 3DP or MEW) in the cellularized collagen-based model (COL) resulted in a
significant increase in both Eo and Ee, at both time points (p < 0.05). On day 3, the SES, 3DP and MEW
reinforcement led to an equilibrium elastic modulus of 288.01 + 37.81 kPa, 111.15 + 28.27 kPa and 282.48 +
89.68 kPa, respectively, compared to 7.23 + 2.46 kPa for COL. This implies that the Eq of SES and MEW is quite
similar at day 3. However, at day 7, SES showed a higher E, than the MEW reinforcement, albeit not statistically
significant. A similar trend was observed for E. (Figure 5.3.C). On day 7, the developed collagen gels showed
stresses (for strains between 20-55%) in the range of [5-10] kPa for COL, [80-350] kPa for SES, [20-70] kPa for
3DP and [100-190] kPa for MEW.
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Figure 5.3. Mechanical evaluation of fibroblast-cellularized COL (reference), SES, 3DP and MEW reinforced collagen-based models (day
3 and day 7 of maturation). (A) Example of a stress-strain curve, obtained from stress-relaxation testing using Instron. Example represents
a COL sample on day 3. (B) EQ, initial (instantaneous) elastic modulus. (C) Ee, equilibrium elastic modulus. (D) Ratio of Ee / EQ.

When considering the ratio of Ec and E, (at day 3), the highest ratio was found for MEW (1.29 + 0.04), followed by
SES (1.13 £ 0.13), 3DP (0.83 £ 0.02) and COL (0.56 £ 0.01). No significant differences were found when
comparing values at day 3 or day 7 of the same group (i.e. COL, SES, 3DP, MEW). The ratio E. / Eo of the
reinforced gels was significantly higher compared to the COL reference (p < 0.05) at both time points, with the
exception of the 3DP reinforced gel at 7 days of maturation (p > 0.05). The predefined architecture of the MEW
reinforcement scaffold, including the angle at which the fibers were aligned in relation to the longitudinal axis
(winding angle of 70°) and the number of turning points of the scaffold (8 pivot points), enabled a flexibility and
elasticity that neither the 3DP nor the SES tube showed. This already resulted in differences in gel compaction
when comparing the MEW reinforced collagen gel with the 3DP and SES reinforced gels (Section 5.5.2.a), and

was here confirmed by the high E. / E ratio, implying a predominantly elastic behavior.

These data highlight that, apart from material selection, also the selected processing technique has an important
influence on the resulting mechanical properties of the developed tubular scaffold. The randomly deposited SES
fibers showed the best mimicry compared to the native ECM, and also resulted in a significant increase of the

elastic modulus compared to COL (reference). The collagen gel spread out over the full length of the SES
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reinforcement tube. This implies that the less deformable structure of the randomly oriented SES fibers did not
enable a change in the reinforcement tube’s architecture (such as reduction in length) upon collagen compaction.
A similar observation was seen for the 3DP reinforcement scaffold. Conversely, the MEW tube also showed a
significant increase in elastic modulus compared to COL, but still enabled the HFDs to compact the collagen as
they would do without the presence of a reinforcement scaffold (by “shrinking” upon collagen compaction). This is
also thanks to the predominance of the elastic behavior in the MEW reinforcement tube, as was also shown by the
Ee / E ratio (Figure 5.3.D).

In literature, collagen-based models have already been described, referring to elastic moduli of maximum 30 kPa
for a (non-reinforced) collagen-based model [370-372]. Different approaches have been evaluated in an attempt
to increase the mechanical properties of collagen-based models, including increasing cell density [397] or addition
of elastin-like recombinamers [372]. Camasao et al. [372] have reported a significant increase between initial and
equilibrium elastic moduli of 40 and 50%, respectively for their developed elastin/collagen-based model (30%
elastin) compared to the collagen-based model (reference). However, the initial elastic modulus E, did not exceed
30 versus 50 kPa after 3 and 7 days, respectively and the equilibrium elastic moduli E. did not exceed 20 kPa after
7 days for any of the tested conditions. Compared to these results, the polymeric tubular reinforcements used
herein greatly improved the mechanical properties of the collagen-based model with an Eq of 382.05 + 132.01 kPa,
100.59 + 31.15 kPa and 245.78 + 33.54 kPa, respectively for SES, 3DP and MEW at day 7 of maturation,

respectively.

In the work of “Mc Donald’s Blood Flow in Arteries”, reported values on the pressure-strain elastic (Peterson)
modulus (E,) of human arteries range between [0.52-1.18] - 106 dynes-cm-2 or [52-118] kPa, depending on the type
of artery and the age of the patient [78]. This can be translated into an incremental (~ Young’s) elastic modulus by
taken into account the diameter and the thickness of the blood vessel. As an example, for the abdominal aorta of
a human aged 27 years old (diameter of 13.2 mm and thickness of 1.59 mm) [78], an E, of 52 kPa corresponds to

an incremental elastic modulus of 216 kPa.

In conclusion, the tubular, polymeric reinforcement scaffolds significantly improved the mechanical properties of
the collagen-based model, reaching values closer to the mechanical properties of native arteries [78]. The three
processing techniques have also resulted in different mechanical properties, which can be linked to differences in

the scaffolds’ architectures.
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5.5.3 Biological performances

(a) Evaluation of cell viability
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Figure 5.4. Relative viability based on a Resazurin assay at day 3 and day 7 on COL (reference), and on the reinforced collagen-based
model using a SES, 3DP and MEW scaffold. (# = statistically significant difference at p < 0.0001 from the other groups in the same day)

HDFs metabolic activity was evaluated between groups at 3 and 7 days and the results were normalized towards
the day 3 COL condition (as the non-reinforced collagen gel acts as reference in this study). The results (Figure
5.4) showed no significant difference in the cell metabolic function amongst the two time points irrespective of the
processing technique applied. A significant decrease in cell metabolic function was found between the SES and
3DP conditions at both time points. However, no significant differences were observed between the COL control

and the MEW condition, suggesting that cell viability was not affected by the presence of the MEW scaffold.

The lower metabolic activity observed in the SES and 3DP reinforced model, compared to COL and MEW, can be
linked to the differences in materials’ architecture (Section 5.5.1). The architecture of polymeric scaffolds, and more
specifically, the scaffold properties such as fiber diameter and pore size, can greatly impact cell infiltration, -
attachment, - proliferation and - differentiation [403]. Chen et al. [404] have demonstrated how the fiber diameter
of electrospun PCL scaffolds can affect cell adhesion and proliferation. In their work, it was suggested that an
increasing fiber diameter, from nanoscale to microscale, negatively impacts cell adhesion and growth kinetics of
fibroblasts. This could explain why a significantly lower cell metabolic activity was observed for the SES condition,
as the SES fibers of these scaffolds were situated within the microscale range (Section 5.5.1). Moreover, the tightly
packed fibers seen in the SES scaffolds give rise to the small pores 8-37 um (Section 5.5.1), which have been
demonstrated to affect cell metabolic activity, i.e. decreasing it when compared to electrospun scaffolds with a
lower fiber density and larger pore size (i.e. 44-64 um) [405]. 3DP scaffolds showed the largest pore sizes (800 +
100 pum in width; 1800 + 110 um in length, Section 5.5.1), which also seemed to negatively affect the fibroblasts’
metabolic activity. It has already been suggested that fibroblasts exhibit a superior cell attachment and growth on
scaffolds presenting pore sizes smaller than 160 - 200 um [406]. Thus, the larger pores found in the 3DP tubes
did not support cell attachment to the same extent as in the COL condition and led to a decreased cell viability.

However, the pore size of the MEW scaffolds did not seem to affect HDFs’ metabolic activity. This was possibly
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due to the deformability of the MEW scaffold (Section 5.5.2.a), which allowed the MEW structure to be compressed

and shrunk with the collagen upon its compaction, thereby changing the architecture and decreasing the pore size.

(b) Evaluation by immunofiuorescent staining and histochemistry

The samples’ cross-sections were stained to evaluate collagen thickness, cell distribution and alignment in the four
different conditions at day 3 and day 7 via immunofluorescence and histochemistry. Figure 5.5 shows
immunofluorescence staining of collagen (green), F-actin (red) and cell nuclei (blue), highlighting the differences

in cell morphology between the conditions.

CoL SES 3DP MEW

DAY 3

DAY 7

Figure 5.5. Immunofluorescence staining 2D images of fibroblast-celullarized tubular collagen-based gels, without (COL, reference) and
with reinforcement (SES, 3DP and MEW) at day 3 and day 7 of maturation: Collagen | (green), F-actin (red), and cell nuclei (blue).

The 2D images of COL and MEW reinforced gels showed a thicker cross-section of the non-reinforced collagen
gel (reference, COL), with HDFs being uniformly distributed within the gel. The SES and 3DP conditions showed
thinner collagen gels with fewer cells. The 3D images (Supplementary Information, Figure S5.1) of COL and MEW
reinforced gels showed that the cells were nicely distributed within the gel, forming a cellular network, with no
significant differences between day 3 and day 7. Moreover, no particular cell alignment was displayed. The same
was observed at day 3 in the 3DP samples. However, at day 7, the 3DP samples showed no cell network formation.
The SES condition did not show a cellular network at any time point. Differences can also be observed in cell
morphology, as HDFs in the COL and MEW conditions showed elongated actin, compared to the smaller and less
extended actin cytoskeleton of HDFs in the SES and 3DP conditions. It would be interesting in a follow-up study,
to evaluate the reinforced models in a SMC-cellularized collagen model in order to gain more insight in the dynamic

interplay between the cellular properties and mechanobiology, which is more limited when using HDF.
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Histological images (Figure 5.6) showed the cellularized collagen gel, its compaction and the cell distribution at
day 3 and 7. The COL condition showed a thick gel at day 3, with a decrease in thickness by day 7, confirming the
observations described in section 5.5.2.a regarding the gel compaction. For the SES condition, a very thin collagen
gel was observed, lining the SES tube as an outer layer. The 3DP sample displayed the collagen gel filling the
pores of the reinforcement scaffold's structure, surrounding the one single thick fiber (as indicated by the black

arrows in Figure 5.6). A thicker collagen gel can be observed in the MEW condition, filling the structure completely.
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Figure 5.6. Histological analysis: Masson Trichrome staining of the fibroblast-cellularized tubular collagen-based gels, without (COL,
reference) and with reinforcement (SES, 3DP and MEW) at day 3 and day 7 of maturation. The black arrows indicate the original location
of the 3D printed scaffold. Scale bars represent 500 um at 4X and 10X magnification.

With both imaging techniques, the similarities between the COL and the MEW conditions can be appreciated. Both
showed a thick and highly cellularized collagen gel, supporting the hypothesis that the collagen gel's compaction
nor the biological activity were impacted by the presence of the MEW reinforcement scaffold (Section 5.5.2.a and
5.3.3.a). In the SES condition, the small pores and dense structure (Section 5.5.1) did not allow the collagen and
cells to penetrate, hence resulting in a sharp contrast between the reinforcement scaffold and the collagen gel.
The 3DP scaffold showed to be even less deformable (Section 5.5.1 and 5.5.2.b), and the large pores that make
up its structure were filled with the collagen gel, which resulted in a slender construct. Consequently, both SES
and 3DP conditions showed thinner collagen gels, spread out in length throughout the scaffold. This difference in
collagen gel thickness is hypothesized to be due to the architecture and lower deformability of these tubes, dictated

by the different processing techniques. The collagen gel compaction is driven by the cells’ contractile ability [407].
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However, the architecture of SES and 3DP scaffolds led to a lower number of attached cells, which also resulted
in decreased metabolic activity (Section 5.5.3.a) and different cell morphologies, finally affecting collagen gel

compaction.

In conclusion, it is clear that the different processing techniques and tubes’ architecture influenced the cell
behavior, in terms of proliferation and attachment, as well as collagen gel compaction. Moreover, differences were
also seen in the cells’ morphology when comparing the conditions, varying from a dense network of randomly
dispersed fibroblasts, with elongated actin cytoskeleton, within the thicker collagen gel of COL and MEW samples,
to fewer fibroblasts presenting smaller cytoskeletons, which were found to be compressed together within the

thinner collagen gel for the SES and 3DP conditions.

5.6 Conclusions

In this chapter, the aim was to improve a previously developed collagen-based vascular wall model by reinforcing
this model using a tubular polymeric scaffold in PCL. Three different processing techniques were compared (i.e.
SES, 3DP and MEW), and benchmarked against the non-reinforced collagen-based model (COL). As shown by
SEM imaging, the selected processing technique affects the developed scaffold’s architecture on micro- and
macro-level. In turn, the scaffold’s architecture (fiber diameter, fiber alignment, pore size) has shown to influence
the resulting mechanical and biological properties of the collagen-based model. The tubular, polymeric
reinforcements significantly improved the mechanical properties of the reinforced collagen-based model (i.e. initial
elastic moduli of 382.05 £ 132.01 kPa, 100.59 + 31.15 kPa and 245.78 + 33.54 kPa, respectively for SES, 3DP
and MEW at day 7 of maturation) compared to the non-reinforced collagen-based model (i.e. 16.63 + 5.69 kPa).
A difference in viscous to elastic behavior was also observed, showing the highest predominance in elastic
behavior for the MEW reinforced model (Eof E. ratio of 1.29 + 0.04). Moreover, the different processing techniques
and polymeric tubes’ architecture influenced the cell behavior, in terms of proliferation and attachment, along with
collagen gel compaction. A dense network of fibroblasts randomly dispersed within the thick collagen matrix was
found in COL and MEW samples, to fewer fibroblasts presenting smaller cytoskeletons, which were found to be
compressed together in the thinner collagen gel for the SES and 3DP conditions. Overall, it can be concluded that
(i) the selected processing technique strongly influences the resulting mechanical and biological properties, and
(ii) the incorporation of a polymeric reinforcement leads to mechanical properties more closely resembling those
of the native arteries. In a follow-up study, it would be interesting to evaluate the effect of the reinforcement scaffold
on a co-culture (i.e. endothelial cells, smooth muscle cells and fibroblasts, mimicking the three layers of the

vascular wall) collagen-based model under dynamic maturation.
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Chapter 6: Design and development of photo-
crosslinkable biopolymers with tuneable mechanical
properties

This chapter describes the methacrylamide modification of collagen bovine skin. The amino acid composition
analysis was performed in collaboration with M. Vansteenland, under the supervision of Prof. B. De Meulenaer
(Department of Food Safety and Food Quality, UGent). The in vitro assays were conducted by N. Pien during a
research stay at the LBB lab (ULaval, Canada), under the supervision of Dr. D. Pezzoli. This chapter has been

published as:

N. Pien, D. Pezzoli, J. Van Hoorick, F. Copes, M. Vansteenland, M. Albu, B. De Meulenaer, D. Mantovani, S. Van
Vlierberghe, P. Dubruel. Development of photo-crosslinkable collagen hydrogel building blocks for vascular tissue
engineering applications: a superior alternative to methacrylated gelatin? Materials Science and Engineering: C,
Volume 130, 112460, DOI: 10.1016/j.msec.2021.112460, Published: OCT 2021, Impact Factor: 7.328. Peer

reviewed.
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6.1 Résumé

Le présent chapitre décrit le développement de précurseurs d'hydrogels a base de collagéne, fonctionnalisés avec
des fragments de méthacrylamide photoréticulables (COL-MA), pour des applications d'ingénierie tissulaire
vasculaire (VTE). Les matériaux développés ont été caractérisés physico-chimiquement en termes de cinétique de
réticulation, de degré de modification/conversion, de comportement de gonflement, de propriétés mécaniques et
de cytocompatibilité in vitro. Les dérivés du collagéne ont été comparés a la gélatine modifiée par le

méthacrylamide (GEL-MA), en raison de ses antécédents dans le domaine de l'ingénierie tissulaire.
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6.2 Abstract

The present chapter describes the development of collagen-based hydrogel precursors, functionalized with photo-
crosslinkable methacrylamide moieties (COL-MA), for vascular tissue engineering (VTE) applications. The
developed materials were physico-chemically characterized in terms of crosslinking kinetics, degree of
modification/conversion, swelling behavior, mechanical properties and in vitro cytocompatibility. The collagen
derivatives were benchmarked to methacrylamide-modified gelatin (GEL-MA), due to its proven track record in the
field of tissue engineering. To the best of our knowledge, this is the first research in its kind comparing these two
methacrylated biopolymers for vTE applications. For both gelatin and collagen, two derivatives with varying
degrees of substitutions (DS) were developed by altering the added amount of methacrylic anhydride (MeAnH).
This led to photo-crosslinkable derivatives with a DS of 74 and 96% for collagen, and a DS of 73 and 99% for
gelatin. The developed derivatives showed high gel fractions (i.e. 74% and 84%, for the gelatin derivatives; 87 and
83%, for the collagen derivatives) and an excellent crosslinking efficiency. Furthermore, the results indicated that
the functionalization of collagen led to hydrogels with tunable mechanical properties (i.e. storage moduli of [4.8 —
9.4 kPa] for the developed COL-MAs versus [3.9 — 8.4 kPa] for the developed GEL-MAs) along with superior cell-
biomaterial interactions when compared to GEL-MA. Moreover, the developed photo-crosslinkable collagens
showed superior mechanical properties compared to extracted native collagen. Therefore, the developed photo-

crosslinkable collagens demonstrate great potential as biomaterials for vTE applications.
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6.3 Introduction

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide, being responsible for over 17.9
million deaths annually [2]. An increasing number of people suffer from coronary artery diseases while the number
of coronary interventions is predicted to increase considerably owing to the rapid growth of the elderly population
[2,90,408]. The treatments for CVDs vary according to the affected body part and the medical history of the patient.
Specific examples include coronary artery bypass grafting (CABG) or major arterial reconstruction procedures with
autogenous, allogenic or synthetic materials [62]. Given the limitations in available and suitable allogenic or
autologous vascular grafts (i.e. due to the lack of tissue donors, previous harvesting or anatomical variability) and
the higher complication rate associated with synthetic materials (i.e. due to rejection, compliance mismatch), the
search for a truly ideal conduit continues [62-65]. In this context, tissue engineering (TE) and biomaterial design
have gained increasing interest with the final aim to repair, replace or regenerate injured tissues based on the
development of scaffold structures that are able to (temporary) replace the natural extracellular matrix (ECM) until

the host cells can (re)generate a new natural matrix [66].

In this respect, a wide variety of natural polymers have been proposed to date [11,133,152,409]. Generally, natural
polymers are highly recognized biomaterials because they are accepted and easily integrated within the human
body upon implantation. However, they present limited processability and often lack mechanical strength
[410,411]. Nevertheless, promising work has been performed on natural polymers and ECM components (i.e.
gelatin, collagen) for producing biomimetic scaffolds for TE and regenerative medicine (RM) applications [174].
Gelatin and its derivatives have been used as biomaterials because of their biocompatibility and excellent cell-
interactive properties, due to the presence of Arginine-Glycine-Aspartic acid (Arg-Gly-Asp) (RGD) tripeptides in
the protein structure [209,412]. The RGD motif is known for its cell adhesion properties as the cell surface integrins
can interact with it. Collagen is one of the main components of the ECM of blood vessels making it a very interesting
protein for vascular TE applications [181,401,413). Beneficial properties of collagen include its low antigenicity, its
excellent biocompatibility and the fact that a collagen network can be remodeled by vascular cells [63,191,192].
One of the most important challenges associated with using (extracted) natural polymers in vascular TE however
remains their inferior mechanical strength (because of the high pressures and stresses encountered in blood
vessels) [181,414-417]. Human coronary arteries have a compliance of 4.5 - 6.2% change in diameter for a
pressure increase from 80 to 120 mmHg, a burst pressure of 2031 - 4225 mmHg, a maximum stress of 1.44 +
0.87 MPa, a maximum strain of 0.54 £ 0.25 and a physiological elastic modulus of 1.48 + 0.87 MPa [64,73-79].
However, it should be noted that these characteristics depend on the applied mechanical testing set-up and
protocols. Therefore, some variation on data can be found in literature. The extracted collagen that is used in
vascular TE applications shows insufficient mechanical properties, mainly regarding elasticity and also shows a
poor burst pressure of 18 + 1 mmHg [373]. Therefore, crosslinking of these biopolymers is indispensable in order
to maintain the structural integrity of vascular tissue engineered scaffolds, especially upon hydration [415]. Various

crosslinking methods (e.g. carbodiimide crosslinking, enzymatic crosslinking, photo-oxidation, etc.) [209] have
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already been established, however, these often result in undesirable toxicity issues [181,411,418,419] or long

reaction times (i.e. minutes to hours) [209,420].

Photo-crosslinking of methacrylamide functionalities is an interesting approach to provide the structural integrity to
the natural scaffolds without the need of additional potentially toxic crosslinking agents (e.g. glutaraldehyde,
formaldehyde and epoxy compounds) [415]. Furthermore, this approach enables a straightforward material
handling, consisting of material dissolution and subsequent crosslinking via ultraviolet (UV)-irradiation [209]. To
this extent, photo-crosslinkable moieties (i.e. (meth)acrylamide functionalities) have to be introduced onto some of
the biopolymer side groups, more specifically the primary amines including (hydroxy)lysine. The crosslinking
reaction occurs via UV irradiation in the presence of a suitable photo-initiator which leads to the polymerization of
the introduced methacrylamides following a chain growth polymerization mechanism resulting in the formation of

oligomethacrylamide kinetic chains, thereby resulting in a crosslinked network [209].

In the present chapter, the potential of photo-crosslinkable moieties incorporated on the side groups of bovine skin
collagen was investigated. Methacrylamide-modified collagen (COL-MA) has not yet been evaluated in depth in
terms of its physico-chemical properties in the field of vTE. In this study, the developed collagen derivatives have
been benchmarked to methacrylamide-modified gelatin (GEL-MA), one of the gold standards in different
biofabrication and tissue engineering and regenerative medicine (TERM) applications [209,395,421-423]. To the

best of our knowledge, a comparative study of this type is unprecedented.

In brief, bovine skin gelatin and collagen have been functionalized with methacrylamide functionalities via the
reaction of the primary amines with methacrylic anhydride. We hypothesize that the mechanical properties of the
developed photo-crosslinkable materials can be tuned by varying the degree of substitution (i.e. 70 — 100% of the
total amount of primary amines present in the gelatin/collagen protein structure) [412,421,423]. In addition, since
gelatin is a denatured protein [209] derived from collagen, we anticipate that the functionalized collagen derivatives
outperform currently reported gelatin derivatives [174,424] in terms of both the mechanical and the biological

properties.
Therefore, the aim of the present study was to develop a cyto-compatible, photo-crosslinkable collagen hydrogel

building block with tunable mechanical properties that can be used as an ECM-mimic for biomedical applications,

and more specifically, to serve vTE applications.
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6.4 Materials and Methods
6.4.1 Materials

Collagen type |, extracted from bovine skin, was kindly supplied by the Department of Collagen Research (National
Research & Development Institute for Textiles and Leather, Romania). Gelatin type B, isolated from bovine hides
via an alkaline process, was kindly supplied by Rousselot (Ghent, Belgium). Methacrylic anhydride (MeAnH), 2-
mercaptoethanol, ortho-phthalic dialdehyde (OPA), sodium hydroxide (NaOH) and potassium chloride (KCI) were
obtained from Sigma-Aldrich (Diegem, Belgium). Potassium phosphate monobasic (KH:POs) and sodium
phosphate dibasic (Na;HPOQ.) were obtained from Acros Organics (Geel, Belgium). All "H-NMR spectra were
recorded in deuterium oxide (D20) obtained from Euriso-top (Saint-Aubin Cedex, France). Spectra/Por7 dialysis
membranes (Molecular weight cut-off (MWCO) of 12,000-14,000 Da) were obtained from Polylab (Antwerp,
Belgium). SpeedCure TPO-L (ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate) was purchased from Lambson
(West Yorkshire, UK). The photoinitiator lithium(2,4,6-trimethylbenzoyl)phenylphosphinate (Li-TPO) was prepared
according to the protocol reported by Markovic et al. [423)].

Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cord samples, as previously
reported [109]. The cells were cultured with 5% CO, at 37°C in serum-free phenol red-free Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco), supplemented with 1% Penicillin/Streptomycin (PenStrep) (G1146 Sigma), 5%
Fetal Bovine Serum (FBS, Life Technologies, 12483-020), 2 ng'mL-! basic Fibroblast Growth Factor (0.1%) (FGFb,
Gibco), 0.5 ng'mL-* Epidermal Growth Factor (0.2%) (EGF, Invitrogen, Life Technologies), 1 pg-mL- L-ascorbic
acid (0.1%) (Sigma, St Louis, MO, USA), 1 pg-mL-" hydrocortisone (0.1%) and 90 jg-mL-" porcine heparin sodium
salt (1%) (Grade I-A, Sigma). This complete medium is hereafter referred to as DMEM+. Serum-free phenol red-
free DMEM (Gibco), supplemented with 1% Penicillin/Streptomycin (PenStrep, Gibco 15140-122), 1% Sodium
Pyruvate (Gibco 11360-070) and 1% Glutamine (Sigma G7513) was used for cell viability tests and is referred as
sDMEM.

6.4.2 Amino acid analysis of biopolymers

The amino acid (AA) composition of the biopolymers was analyzed as described by Kerkaert et al. [426]. In brief,
proteins were first hydrolyzed to their amino acids (6 N HCI, 12 h, 105°C). Subsequently they were automatically
derivatized with respectively 9-fluorenylmethylchloroformate (FMOC) (for proline and hydroxyproline) and ortho-
phthalic dialdehyde (OPA) (all the other amino acids) just before injection and separation on HPLC (Agilent
ZORBAX Eclipse plus C18 P.N. 959963-902 and pre-column P.N. 820950-936) followed by fluorometric detection.
Due to the acid hydrolysis, some amino acids (i.e. tryptophan and cysteine) are lost and cannot be detected in the
amino acid analysis and were thus not reported. Aspartate and asparagine are converted during the procedure to
aspartic acid. Glutamate and glutamine are converted during the procedure to glutamic acid. All samples were

analyzed in duplicate. The results were reported as an average of both analyses.
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6.4.3 Functionalization of biopolymers

The methacrylation of bovine skin gelatin (GEL BS) and bovine skin collagen (COL BS) was performed according
to the protocol of Van Den Bulcke et al. [421]. In brief, methacrylated gelatin (GEL-MA) and methacrylated collagen
(COL-MA) were prepared by reaction of the primary amines with MeAnH (Figure 6.1).

—NH primary amines: lysine,
hydroxylysine, ornithine

0O O 9 0
biopolymer NH biopolymer
— NHA, + — —N *
backbone 0] backbone H YJ\OH

GEL BS methacrylic anhydride GEL-MA BS methacrylic acid
COL BS (MeAnH) COL-MA BS

Figure 6.1. Synthesis of methacrylamide-modified gelatin and methacrylamide-modified collagen.

First, the biopolymer (10 w/v%) was dissolved in phosphate buffer solution (PBS) (0.2 M, pH = 7.8) at 37°C. Next,
0.5, 1 or 2.5 equivalents (EQ) of MeAnH with respect to the primary amines were added followed by stirring for 1
hour. The number of primary amines can be determined using amino acid (AA) analysis or through an ortho-
phthalic dialdehyde assay (OPA), as described in sections 6.4.2 and 6.4.5 respectively. Next, the reaction mixture
was dialyzed (MWCO 12-14 kDa) against distilled water (37°C, 24 h), followed by freeze-drying for 24 h (Christ
Freeze-dryer alpha I-5). For both gelatin and collagen, a higher and a lower amount of MeAnH was added in order
to aim at a target degree of substitution (DS) of 70% and 100%, respectively (for the determination of the DS, see

6.2.4 and 6.2.5). An overview of the developed gelatin and collagen derivatives can be found in Table 6.1.

Table 6.1. Overview of the four functionalized bovine skin gelatin- and collagen-based materials used in this study, the added equivalents
of methacrylic anhydride (with respect to the primary amines), and their corresponding code after modification.

Material Equivalents MeAnH Code after modification
Bovine skin gelatin 1 GEL-MABS 1 EQ
Bovine skin gelatin 2.5 GEL-MABS 2.5 EQ

Bovine skin collagen 0.5 COL-MABS 0.5EQ
Bovine skin collagen 1 COL-MABS 1EQ

6.4.4 "H-NMR spectroscopy and ortho-phthalic dialdehyde (OPA) assay

The degrees of substitution for the gelatin and collagen derivatives were quantified via proton nuclear magnetic

resonance ('H-NMR) spectroscopy (Bruker WH 500 MHz) using D0 as solvent at elevated temperature (40°C).
The calculation of the DS was performed following the procedure as described earlier by Van Vlierberghe et al.

[262] and based on the amino acid composition as determined by the analysis as described higher.

An OPA assay was also applied as a quantitative tool to evaluate the functionalization degree of the natural

polymers. To this end, 20 mg of OPA was dissolved in 10 mL ethanol. Next, the mixture was diluted to 50 mL with
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double distilled water (deionized water). A second stock solution containing 25 uL 2-mercaptoethanol in 50 mL
borate buffer (pH = 10) was prepared. For 50 uL of heated (T = 37°C) gelatin or collagen solution (1 g / 40 mL
deionized water), 950 L deionized water, 1500 uL 2-mercaptoethanol solution and 500 uL of the OPA stock
solution were added subsequently, followed by vigorously mixing. Finally, the absorbance at 335 nm was measured
compared to a blank (i.e. mixture with deionized water instead of gelatin/collagen) at 37°C. All measurements were

performed in triplicate.
Analogous measurements were performed with n-butylamine (0.002 M to 0.01 M) standards to obtain a calibration

curve. Calculation of the amount of unreacted amine groups, remaining after the modification, enabled the

determination of the degree of substitution.

6.4.5 Physical gelation study via differential scanning calorimetry (DSC)

For the DSC analysis, hydrogel building block solutions (10 w/iv% in distilled water, 50 mg each dissolved at 37°C
in 500 L) were placed into a hermetic Tzero pan with a Toero hermetic lid (TA Instruments, Zellik, Belgium). As a
reference, an empty hermetic T, pan was applied. All measurements were performed on a TA Instruments Q

2000 with an RSC 500 cooler (Zellik, Belgium). The results were analyzed using Q series software.

The samples were subjected to a preparatory program as described earlier by Van Hoorick et al. [412]. First, a
temperature ramp of 20°C-min-! was applied to reach a temperature of 60°C. The sample was stabilized for 20
min. Next, a ramp of 1°C-min-! was applied to cool the sample to a temperature of 5°C followed by stabilizing the
samples at 5°C for 360 min. Then, a temperature ramp of 5°C-min-! was applied until a temperature of 60°C was

reached.

6.4.6 Photoinitiator (Lithium (2,4,6-trimethylbenzoyl)phenylphosphinate (LAP)) synthesis
The photoinitiator Li-TPO or LAP was synthesized according to a previously reported protocol [425]. Briefly, 8.60

g (27.2 mmol) of (2,4,6-trimethylbenzoyl)-phenyl-phosphinic acid ethyl ester (i.e. speedcure TPO-L by Lambson)
was dissolved in 150 ml butanone followed by the addition of 9.45 g (109 mmol) lithium bromide. The mixture was
allowed to react for 24 hours at 65°C under reflux conditions. The formed precipitate was isolated via filtration,

washed with petroleum ether and dried under vacuum at room temperature.

6.4.7 Determination of mechanical properties via rheology

For rheological characterization a rheometer was used with a parallel plate geometry (Anton Paar Physica 501)
with a top plate diameter of 25 mm. Hydrogel building block solutions (10 w/v%, 50 mg each in 500 pL) were
prepared in deionized water. To monitor the crosslinking reaction, 300 pL of each solution containing 2 mol% Li-
TPO, relative to the number of crosslinkable functionalities, was placed between the plates using a gap setting of

0.35 mm. The edges were trimmed and sealed using silicone grease (Bayer, mittelviskds, Sigma-Aldrich, Diegem,
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Belgium) to prevent sample drying. An oscillation frequency of 1 Hz and a strain of 0.1% were applied as these
values were within the linear viscoelastic range as determined by isothermal measurements (37°C) of the storage
(G') and loss moduli (G") as a function of deformation at a constant frequency (1 Hz) and varying strain (0.01 -
10%). The solutions were irradiated at 37°C using UV-A light (10 min, EXFO Novacure 2000 UV light source at
365 nm using a fluence of 500 mW-cm-2), followed by 2 min of post-curing monitoring in the absence of UV-A

irradiation.

6.4.8 Photo-crosslinking of functionalized gelatin and collagen derivatives

The obtained gelatin (GEL-MA) and collagen (COL-MA) derivatives were dissolved in phosphate buffered saline
(pH =7.8) at 37°C to obtain a concentration of 10 w/v%. After complete dissolution, 2 mol% (relative to the amount
of double bonds) of an 8 mg-mL-" stock solution of Li-TPO in deionized water was added to the mixture followed
by degassing for at least 30 s. Next, the heated solution was injected between two parallel glass plates covered
with release foil and separated by a 1 mm thick silicone spacer. Finally, the hydrogel building block solution was
irradiated from both sides with UV-A light (A = 365 nm, 2 x 4 mW-cm-2) for 30 min.

6.4.9 Determination of gel fraction, mass swelling ratio and crosslinking efficiency

The gel fraction was determined by freeze-drying films with a diameter of 0.8 cm immediately after crosslinking.
Next, the dry mass of these films was determined (mq.1), and the films were incubated in 20 mL deionized water at
37°C for 48 h to allow leaching of the sol fraction. After equilibrium swelling, the films were freeze-dried, and the
dry mass was determined again (mq_). The gel fraction was determined by comparing the final dry mass to the

original one resulting in the following equation (Equation 6.1):

m
Gel fraction [%] = —=%2 (6.1)
Mg,

All measurements were performed in triplicate and the standard deviation was calculated.

The equilibrium swelling ratio was determined using films with a diameter of 0.8 cm punched from equilibrium
swollen sheets. Before determining the swollen mass (ms) of the films, the excess water on the surface was gently
removed using tissue paper. Afterwards, the samples were freeze-dried to determine the dry mass (my).

The swelling ratio was then calculated using the following formula (Equation 6.2):

m
Mass swelling ratio [Q] = — (6.2)
mq

The crosslinking efficiency (CE) was assessed by high resolution magic angle spinning (HR-MAS) 'H-NMR
spectroscopy on a Bruker Avance Il 700 spectrometer. The spectrometer contains a HR-MAS probe which was
equipped with a 'H, 13C, 119Sn and gradient channel. The spinning rate was set at 6 kHz. The freeze-dried samples

were placed in a 4 mm zirconium oxide MAS rotor (50 uL). Next, 30 uL D,O was added to let the samples swell.
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Finally, the samples were homogenized prior to the measurement. A Teflon® coated cap was used to close the

rotor. The crosslinking efficiency was calculated following the procedure as described earlier [427].

6.4.10 In vitro cytocompatibility study using human umbilical vein endothelial cells

Flat circular samples (D=0.86 cm, A=0.58 cm2) were cut from equilibrium swollen hydrogel (i.e. GEL-MA BS 73%,
GEL-MA BS 99%, COL-MA BS 74% and COL-MA BS 96%) in PBS in the presence of 1% PenStrep. Samples
were placed in a 50 mL Falcon tube and incubated for 2 x 12 hin 70% EtOH for sterilization and thoroughly washed
during 4 cycles of incubation in PBS+1% PenStrep for 24 h. The cytotoxicity and the cell adhesion on the GEL-MA

and COL-MA films were assessed by indirect and direct cell assays.

Indirect Material Extraction Assay. Samples were placed in 24 well plates and incubated with 380 uL (0.33 mL-cm-
2, considering the area of the two surfaces) of sSDMEM for 1 day at 37°C in an incubator. Aliquots (100 uL) from
culture medium (extracts) were collected and stored at 4°C. HUVECs were seeded in 96-well plates at a density
of 20,000 cells:cm-2in 100 uL of DMEM+. 24 hours after seeding, the culture medium was removed and 100 uL
of the extracts was added and supplemented with 10 pL/well of 5% FBS, 2 ng'mL-" of FGF, 1 ng:mL"! of EGF, 1
Mg-mL-* of ascorbic acid, 1 ug-mL-* of hydrocortisone and 90 ug-mL-* of heparin. Cells were incubated at 37°C for
1 day. Cells cultured in DMEM+ for HUVEC, and seeded in a TCP, were used as controls (non-conditioned
extraction medium supplemented with 10 pL of supplement). 1 day after incubation with the extracts, the medium
was changed with 100 uL fresh DMEM+ containing 1X resazurin and cells were incubated for 4 hours at 37°C.
The medium extracted from the 4 developed derivatives (i.e. GEL-MA BS 73%, GEL-MA BS 99%, COL-MA BS
74% and COL-MA BS 96%) was tested against non-conditioned extraction medium (as a control). The
fluorescence of the medium was measured at Aex = 545 nm, Aem= 590 nm using a SpectraMax i3x microplate reader

(Molecular Devices, Sunnyvale CA, USA). The tests were performed in eight-fold.

Direct Cell Viability Test and Immunofiuorescence Imaging. HUVECs were seeded on samples of the 4 developed
derivatives (i.e. GEL-MA BS 73%, GEL-MA BS 99%, COL-MA BS 74% and COL-MA BS 96%) at a density of
15,000 cells'cm2in 400 uL complete DMEM+. Next, the cells were incubated at 37°C. For the direct cell viability
assay, each time point had 4 replicates, and 2 replicates were used at each time point for immunofluorescence

imaging.

A resazurin assay was performed at 1, 3 and 7 days after seeding to evaluate cell viability (200 L of 1X resazurin
solution in phenol red-free complete medium, incubation for 5 hours). Non-seeded samples were used as controls
by incubating them with the fresh resazurin solution (negative control) and with resazurin solution already
processed by cells (positive control). The fluorescence of the medium was measured at Aex = 545 nm, Agn= 590

nm using a SpectraMax i3x microplate reader (Molecular Devices, Sunnyvale CA, USA). In addition to the cell
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viability, the relative cell growth rate (RGR) was determined. The RGR was assessed by using the formula reported

earlier by Nonkumwong et al. [428] with FU defined as the mean fluorescence unit.

Utest sample

relative cell growth rate (RGR) = (6.3)

FUnegative control
Atday 1, 3 and 7, after the resazurin test, two samples per material type were moved to another plate, washed
once in 1 mL PBS and then fixed by 3.7% formaldehyde (0.5 mL) for 30 minutes at r.t. Then, formaldehyde was

removed, and PBS was added. 24 hours later PBS was refreshed (1 mL).

After 1, 3, or 7 days of culture, the constructs were washed twice with PBS, fixed with 3.7% formaldehyde (Sigma)
for 20 min, and treated with 0.5% Triton X-100 in PBS for 30 min at r.t. to permeabilize the cells. Thereafter, the
constructs were incubated with mouse monoclonal antibodies against VE-cadherin (Abcam, Ab7047, dilution 1:50)
for 1 h atr.t., washed twice with 0.05% Tween 20 in PBS, and finally incubated at r.t. for 1 h with the anti-mouse
Alexa Fluor 488 antibody (Life Technologies). Rhodamine-phalloidin (Sigma, 1:200) and 4',6-diamidino-2-
phenylindole (DAPI, 1:3000, Thermo Fischer Scientific) were used to stain F-actin and nuclei, respectively. Images
were obtained using an Olympus BX51 fluorescence microscope and an LSM 700 confocal laser scanning
microscope (Zeiss) controlled by ZEN 2009 software for image acquisition and further analysis. The cytoskeleton

area (n = 12) was calculated using ImageJ software.

6.4.11 Statistical analysis

All data were analyzed using GraphPad Prism 8.0.2. An ordinary one-way ANOVA test was performed followed by
a Tukey post-test. The symbols representing the different significant levels are indicated on the graphs (i.e. ns =p
>0.05;*=p=<0.05*=p=<0.01, " =p=<0.001).

6.5 Results and discussion
In this chapter, the aim was to develop a photo-crosslinkable collagen-based hydrogel precursor for vascular TE
applications that combines a better match with the mechanical properties of human arteries, while maintaining the

intrinsic cell-interactive properties.

Several strategies exist to make natural (bio)polymers photo-crosslinkable. One of the most reported strategies in
various TE and biofabrication applications is the modification of gelatin with methacrylamides
[209,395,411,412,424,429]. The introduction of photo-crosslinkable groups (i.e. methacrylamide functionalities)
onto gelatin via the reaction of the primary amines with methacrylic anhydride has successfully enabled the
development of a crosslinkable gelatin derivative with superior mechanical (i.e. elastic modulus) and tunable

physico-chemical properties (i.e. swelling properties, gel fraction) compared to unmodified gelatin [209,421,424].
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In an attempt increasing the mechanical strength of collagen for TE purposes, research on the functionalization of
collagen using methacrylic anhydride [369,430], 4-vinylbenzylchloride [416], glycidyl methacrylate [416],
unsaturated cyclic anhydrides [431], along with strategies to introduce thiols was performed to date [181,432].
Because research on the functionalization of collagen with methacrylamides is however scarce (to the best of our
knowledge non-existing for vTE applications), and due to the structural similarity of gelatin to collagen, a similar
strategy was pursued for the functionalization of collagen, while GEL-MA was applied as a benchmark throughout
this chapter. The physico-chemical and the biological properties of the developed photo-crosslinkable derivatives
were studied in order to evaluate if the developed COL-MAs could be used as a superior alternative biomaterial

for vTE applications compared to GEL-MA, the gold standard in various biofabrication and TE applications.

6.5.1 Functionalization of gelatin and collagen

In a first step, the amino acid composition of the applied proteins was analyzed. This enables the exact calculation
of the number of primary amines prone to functionalization, required to determine the reaction conditions (e.g.

equivalents of MeAnH). The results are summarized in Table S6.1.

The amino acid composition is dominated by glycine and proline, confirming literature reports [433,434]. This is
intuitive as proline and hydroxyproline are responsible for the characteristic triple helix formation [209]. Ornithine,
obtained through alkaline hydrolysis of arginine, is only present in gelatin type B as consequence of the alkaline
isolation strategy. As a result, the applied collagen in this study possesses a lower number of primary amine groups
available for the introduction of photo-crosslinkable moieties as compared to gelatin (i.e. 0.248 mmol-g-' bovine

skin collagen vs 0.304 mmol-g-' bovine skin gelatin).

Based on the amino acid composition analysis, both bovine skin gelatin and bovine skin collagen were modified
with methacrylamide functionalities via the modification of the primary amines present in the side chains of
(hydroxy)lysine in collagen, and (hydroxy)lysine and ornithine in gelatin. These primary amines were reacted with
MeAnH to introduce crosslinkable functionalities. The photo-crosslinkable groups enable the subsequent

crosslinking in the presence of a suitable photo-initiator (i.e. Li-TPO or LAP) upon applying UV irradiation.

The number of primary amines available prior and after functionalization was determined using an OPA amine
detection assay. This assay enables the determination of the amount of introduced crosslinkable groups (i.e. the

so-called degree of substitution, DS) (Figure 6.2).

For both gelatin and collagen, derivatives with a lower (estimated to 70%) and a higher (estimated to 100%) DS
were developed. Development of a derivative with a full substitution of the primary amines (DS 100%) was selected
to evaluate the upper limit of functionalization, whereas a derivative with a significantly lower DS (DS 70%) would

allow to evaluate the effect of the differences in DS on both the biological and the mechanical properties, and at
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the same time still enable sufficient superior mechanical properties compared to extracted, non-functionalized
collagen (i.e. a storage modulus of 1070 - 3333 Pa reported in literature) [412,431]. The number of introduced
photo-crosslinkable functionalities onto collagen was lower in comparison to gelatin upon functionalization using 1
eq MeAnH (i.e. 0.242 mmol-g-! for a DS of 96% for COL-MA BS 1 EQ vs 0.276 mmol-g-' for a DS of 73% for GEL-
MA 1 EQ). We anticipate that the observed differences can be attributed to differences in the location of the primary
amine functions in both biopolymers. At present, we are investigating these phenomena through modeling
approaches. Furthermore, the degree of substitution for both gelatin and collagen was found to be proportional to
the added amount of MeAnH (i.e. the more eq MeAnH added, the higher the DS), as shown in Figure 6.2. These

data correspond to literature reports [422].

Next to the OPA assay, the DS of the developed crosslinkable biopolymers was also determined using 'H-NMR
spectroscopy. In addition to enabling an efficient way of calculating the DS, 'H-NMR spectroscopy also enables
the exact chemical identification of the introduced photo-crosslinkable groups and proves that these are
methacrylamide groups. The 'H-NMR spectra of the modified proteins showed characteristic peaks at 5.75 and
5.55 ppm which correspond to the vinyl protons of the introduced methacrylamides (Supplementary information,
Figure S6.1). Because the exact amino acid composition of gelatin and collagen is known, the protocol established
by Van Vlierberghe et al. [262] to calculate the DS of methacrylated gelatin can thus be extended to collagen.
Following this protocol, the DS was quantified by comparing the integration of these characteristic peaks (i.e. 5.75
and 5.55 ppm) to the integration of the methyl protons present in Val, Leu and lle, (i.e. at 1.01 ppm) which are inert

during modification [429].

For GEL-MA, applying 1 and 2.5 equivalents MeAnH with respect to the primary amines of the lysine, hydroxylysine
and ornithine moieties resulted in a DS of 70% (0.213 mmol-g-* gelatin) and 92% (0.280 mmol-g-' gelatin)
respectively. These NMR results were in line with previously reported results [412,435]. Importantly, the results

agreed with those obtained via the OPA assay (i.e. 73% and 99%, respectively).

Optimization of the bovine skin collagen functionalization was performed by addition of 0.5, 1 and 2.5 equivalents
MeAnH with respect to the primary amines of lysine. The functionalization of bovine skin collagen with 0.5 and 1
equivalents MeAnH with respect to the primary amines resulted in DS of 76% (0.188 mmol-g-* BS collagen) and
100% (0.247 mmol-g-* BS collagen), respectively. Because a DS of approx. 100% was already obtained by using
1 equivalent of MeAnH for the collagen derivatives, higher equivalents of MeAnH were omitted from further
analysis. Like gelatin, the DS obtained for the COL-MA derivatives using 'H-NMR spectroscopy were in line with
the DS observed using OPA (i.e. 74% and 96% for COL-MA 0.5 and 1 EQ, respectively).
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Figure 6.2. Degree of substitution of functionalized gelatin and collagen derivatives determined by OPA analysis (full bars) and 1H-NMR
spectroscopy (dashed bars, one measurement was performed). The nomenclature for the developed materials will be based on type of
material and their corresponding degree of substitution (i.e. GEL-MA BS 73%, GEL-MA BS 99%, COL-MA BS 74% and COL-MA BS 96%)
and will be used as such in upcoming paragraphs.

Throughout the remaining part of this chapter, the developed photo-crosslinkable precursors will be referred to
using their DS (as determined by OPA), as indicated in Figure 6.2.

6.5.2 Physical gelation study via differential scanning calorimetry (DSC)

Both collagen and gelatin are characterized by a dissociation temperature (Tq4). Below this temperature, the
materials form a hydrogel due to triple helix formation whereas a solution is obtained at elevated temperatures
[209,436,437]. From literature, it is known that several factors including the molar mass, the
hydrophilicity/hydrophobicity balance and the number of introduced photo-crosslinkable moieties can influence the
thermo-responsive behavior of a material [421]. Therefore, DSC experiments were performed to evaluate the
thermal characteristics of the developed gelatin and collagen derivatives. Upon heating above the Tq, the
dissociation of collagen and gelatin is initiated with the separation of the alpha chains followed by the rupture of

the inter-chain hydrogen bonds between the crystalline triple helices resulting in the formation of random coils
[431,438].

The method applied was adapted from a previously reported protocol [412]. However, due to the added complexity
of the physical interactions present in collagen and the lower chain mobility due to covalent interactions (i.e.
disulfide bonds) [438], collagen is characterized by a longer gelation time in comparison to gelatin. As shown in
Figure S6.2, the optimization of the gelation time (t = 1, 3, 6, 9 and 12 h) indicated a plateau for the obtained
enthalpy values was reached at a gelation time of 6 h or 360 min. Therefore, this gelation time was selected for

the DSC measurements in order to enable sufficient collagen restructuring.
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Previous literature reports have shown that the dissociation enthalpy (i.e. the enthalpy corresponding to the
endothermal peak at Tq) is proportional to the number of hydrogen bonds, which are responsible for the triple helix
formation [412,435]. This statement is confirmed when comparing the dissociation enthalpy of the COL BS applied
in our study (i.e. 2.031 J-g) to the value for its gelatin counterpart (i.e. 1.457 J-g"). The observed difference can

be ascribed to gelatin being denatured collagen [209,439].

Upon gelatin functionalization, the dissociation enthalpy for bovine skin gelatin was found to be 1.416 J-g"'and
1.398 J-g' for GEL-MA BS 73% and GEL-MA BS 99% respectively. The results indicated that GEL-MA BS 73%
showed a 2.8% decrease in number of hydrogen bonds, whereas GEL-MA BS 99% showed a 4.1% decrease due
to the introduction of the photo-crosslinkable moieties. The small difference in hydrogen bond reduction between
both derivatives can be explained by a small distortion of the triple helix formation due to the introduced photo-
crosslinkable functionalities as compared to non-functionalized gelatin [209]. Van Hoorick et al. [412] reported a
7% decrease in intra-molecular interactions including hydrogen bonds for GEL-MA DS 97% vs unmodified gelatin,
whereas Tytgat et al. [440] showed a decrease of 5% for GEL-MA 97%. These observations are thus in line with

the results obtained in our study.

When looking at the trend for the collagens, it can be observed that almost no hydrogen bond reduction was
obtained in case of the lower DS collagen (i.e. 2.004 J-g* for COL-MA BS 74%, 1.3% decrease), whereas a large
drop in the number of hydrogen bonds was observed in case of the high DS collagen (i.e. 1.537 J-g, 24.3%
decrease), as compared to native collagen (i.e. 2.031 J-g"). Even though the exact dissociation enthalpy depends
on the type of collagen (i.e. the origin), its exact amino acid composition (and thus the molar mass) and on the
protocol used for DSC (i.e. in acid solution or PBS, temperature regime, gelation time, etc.), similar trends could
be found in literature [431]. The study of Brinkman et al. [441] showed that the functionalization of collagen did not
alter the triple helical content (within a certain range of functionalization degrees [39 — 86%)]), confirming the
observed low reduction (i.e. 1.3%) in dissociation enthalpy in our study for COL-MA BS with a DS of 74% compared
to the unmodified COL BS [441].

Knowing that the structural conformation impacts the final material properties, the developed materials will be

further investigated by physico-chemical characterization and biological evaluation.

Table 6.2. Effect of functionalization on the physical gelation of gelatin and collagen as studied using DSC, described by the dissociation
enthalpy and the peak dissociation temperature.

Dissociation  Dissociation temperature

enthalpy [J-g] (peak) [°C]
GEL BS 1.457 30.27
GEL-MA BS 73% 1.416 28.53

GEL-MA BS 99% 1.398 28.99
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COLBS 2.031 28.81
COL-MA BS 74% 2.004 29.63
COL-MA BS 96% 1.537 28.28

The dissociation temperatures for gelatin, collagen and their derivatives were recorded and are also shown in
Table 6.2. The observed dissociation temperatures for gelatin (~ 30°C) and its derivatives are in accordance with
previous results reported [412]. Collagen and two different types of anhydride derivatives (i.e. maleic anhydride
and itaconic anhydride) were studied by Potorac et al. [431]. In their study, unmodified collagen showed an
endothermic peak at 34°C, whereas an increase in Tq of 6 and 5°C was found for maleic anhydride and itaconic
anhydride, respectively. Depending on the amino acid composition, differences in between collagens from other
origins or even from the same origins but slightly different extraction protocols could result in differences in
dissociation temperature. Next to this, also differences in the applied DSC protocols affect the reported dissociation
enthalpy and temperature. From our study, the Tqwas found to be lower than the values reported in literature
[417,431,442,443]. This can be attributed to a slower heating rate (i.e. 0.5-2°C-min-') compared to the heating rate

in our study (i.e. 5°C-min").

6.5.3 Physico-chemical characterization of crosslinked hydrogels

(a) Determination of gel fraction, crosslinking efficiency and swelling ratio

In a next step, the developed materials were physico-chemically characterized via gel fraction determination, HR-
MAS 'H-NMR spectroscopy and swelling experiments. As indicated in Figure 6.3, the gel fractions of the
functionalized bovine skin gelatins and bovine skin collagens exceeded 74% and 83%, respectively. No statistically
significant differences were observed between the different crosslinked materials (p > 0.05). Hoch et al. [444]
reported on gel fractions between 70-85% for bovine type B methacrylamide gelatins having a DS of around 68%,
which is in line the results obtained in our study (i.e. 74% for GEL-MA BS 73%). The gel fractions obtained for
GEL-MA BS 99% were also in accordance with previous reported data [412,433,440]. It should be noted that the
higher DS derivatives did not lead to a significant difference in the obtained gel fractions (Figure 6.3, left panel).
The gel fraction data of both the COL-MA and the GEL-MA derivatives provided a first indication of the successful

hydrogel formation and an efficient crosslinking process.
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Figure 6.3. Left panel: Gel fraction (left y-axis, full bars), crosslinking efficiency by HR-MAS (right y-axis, striped bars). Right panel: Mass
swelling ratio for the functionalized gelatin and collagen derivatives with different degrees of substitution. (***= p < 0.001).

With the aim to further study the crosslinked hydrogels, HR-MAS 'H-NMR spectroscopy was performed to gain
more information on the actual double bond conversion in the developed hydrogels. This was realized according
to the protocol reported by Van Vlierberghe et al. [262]. The results indicated that 75 and 84% of the double bonds
were reacted for the GEL-MA BS 73% and GEL-MA BS 99%, respectively. These results agreed with previously
reported data [440,445]. The degree of conversion of the developed bovine skin collagen precursors was found to
be 86% and 88% for the COL-MA BS 74% and 96%, respectively. It can thus be concluded that, irrespective of

the type of hydrogel, the crosslinking reaction was successful (confirming our gel fraction data), without consuming
all available double bonds (Table S6.2).

Several studies have shown that the water content of arteries is increased in hypertension, and that this may be
associated with an increase in wall thickness [446,447]. Hydrogels are considered excellent candidates for TE
applications given the close mimic of the aqueous environment of the ECM. Therefore, the capability to retain
water and thus the water content is an important characteristic [183]. The percentage of wet tissue for a coronary
artery is reported to be 63.2 + 1.0% whereas other arteries have wet tissue percentages up to 73.8 + 0.6% [448]
which thus shows the potential of hydrogels for vascular TE applications. The equilibrium mass swelling ratio (Q)
of the GEL-MA was 20 and 17, corresponding to a water content of 94.7 and 93.8%, for the GEL-MA BS 73% and
99% DS derivatives, respectively. These values are in accordance with previously reported data by Billiet et al.
[433] and Tytgat et al. [440]. On the other hand, the swelling ratio for the functionalized bovine skin collagen was
found to be 14 and 13 (corresponding to a water content of 92.3 and 91.7%) for COL-MA BS 74% and 96%,
respectively. The water uptake capacity of the developed photo-crosslinkable collagens was significantly lower
compared to GEL-MA (p < 0.001), but still quite high compared to the 73.8 £ 0.6% of wet tissue of arteries.
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Due to their lower amount of introduced photo-crosslinkable groups (Table S6.2), the swelling ratio of the collagen
derivatives was expected to be higher than their gelatin counterparts. The lower swelling ratio of the COL-MA
derivatives can be attributed to more intra-molecular interactions and the triple helix formation. The higher swelling
ratio of all developed derivatives compared to the % swelling for wet tissue of arteries might among other be due
to the difference in swelling equilibrium conditions (i.e. deionized water versus human body fluid), because the
absence of hydrated ions and ionic atmospheres results in higher swelling ratios [449]. In addition, all other
constituents (i.e. enzymes, cells, etc.) present in the human body and in the blood also influence the swelling
behavior. A physiologically relevant study on the interaction of these human body fluid constituents and the
hydrogel material (after processing into a tubular structure with or without a cell-based model) by using e.g. a
bioreactor, will enable a more accurate view and might reduce the discrepancy between the obtained results in

this study and the in vivo situation.

(b) Determination of mechanical properties via rheology

The mechanical properties of the gelatin and collagen derivatives were studied through rheology experiments to
study the influence of the biopolymer type and the DS on the hydrogel's mechanical properties. The mechanical
properties of a biomaterial play an important role in their potential use in TERM applications. Not only because
sufficient mechanical stability is required for a positive outcome, but also because the mechanical properties
directly influence the biological properties (i.e. cell-biomaterial interactions) (vide infra). Because the aim of this
study is to develop a material with superior mechanical properties compared to non-functionalized collagen (used
in vTE but with insufficient mechanical properties)? a higher storage modulus, which is a measure for the elasticity
of a material, was envisaged for the COL-MA derivatives. In addition, the obtained mechanical properties were

compared to the reference material GEL-MA (used as the gold standard in a plethora of other TE applications).

During photo-rheology measurements, the storage modulus G' was monitored as a function of time during UV-
irradiation (Figure 6.4). This measurement provides information about the elastic behavior of a material which in
turn relates to the number of crosslinks present in a material [450]. First, the modified biopolymers are monitored
prior UV-irradiation. At a certain time point (i.e. 120 seconds), the sample is irradiated with UV-light resulting in
photo-crosslinking. Upon UV-irradiation, rheological monitoring shows an increase in the storage modulus, until a

certain plateau value is obtained.
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Figure 6.4. Left panel: Rheological measurements on the functionalized gelatin and collagen (10 w/v% and 2 mol% Li-TPO, relative to the
number of crosslinkable functionalities) and the effect of the degree of substitution on the storage modulus G’ as a function of time, and
upon applying UV irradiation. Right panel: Plateau values of the storage moduli in kPa for each of the developed materials.

The measurements indicate a storage modulus of 3.861 + 0.017 kPa for GEL-MA BS 73% in the relaxed state
whereas a higher G’ value (i.e. 8.399 + 0.031 kPa) was observed for GEL-MA BS 99%. The functionalized
collagens exhibited a similar behavior, with storage moduli of 4.831 + 0.024 and 9.385 + 0.052 kPa for the COL-
MA BS 85% and 96%, respectively.

Irrespective of the biopolymer type, the storage modulus G’ (at relaxed state) increased with a higher DS. This can
be explained by a higher amount of introduced photo-crosslinkable groups and thus the formation of a more
densely crosslinked network.

In addition to the effect of the DS, the nature of the biopolymer also affects the hydrogel mechanical properties.
Indeed, the COL-MA derivatives reveal higher G’ values compared to their GEL-MA counterparts. The effect is
however less pronounced compared to the effect of the DS (Figure 6.4). At first sight, this effect is counter-intuitive
when considering the number of introduced and reacted photo-crosslinkable functionalities on both biopolymers
(summarized in Table S6.2). Considering the higher number of introduced and reacted photo-crosslinkable groups
present in the gelatin derivatives, a stronger crosslinked network was expected for the GEL-MA-based hydrogels.
However, based on the photo-rheology measurements, the opposite effect was observed with storage moduli for
the collagen derivatives of 4.831 and 9.385 kPa as compared to those of the gelatin derivates being 3.861 and
8.399 kPa. As for the swelling properties of the developed gels, this can again (at least partly) be ascribed to
structural differences between collagen and gelatin (as described above), more precisely the higher number of
triple helices present in collagen (Table 6.2) [451].

It can thus be concluded that superior mechanical properties were obtained for the photo-crosslinkable collagen

derivatives as compared to (i) native collagen (i.e. a storage modulus of 1070 - 3333 Pa reported in literature)

[412,431], and (i) GEL-MA, despite the lower number of photo-crosslinkable functionalities.
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6.5.4 In vitro cytocompatibility study using human umbilical vein endothelial cells

In addition to the higher described biomaterial properties, cell-biomaterial interactions are crucial when developing
a material for TE purposes. Because the collagen-based derivatives were developed with the final aim to be used
as material for vascular TE applications, HUVECs (i.e. one of the vascular cell types) were selected for the
biological assays. Indeed, implanted materials always contact the endothelium, directly or indirectly via possible

degradation products [452]. To this end, both indirect and direct biological assays were performed.

First, the cytocompatibility of the developed materials was evaluated via an indirect cytotoxicity assay using
HUVECs. The viability of the HUVECSs after contact with the material extracts of the modified gelatin- or collagen-
based materials is shown in Figure S6.3. Based on the indirect assay, a high HUVEC cell viability was obtained
for all materials (i.e. > 93%). It can be concluded that all developed materials in this study (i.e. modified gelatin and
collagen with different degrees of modification) are non-cytotoxic as the assessed materials exhibited cell viabilities

well above 70% (referring to the definition of a “non-cytotoxic material” by ISO 10993-5) [317].

In addition to the indirect cytotoxicity assay, the cell-biomaterial interactions were evaluated by a viability test over
a 7-day period using HUVECs. The cell viability of the HUVECs seeded onto the functionalized gelatin and collagen

hydrogels was evaluated after 1, 3 and 7 days in culture.

The results of the resazurin assay using HUVECs (Figure 6.5) showed a statistically significant increase in cell
viability for COL-MA BS 74% in comparison to GEL-MA BS 73% (p < 0.05) at day 1. The same trend was observed
atday 3 and 7, where the COL-MA BS 74% also exhibited a significantly higher cell viability in comparison to GEL-
MA BS 99% (p < 0.01). It can thus be concluded that after 1 week, the COL-MA BS 74% revealed a higher cell
viability compared to both gelatin derivatives. This agrees with Ryglova et al. [451] who stated that the superior
biological features of collagen compared to gelatin, are mainly the result of the integrity of the triple helical structure
of collagen (which is generally not altered upon functionalization) [441]. In addition to the cell viability, the relative
cell growth rate (RGR) was evaluated. The RGR data have indicated that HUVECs have a statistically significant
higher growth rate on COL-MA BS 96% when comparing day 1 to day 3 (p < 0.0001) and day 1 to day 7 (p < 0.01)
(Figure S6.4).

For the developed COL-MA BS 96% derivative, a significantly lower HUVEC viability was obtained at day 3 (p <
0.05) and day 7 (p < 0.001) as compared to COL-MA BS 74%. This could indicate a significant preference of the
HUVECs for the developed COL-MA BS 74%. It is known that both mechanical and biochemical properties of the
ECM are critical for the control of cell and tissue morphology and function [453]. Furthermore, as stated by Chen
et al. [454], both chemical and topographical properties influence cellular responses. The difference in mechanical
properties between COL-MA BS 74% and 96% (i.e. 4.831 + 0.024 and 9.385 + 0.052 kPa), depending on the
degree of substitution, could thus explain in part the difference in HUVEC viability between both collagen

derivatives. A lower DS implies a smaller alteration of the original collagen backbone and hence a closer
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resemblance to the non-functionalized collagen [109]. This together with other effects could explain why the

HUVECSs show a preference towards the lower degree functionalized collagen (i.e. COL-MA BS 74%).
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Figure 6.5. Viability of HUVECs evaluated via a direct assay at days 1, 3 and 7 after cell seeding. (*=p < 0.05; **=p<0.01, **=p<
0.001).

To further study the behavior of HUVEC in contact with our biomaterials, DAPI and VE-cadherin staining were
performed in order to visualize the cell nuclei, the cytoskeleton and the intercellular junctions (Figure 6.6). The data
supports the above-described observations. Indeed, a preference of the HUVECs towards the COL-MAs is
observed as HUVECs were well attached and homogeneously spread on COL-MA films. For GEL-MA films, the
cells were more rounded (i.e. cell circularity is also a factor to track cell growth [455]) and some clusters were
observed, which is a sign of anomalous growth of HUVECs [456]. The intercellular junctions were also highlighted
by VE-cadherin staining at day 7 (Figure S6.5). VE-cadherin is an endothelial-specific component that emerged as
a regulator of endothelial cell-cell adhesive properties. Next to this, VE-cadherin is known to organize the opening
and closing of the endothelial barrier, but also plays an important role in permeability changes [457]. Based on the
images (Figure 6.6), it can be concluded that the VE-cadherin is present at the endothelial cell junctions irrespective
of the developed material. Moreover, Loy et al. [109] stated that a polygonal shape of the EC marker VE-cadherin

confirms the adhesion and proliferation of HUVECs on the underlying hydrogel.
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Figure 6.6. Nuclei (blue), cytoskeleton (green) and VE-cadherin (red) of HUVEC cells seeded on GEL-MA BS and COL-MA BS derivatives
atday 1, 3and 7. HUVECs were seeded at a density of 15,000 cells-cm2 in 400 uL complete DMEM+. The red arrows and boxes indicate
some VE-cadherin stained intercellular junctions, larger images of day 7 can be found in Fig. S6.5.

The endothelial cytoskeleton is a dynamic network that defines the cell shape, withstands external forces and
effectively responds to mechanical stimuli. Moreover, it has a structural responsibility and plays a key role in cell
migration, cell-cell adhesion, cell-substrate adhesion, and molecular transport between the plasma membrane and
the nucleus [458]. When a cell contacts a surface (a biopolymer in this case), the cell spreads, exerts traction
forces against the surface and forms new bonds with the surface as its contact area expands [459]. This can be
examined by the changes in cell shape and actin polymerization. Upon rearranging its cytoskeleton, actin bundles
and focal adhesions are formed [459]. Actin filaments anchor to the plasma membrane and reinforce it [460]. The
cell cytoskeleton areas were quantified on day 1, 3 and 7 (reported in Figure 6.7). After 1 day, no statistically
significant differences were observed (p > 0.05). However, at day 3, the developed collagen-based materials
showed a significant increase in cytoskeleton area compared to GEL-MA BS 73% (p < 0.01) and GEL-MA BS 99%
(p =0.001). Interestingly, COL-MA BS 74% showed a significant increase in cytoskeleton area compared to both
gelatin derivatives (p < 0.01) at day 7. This could imply a preference of HUVECs towards this material type, as
they also show a more natural morphology and nicely spread cytoskeleton area on the COL-MA surface (Figure
6.7).
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Figure 6.7. Cytoskeleton area of HUVECs seeded onto GEL-MA BS and COL-MA BS, calculated using ImageJ software on the DAPI and
VE-cadherin stained images. (*=p < 0.05; **=p < 0.01; ***=p < 0.001).

According to the results of the biological evaluation using HUVECs, the cell-biomaterial interaction was shown to
be superior for COL-MAs compared to GEL-MAs. Based on the direct cell assay, COL-MA BS 74% showed a
statistically significant increase in HUVECs viability compared to the gelatin derivatives after 3 (p < 0.01) and 7
days (p < 0.001) compared to both types of gelatin (i.e. GEL-MA 73% and GEL-MA 99%), and compared to COL-
MA 96% (p < 0.05 on day 3, p < 0.001 on day 7). Cell visualization revealed a preference of HUVECs towards the
collagen derivatives compared to the gelatin derivatives. The cytoskeleton area of COL-MA BS 74% was found to

be significantly higher compared to both gelatin derivatives at day 3 (p < 0.001) and day 7 (p < 0.01).

6.6 Conclusions

The methacrylamide functionalization of collagen (COL-MA) proves to be an interesting alternative for the gold
standard GEL-MA used in TE and RM applications. The introduction of the photo-crosslinkable groups was
confirmed both qualitatively and quantitatively. The hydrogels produced starting from the functionalized collagens
exhibited a high gel fraction (> 83%) and a high conversion of the photo-crosslinkable groups (> 86%), being
indicative for a stable hydrogel and an efficient crosslinking. Depending on the degree of substitution, materials
with tunable mechanical properties were obtained. An increase in degree of substitution led to increasing storage
moduli. The developed collagen derivatives showed superior mechanical properties compared to (i) native
collagen, and (i) the gold standard GEL-MA and showed a lower swelling degree, more closely mimicking the
water content of natural tissue. In vitro biological assays showed that HUVECs have a preference towards the
developed bovine skin COL-MAs and a significantly better cell-biomaterial interaction (i.e. cell shape, cell
cytoskeleton area) when compared to bovine skin GEL-MAs. Given these findings, the functionalized collagens
will be the subject of follow-up research in which the processing potential of the developed photo-crosslinkable
collagens into tubular constructs for vTE applications will be studied. The most prominent challenges in the field,

burst pressure and compliance will be tackled for these constructs.
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Chapter 7: Proteomics as a tool to gain next level
insights into photo-crosslinkable biopolymer
modifications

This chapter describes proteomics as a tool to identify and localize photo-crosslinkable moieties in the biopolymer's
amino acid sequence and within its 3D structure. The proteomics analysis was conducted in collaboration with
MSAP (Université de Lille, France) by Dr. F. Bray. The 3D modeling was performed by Dr. T. Gheysens. This

chapter has been published as:
N. Pien, F. Bray, T. Gheysens, L. Tygat, C. Rolando, D. Mantovani, P. Dubruel, S. Van Vlierberghe. Proteomics

as a tool to gain next level insights into photo-crosslinkable biopolymer modifications. Bioactive Materials, DOI:
10.1016/j.bioactmat.2022.01.023. Published: JAN 2022, Impact Factor: 14.593. Peer reviewed.
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7.1 Résumé

La répartition des groupements photoréticulables sur un squelette protéique peut affecter le comportement de
réticulation d'un biomatériau, et donc aussi ses propriétés mécaniques et biologiques. Une connaissance
approfondie & cet égard est essentielle pour les biomatériaux exploités en ingénierie tissulaire et en médecine
régénérative. Dans le présent travail, des groupements photoréticulables ont été introduits sur les groupes amine
primaire de: (i) d'un peptide de collagéne recombinant (RCPhC1) avec une séquence d'acides aminés (AA)
connue, et (ii) de collagéne de peau bovine (COL BS) avec une séquence AA inconnue. Le degré de substitution
(DS) a été quantifié a l'aide de deux techniques conventionnelles: un test au dialdéhyde ortho-phtalique (OPA) et
la spectroscopie 'H-NMR. Cependant, aucune de ces deux techniques ne fournit d'informations sur le type et
I'emplacement exacts des AA modifiés. Par conséquent, pour la premiére fois, I'analyse protéomique a été évaluée
ici comme un outil pour identifier les AA fonctionnalisés ainsi que la position exacte des parties photoréticulables

le long de la séquence AA.
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7.2 Abstract

The distribution of photo-crosslinkable moieties onto a protein backbone can affect a biomaterial’s crosslinking
behavior, and therefore also its mechanical and biological properties. A profound insight in this respect is essential
for biomaterials exploited in tissue engineering and regenerative medicine. In the present work, photo-crosslinkable
moieties have been introduced on the primary amine groups of: (i) a recombinant collagen peptide (RCPhC1) with
a known amino acid (AA) sequence, and (i) bovine skin collagen (COL BS) with an unknown AA sequence. The
degree of substitution (DS) was quantified with two conventional techniques: an ortho-phthalic dialdehyde (OPA)
assay and '"H-NMR spectroscopy. However, neither of both provides information on the exact type and location of
the modified AAs. Therefore, for the first time, proteomic analysis was evaluated herein as a tool to identify
functionalized AAs as well as the exact position of photo-crosslinkable moieties along the AA sequence, thereby
enabling an in-depth, unprecedented characterization of functionalized photo-crosslinkable biopolymers.
Moreover, our strategy enabled to visualize the spatial distribution of the modifications within the overall structure
of the protein. Proteomics has proven to provide unprecedented insight in the distribution of photo-crosslinkable
moieties along the protein backbone, undoubtedly contributing to superior functional biomaterial design to serve

regenerative medicine.
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7.3 Introduction

Proteins are large, complex biomolecules composed of amino acid residues linked together into one or more
chains. Depending on the amino acids present, combinations of hydrophobic, hydrophilic, polar and apolar regions
can be present within a protein chain. Proteins differ from one another primarily in their sequence and composition
of amino acids. Depending on this amino acid sequence, the protein usually folds into a specific three-dimensional
(3D) structure. The structure and possible conformations of a protein affect a protein’s function and bioactivity. For
example, structural proteins like collagen, elastin, keratin, etc. maintain tissue shape and constitute structural

elements in connective tissue like cartilage and bone[461].

Collagen is the most abundant structural protein, both in animals and humans. In the human body, collagen
accounts for one third of the total protein content. Moreover, it forms the main component of the extracellular matrix
(ECM) in various connective tissues in the body [462]. Collagen provides structural support and strength, and
mediates local biological responses [187]. It is composed of three a-chains (i.e. two a1 and one 02) that are
arranged in a triple helix. The sequence of this protein is characterized by the regular occurrence of glycine, proline

and hydroxyproline [463].

In tissue engineering (TE) and regenerative medicine (RM), the aim is to regenerate, reconstruct or repair native
tissue. Because connective tissue is mainly composed of fibrous ECM components, researchers have been
exploiting ECM components as materials for TERM applications [464]. Due to the abundance of collagen in the
ECM of human tissue, collagen has been studied frequently as a biomaterial for tissue engineering applications
[465]. The main advantages of collagen include low antigenicity, biocompatibility, bioactivity, biodegradability and
the capability to promote cell adhesion through cell receptors that recognize a specific peptide sequence (such as

RGD (R: arginine; G: glycine; D: aspartic acid)) within collagen [4,181,466].

One of the most important limitations related to the use of extracted collagen for TERM applications is its
mechanical properties, mainly at the viscoelastic level, such as the insufficient burst strength of collagen-based
materials when exposed to the high stresses and pressures encountered in vascular tissue engineering (i.e.
compliance of 4.5 - 6.2% change in diameter for a pressure increase from 80 to 120 mmHg, a burst pressure of
2031 - 4225 mmHg, a maximum stress of 1.44 + 0.87 MPa, a maximum strain of 0.54 + 0.25 and a physiological
elastic modulus of 1.48 £ 0.24 MPa, for a human coronary artery) [64,73-77,79,181,416]. Therefore, research has
focused on various approaches to control the polymerization and the stability in solution and to reduce enzymatic
sensitivity, in an attempt to improve the mechanical strength. Another approach involves chemical, physical or
enzymatic crosslinking of the individual collagen chains [439,451,461,467]. Therefore, crosslinkable moieties
(introduced upon reaction with e.g. methacrylic anhydride, 4-vinylbenzyl chloride, glycidyl methacrylate, 2-
iminothiolane, maleic anhydride, itaconic anhydride, etc.) have already been introduced on the protein backbone
to obtain a stable, crosslinked network [181]. A frequently applied approach in this respect is to exploit the primary

amines present in the biopolymer backbone (i.e. hydroxylysine, lysine and ornithine) for functionalization purposes.

154



Moreover, the type of modification, the corresponding crosslinking mechanism along with the crosslinking kinetics
influence the processability of biomaterials into scaffolds along with their mechanical and biological properties
(including the material’s bioactivity) [264,468].

In order to engineer the structure reasonably allowing to achieve the targeted mechanical properties - and thus to
mimic those of native tissue - one should obtain information on the molar mass (MM), the degree of
functionalization, the location of the modified amino acids as well as the location of these functionalities within a

protein’s 3D structure (i.e. towards inner or outer side of the protein’s 3D structure).

Conventional characterization techniques applied as quantitative tool to evaluate the degree of substitution (DS)
of functionalized proteins include an ortho-phthalic dialdehyde (OPA) assay and proton nuclear magnetic
resonance ('H-NMR) spectroscopy [411,469]. However, these techniques only provide a quantitative evaluation of
the amount of introduced functional groups but do not provide further insight in the distribution and the location of

these modifications along the protein backbone.

In order to gain additional insight in biopolymer functionalization, proteomics can be a valuable tool. Proteomics
involves the systematic, large-scale analysis of proteins. It is based on the study of the proteome, which is defined
as a complete set of proteins produced by a given cell or organism under a defined set of conditions [470].
Proteomics is currently used to quantify and identify naturally occuring modifications present on a peptide/protein

but more importantly, it enables to localize these modifications along the protein sequence [471,472].

During the past decade, mass spectrometry has become the method of choice in proteomics for the identification,
quantification and study of post-translational modifications (PTMs) on proteins. It is a very sensitive (i.e. fmol-uL-"
peptide), accurate and efficient method for sequencing proteins. Shotgun proteomics refers to the use of bottom-
up proteomics techniques to study complex protein mixtures [472]. It utilizes the technology of high-performance
liquid chromatography (HPLC) hyphenated with mass spectrometry (MS). The most distinct feature of shotgun
proteomics is that it enables the identification and comparative quantification of a wide range of proteins at the
same time while only requiring minimal separation between the LC peaks of the peptides. This technique is based
on the extraction of proteins followed by their denaturation, reduction and alkylation. Next, the proteins are digested
by an enzyme like trypsin. The cleaved, released peptides are separated with HPLC, followed by tandem MS/MS
analysis to identify the amino acid sequence of each peptide. The identified peptide mass sequences are then

compared with a protein database such as Swiss-Prot, which enables the identification of the proteins [472-474].

In other words, proteomics can show exactly where functional groups are located on the amino acid sequence,
which has already been studied for naturally occurring modifications (e.g. proline hydroxylation, phosphorylation,
etc.) in a biopolymer, and in the field of modifications with drug conjugates [475] but has not yet been investigated

for introduced chemical modifications aiming at developing photo-crosslinkable biomaterials for TE purposes (e.g.
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methacrylamide modification). The latter could provide unprecedented insight in the distribution of introduced
photo-crosslinkable functionalities along the chain. Moreover, proteomics can enable further unravelling of the
efficiency of a biopolymer modification along with its potency to create a crosslinked network. This know-how is
crucial to enable translation of novel, functionalized biomaterials from bench to bedside, given regulatory

constraints and the need for perfectly defined and reproducible biomaterials.

In this chapter, proteomic analysis was used to determine the position and to quantify the number of photo-
crosslinkable groups (i.e. introduced methacrylamide groups) in comparison with conventional characterization
techniques (i.e. OPA and '"H-NMR spectroscopy). To the best of our knowledge, this is the first time that photo-
crosslinkable biomaterials serving TE applications are fully characterized with respect to their MM, DS, location of
functionalities along the protein backbone as well as their accessibility within the protein’s primary, secondary and

tertiary structure.

In this chapter, proteomics was assessed for its potential to elucidate a known peptide sequence, i.e. a recombinant
peptide based on collagen type | (RCPhC1) as well as its derivatives, containing photo-crosslinkable
methacrylamides (MA). Afterwards, the proteomics technique was applied on a material with an unknown amino

acid sequence, i.e. bovine skin collagen (COL BS).

7.4 Materials and methods

7.4.1 Materials

Recombinant peptide based on collagen |, commercially available as Cellnest™, was kindly provided by Fujifilm
Manufacturing (Europe B.V.). Collagen type |, extracted from bovine skin [476], was supplied by the Department
of Collagen Research (National Research & Development Institute for Textiles and Leather, Romania). Methacrylic
anhydride (MeAnH), sodium hydroxide (NaOH) and potassium chloride (KCl) were obtained from Sigma-Aldrich
(Diegem, Belgium). Potassium phosphate monobasic (KH.PO4) and sodium phosphate dibasic (Na;HPO.) were
obtained from Acros Organics (Geel, Belgium). All 'H-NMR spectra were recorded in deuterium oxide (D20)
provided by Euriso-top (Saint-Aubin Cedex, France). Spectra/Por7 dialysis membranes (MWCO of 12000-14000
kDa) were obtained from Polylab (Antwerp, Belgium). UF filters were obtained from Amicon® units (10 kDa cutoff

limit; Millipore, Billerica, MA) and the chemical products for proteomics were obtained from Sigma-Aldrich.

7.4.2 Derivatization of biopolymers

The methacrylation of biopolymers (Figure 7.1) was performed according to the protocol of Tytgat et al. [440]. In
brief, methacrylamide-modified recombinant collagen (RCPhC1-MA) and methacrylamide-modified bovine skin
collagen (COL-MA) were prepared through reaction of the primary amines with methacrylic anhydride (MeAnH).
First, the biopolymer (10 w/iv%) was dissolved in a phosphate buffer (pH = 7.8) at 37°C. Next, 0.5 or 1 equivalents

MeAnH with respect to the primary amines were calculated and added, followed by stirring during 1 hour. Next,
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the reaction mixture was dialyzed (MWCO 12-14 kDa) against distilled water (37°C, 24 h), followed by freeze-
drying.

Methacrylamide (MA) modified biopolymer

Modification with MeAnH

Primary amines: lysine, O
yemnes: v o o
hydroxylysine, ornithine
OH
W)LOJH( .

methacrylicacid

I Biopolymer

methacrylic anhydride (MeAnH)

0.5 or 1 equivalents

RCP or COL RCP-MA or COL-MA MA functional group

Figure 7.1. Development of methacrylamide-modified RCPhC1 (RCPhC1-MA) and methacrylamide-modified collagen (COL-MA) by
introduction of methacrylamide moieties on the primary amines of the biopolymer (i.e. lysine, hydroxylysine and ornithine).

7.4.3 "H-NMR spectroscopy

The degree of substitution of the RCPhC1 and collagen derivatives was quantified via 'H-NMR spectroscopy

(Bruker WH 500 MHz) using D20 as solvent at elevated temperature (40°C). The calculation of the DS was
performed following the procedure as described earlier by Van Vlierberghe et al. [262] and using the MestReNova
software. A Whittaker Smoother baseline correction was performed before analyzing the obtained spectra and
integrating the peaks of interest. The '"H-NMR spectra of the modified proteins show characteristic peaks at 5.75
and 5.55 ppm which correspond to the vinyl protons of the introduced MA functional groups (Figure S1). The DS
was quantified by comparing the integration of these characteristic peaks (i.e. 5.75 and 5.55 ppm) to the integration
of the signal corresponding with the methyl protons present in Val, Leu and lle (i.e. at 1.01 ppm) which are inert

during the modification [262].

7.4.4 Ortho-phthalic dialdehyde assay

An OPA assay was applied as a quantitative tool to evaluate the DS of the functionalized polymers. To this end,

20 mg OPA was dissolved in 10 mL ethanol. Next, the mixture was diluted to 50 mL with double distilled water
(deionized water). A second stock solution containing 25 L 2-mercaptoethanol in a 50 mL borate buffer (pH = 10)
was prepared. For 50 L of heated (T = 37°C) collagen solution (1 g / 40 mL deionized water), 950 pL deionized
water, 1500 pL 2-mercaptoethanol solution and 500 L of the OPA stock solution were added, followed by
vigorously mixing. Finally, the absorbance (Uvikon XL, BioTek Instruments) at 335 nm was measured compared
to a blank (i.e. mixture with deionized water instead of collagen) at 37°C. All measurements were performed in
triplicate. Analogous measurements were performed with n-butylamine (0.002 M to 0.01 M) standards to obtain a
calibration curve. Calculation of the amount of unreacted amine groups remaining after the modification, enabled

the determination of the DS.
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7.4.5 Sample preparation for proteomic analysis

The sample preparation via the enhanced filter aided sample preparation (eFASP) tryptic digestion workflow is
illustrated in Figure 7.2. First, different collagens were dissolved in ultrapure water at 1 mg-mL-" in an Eppendorf®
microtube (Eppendorf, Hamburg, Germany). The solutions were heated at 90°C for 5 min to dissolve RCPhC1 or
COL BS. The samples were prepared using a modified eFASP [477]. Before their use, 0.5 mL Amicon® ultra
centrifugal filters equipped with a cut-off of 10 kDa (EMD Millipore, Darmstadt, Germany) were incubated overnight
in a passivation solution containing 5% (v/v) Tween®-20 and then rinsed with ultrapure water. Next, 100 pg of
protein was incubated in a 100 uL lysis buffer (8 M urea, 0.2% deoxycholic acid, 25 mM DTT, 100 mM ammonium
bicarbonate pH 8.8). The solutions were transferred to an Amicon® filter and 100 L of exchange buffer was added
(8 M urea, 0.2% deoxycholic acid, 100 mM ammonium bicarbonate pH 8.8). After a centrifugation step of 20 min
at 20817 g, the filtrates were removed and 200 L of exchange buffer was added to the Amicon® filters, which
were consecutively centrifuged. This operation was repeated twice. The proteins were alkylated for 1 h at room
temperature (20°C) in the dark using 100 pL of alkylation buffer (8 M urea, 50 mM iodoacetamide and 100 mM
ammonium bicarbonate, pH 8.8). The Amicon® filters were centrifuged again for 20 min at 20817 g and the filtrates
were discarded. After this alkylation step, 200 UL of exchange buffer was added to the Amicon® filters, which were
again centrifuged for 20 min at 20817 g and the filtrates were discarded. An aliquot (200 L) of digestion buffer
(0.2% deoxycholic acid, 50 mM ammonium bicarbonate, pH 8.8) was added to the Amicon® filters, prior to another
centrifugation step (20 min at 20817 g). This operation was repeated twice, with the filtrate being removed and
discarded. The Amicon® filters were transferred to a new 2 mL concentrator collection tube. Next, 100 pL of
digestion buffer containing 40 L of endoproteinases Trypsin/LysC or GIuC (Promega, Madison, WI) was added
at 1/50 ratio enzyme/protein (w/w) and incubated in the Amicon® filters under continuous shaking in a heating
block tube (MHR23, Hettich, Netherlands) during 16 h at 37°C.

Thereafter, the peptides present in the Amicon® filters were recovered in the tube by centrifugation for 15 min at
20817 g. To maximize the peptide recovery, two washing steps were implemented with 50 pL of ammonium
bicarbonate solution (50 mM pH 8.8). The filtrates containing all peptides were transferred to a 1.5 mL Eppendorf®
microtube. Next, 200 pL of ethyl acetate with 2.5 pL of trifluoroacetic acid (TFA) was added, to precipitate the
peptide (white color). Again, 800 uL of ethyl acetate was added, the resulting solutions were centrifuged for 10 min
at 10681 g and the organic phases were eliminated. This operation was repeated twice. The Eppendorf®
microtubes were placed for 5 min at 60°C in a heating block (SBH130, Stuart, Staffordshire, UK) to enable
evaporation of the remaining ethyl acetate. The samples were dried at room temperature in a SpeedVac™
Concentrator (EppendorfTM Concentrator Plus, Eppendorf). Next, 100 uL of a methanol/water (50/50) mixture was

added to the resulting solid phase and let to evaporate.

For MS analysis, the samples were dissolved in 10 L of ultrapure water supplemented with 0.1% of formic acid
(FA). The sample concentration was estimated by measuring the optical density (OD) at 215 nm of 1 L of the

solution using a droplet UV spectrometer (DS-11+, Denovix, Wilmington, USA). Finally, the concentration of the
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samples was adjusted to 1 pg-uL-' by dilution with ultrapure water containing 0.1% FA before analysis. Each

sample was analyzed in triplicate.

Collagens
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Figure 7.2. Workflow of the sample preparation (for proteomic analysis) by enhanced Filter Aided Sample Preparation (eFASP) digestion.

7.4.6 Proteomic analysis using LC-MS/MS Orbitrap

Liquid chromatography tandem mass spectrometry (LC-MS/MS) protein analyses were performed on an Orbitrap

Q Exactive plus Mass Spectrometer hyphenated to a U3000 RSLC Microfluidic high-performance liquid
chromatography (HPLC) System (ThermoFisher Scientific, Waltham, MA). An aliquot of the peptide mixture (1 L)
at a concentration of 1 ug-pL-" was injected with a solution A (5% acetonitrile, 94.9% H20 and 0.1% FA) for 3 min
at an isocratic flow rate of 5 uL-min-! of solution A on an Acclaim PepMap100 C18 pre-column (5 pym, 300 um i.d.
x 5 mm) (ThermoFisher Scientific). Next, the peptides were separated on a C18 Acclaim PepMap100 C18 reversed
phase column (3 um, 75 mmi.d. x 500 mm) (ThermoFisher Scientific), using a linear gradient (5-40%) from solution
A to solution B (75% ACN, 24.9% H,0 and 0.1% FA) and a flow rate of 250 nL-min-" in 160 min followed by 100%
solution B for 5 min, to clean the column and then re-equilibrated with solution A during 10 min. The column and
the pre-column were placed in a column oven at a temperature of 45°C. The total duration of the analysis of one
sample was 180 min. The LC runs were acquired in positive ion mode. MS scans for DDA (data dependent
acquisition) were acquired from m/z 350 to 1500 in the Orbitrap mass analyzer with a 70000 resolution with
maximum injection time of 80 ms and AGC target of 1x108. MS/MS scans were sequentially acquired in the high-
energy collision dissociation cell for the 10 most-intense ions detected in the full MS survey scan. For MS/MS, the
resolution was set to 35000 with maximum injection time of 120 ms and AGC target of 5x10° and the normalized
collision energy was set to 28 eV. Dynamic exclusion was set at 90 s and ions with 1 and more than 8 charges
were excluded. The workflow of the proteomics approach for the identification and quantification is shown in Figure
7.3.
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Figure 7.3. Workflow of proteomics approach for identification and quantification of (modified) biopolymers.

7.4.7 Label-free quantification of modified peptides

The raw data from LC-MS/MS were processed by Proteome Discoverer version 2.2 (ThermoFisher Scientific) with
a SEQUEST search engine against all entries of Swiss-Prot database (563552 sequences, version UniProtKB
2020_05) or Bos taurus database from Swiss-Prot (37512 sequences, version June 29, 2020) or home-made
collagen sequences containing 3 sequences (i.e. recombinant collagen, collagen a1(l) chain P02453, collagen
a2(1) chain P02465). The quantification was done with Minora node. The MS error was set to 10 ppm and 0.05 Da
for MS/MS mass tolerance error. Trypsin with specific cleavage site (K, R) and GluC with specific cleavage site (E,
D) were selected, together with variable modifications of the MA functionalities on lysine with a specific delta mass
(+ 68.026 Da), oxidation of methionine (+ 15.994 Da), and/or deamidation of glutamine and asparagine (+ 0.984
Da). Oxidation of proline (+ 15.994 Da) was added for collagen. The fixed modification of carbamidomethyl cysteine
(+57.021 Da) was also selected. The minimal peptide length of amino acids and the maximum number of missed
cleavages were both set to six. The false discovery rate (FDR) threshold was set to 0.05 using the Percolator node.
Relative abundances of peptides were calculated by integration of the area under the curve of the MS1 peaks
using Minora LFQ node. The peptides were filtered on posterior error probability (PEP) score, g-value, Xcorr score.
The PEP score and g-value threshold was set to less than 0.05 and Xcorr score greater than 1.
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The percentage of the MA modified peptides (i.e. the degree of modification/substitution) is calculated using
Equation 7.1. An example of the calculation of the degree of modification using proteomics can be found in

Supplementary Information, Annex 4 — Chapter 7.

(7.1)

DS [%] — 100 - ( IntenSitYMAmodified peptide >

IntenSityMA modified peptide + IntenSitYControl peptide

With;
DS = degree of substitution
Intensityma modified peptice = intensity of all MA modified peptides in the MA modified sample

Intensitycontol peptice = intensity of the MA modifiable peptides without modification in the MA modified sample

7.4.8 Intact mass analysis using MALDI-TOF

The RCPhC1 and its derivatives were analyzed by matrix-assisted laser desorption/ionization (MALDI) time-of-
flight (TOF) (MALDI TOF/TOF) 4800+ (Sciex, Framingham, MA). Five ug of the RCPhC1 collagens were mixed
with 1 pL of CHCA (a-cyano-4-hydroxycinnamic acid) matrix (70% ACN, 30% H.0, 0.1% TFA). The RCPhC1

collagens were acquired in linear positive ion mode. The mass range was set to 40000 until 60000 m/z and 2000

spectra were accumulated.

7.4.9 SDS-PAGE analysis on RCPhC1 and COL BS

Different collagens were dissolved in water at 5 mg-mL-" in Eppendorf. The solutions were heated at 90°C during

5 min to dissolve the collagen. 50 ug of collagens samples were dissolved in 30 ul of laemmli buffer (4% SDS,
20% glycerol, 50 mM DTT, 0.004% bromophenol blue and 0.125 M Tris HCI, pH approx. 6.8) and heated 5 min at
90°C. Collagens were separated on one-dimensional SDS-polyacrylamide gel electrophoresis. SDS-
polyacrylamide gel was performed using standard methods on the Invitrogen SureCast™ system (10 cm x 10.5
cm minigels). The SDS-PAGE was carried out with 4% stacking gel and 12% resolving gel for the separation of
recombinant collagen and the 10% polyacrylamide gels was used for the separation of bovine skin collagen.
Dextran 500 kDa was incorporated in SDS-PAGE to improve the separation [478]. The voltage of power supply
was set at 200 V for 60 min. The gel was stained with Coomassie Brilliant Blue R-250 for 120 min, then the stained
gel was destained using a destaining solution (water/ethanol/acetic acid, 7:2:1, viviv). PageRuler Plus prestained

protein ladder (Themoscientific, Baltics, UAB) was used to determinate the molar mass of proteins.

7.4.10 In gel tryptic digestion

The protein bands were excised from the gel and the gel slices were rinsed with a mixture of acetonitrile/ammonium
bicarbonate (50 mM, pH 8.8) (50/50, v/v), then dehydrated with 100% acetonitrile. The gel slices were subjected
to reduction of disulfide bonds by 10 mM DTT, 50 mM ammonium bicarbonate (pH 8.8) at 56°C at 45°C for 1 h.
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Alkylation step was then performed with 55 mM iodoacetamide, 50 mM ammonium bicarbonate (pH 8.8) at room
temperature for 1 h in the dark. Before trypsin digestion, the gel slices were washed tree times with a mixture of
acetonitrile: 50 mM ammonium bicarbonate (v/v) and dehydrated with acetonitrile. The gel slices were dried for 30
min at room temperature. Trypsin digestion was finally performed by incubating the gel slices with 25 L of trypsin
solution (20 ug of Trypsin Gold; Promega with 1 mL of 50 mM ammonium bicarbonate pH 8.8) during 15 min at
4°C. The excess of solution was discarded and 50 pL of 50 mM ammonium bicarbonate pH 8.8 were added on
gel slices and incubated 16 h with shaking in a heating block tube (MHR23, Hettich, Netherlands) overnight at
37°C. Following digestion, the tryptic digested fragments present in the supernatant were collected. The gel slices
were dehydrated with 100% acetonitrile containing 0.1% TFA for 30 min and the solution was added in the
supernatant. The extracts were finally dried in a SpeedVac™ Concentrator (EppendorfTM Concentrator Plus,

Eppendorf) and dissolved in a solution of 0.1% FA for mass spectrometric analysis.

7.4.11 LC-MS/MS of in gel tryptic digestion
LC-MS/MS protein analysis was performed on an Orbitrap Q Exactive plus Mass Spectrometer hyphenated to a
U3000 RSLC Microfluidic HPLC System (ThermoFisher Scientific). 1 WL of the peptide mixture was injected with a

solution A (5% acetonitrile, 94.9% H.0 and 0.1% FA) for 3 min at a flow rate of 5 yL-min"' on an Acclaim

PepMap100 C18 pre-column (5 um, 300 pm i.d.x5 mm) (ThermoFisher Scientific). The peptides were next
separated on a C18 Acclaim PepMap100 C18 reversed phase column (3 ym, 75 mm i.d. x 500 mm) (ThermoFisher
Scientific), using a linear gradient (5-40%) from solution A to solution B (75% ACN and 0.1% formic acid) using a
flow rate of 250 mL-min-' in 50 min followed by 100% solution B for 5 min and then re-equilibrated with solution A
during 10 min. The column and the pre-column were placed in an oven at a temperature of 45°C. The total duration
of the analysis was 70 min. The LC runs were acquired in positive ion mode. MS scans for DDA were acquired
from m/z 350 to 1500 in the Orbitrap mass analyzer with a 70000 resolution with maximum injection time of 100
ms and AGC target of 1x108. MS/MS scans were sequentially acquired in the high-energy collision dissociation
cell for the 15 most-intense ions detected in the full MS survey scan. For MS/MS the resolution was set to 35000
with maximum injection time of 140 ms and AGC target of 5x105 and the normalized collision energy was set to

28 eV. Dynamic exclusion was set at 30 s and ions with 1 and more than 8 charges were excluded.

Identification of protein in SDS-PAGE. The raw data from LC-MS/MS were processed by Proteome Discoverer
version 2.2 (Thermo Scientific) with a SEQUEST search engine against Bos taurus database from Swiss-Prot
(37512 sequences, version june 29, 2020) and the sequence of the recombinant collagen. Proteins and peptides

were identified and quantified with the same parameters than section 7.4.7.

7.4.12 Structural 3D-prediction of proteins via I-TASSER

For the 3D protein structure prediction of the proteins, the online I-TASSER platform was used

(https:/izhanglab.ccmb.med.umich.edu/I-TASSERY/). The I-TASSER procedure follows the sequence-to-structure-
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to-function paradigm and involves four steps: (1) retrieving template proteins of similar folds from the protein data
bank (PDB) library by LOMETS, (2) fragment structure reassembly by replica-exchange Monte Carlo simulations,
(3) atomic level structure refinement using REMO and FG-MD, and 4) structure-based function interpretations
using COFACTOR [479-481].

The primary amino acid sequences of our proteins RCPhC1, COL1a1 and COL1a2 were submitted to the |-
TASSER server, which each took 2-4 months to model. The sequences were submitted as such and thus no
advanced options were used like specifying distance constraints nor structure templates to assist in modeling,
excluding some templates from the I-TASSER template library and specifying secondary structure for specific

residues.

The results from the I-TASSER simulation that are relevant to us in this paper include:

- Up to five full-length atomic predicted models ranked based on cluster density via SPICKER. The
confidence of each model is quantitatively measured by a C-score, a confidence score for estimating the
quality of the predicted models by I-TASSER, in the range of 2 to -5, with higher values signifying high
model confidence. It is calculated based on the significance of threading template alignments and the
convergence parameters of the structure assembly simulations.

- Predicted secondary structures

- Predicted solvent accessibility

- Top 10 threading templates from LOMETS

- Top 10 proteins in PDB which are structurally the closest to the predicted models with a TM-score for the
first model. The TM-score is a scale for measuring the structural similarity between two structures [482]

with a value > 0.5 indicating a model of correct topology and a value of < 0.17 meaning a random similarity.

Our simulation data have been uploaded and can be accessed through the RSCB PDB protein bank

(https:/iwww.rcsb.org/#Category-deposit).

The generated PDB models from each protein were then visualized with Pymol 2.4 (Version 2.4.1). Each model is
presented in cartoon and solvent surface accessibility view, and a consistent color code is implemented on all 3D-
protein representations showing helices (red), sheets (yellow), loops (green (cartoon view)), RGD sequences at
the surface (orange), protein surface (green (surface view)), lysine residues in the structure (magenta) and
modified lysines (cyan). RCPhC1 is considered not to possess immunogenicity [483], and the 3D structural
conformation of RCPhC1 as presented by this 3D model does not raise antibodies.
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7.5 Results and discussion

In afirst part, RCPhC1 and its derivative (i.e. methacrylamide-modified RCPhC1, RCPhC1-MA) were investigated.
In proteomic analysis, the identification of the proteins is based on a partial sequence analysis with the aid of
databank matching tools, or with the aid of an exactly known amino acid sequence as is the case for RCPhC1
[471]. Therefore, RCPhC1(-MA) acted as a proof-of-concept for evaluating proteomic analysis as characterization
tool to study functionalized biopolymers. In a next step, the same protocol was used to analyze COL BS and its
derivative (i.e. methacrylamide-modified COL BS, COL-MA BS) to prove that the proteomic analysis is also

applicable to more complex samples with an unknown amino acid sequence.

7.5.1 Recombinant collagen (RCPhC1)

The potential of RCPhC1 as a source of hydrogel-based material for tissue engineering and regenerative medicine

applications has already been shown by Tytgat et al. [440] and Fushimi et al. [483]. In this study, RCPhC1 was
functionalized with methacrylamide moieties which enable UV-induced crosslinking to form networks in the
presence of a photo-initiator. Two RCPhC1 derivatives were targeted namely with a lower and a higher degree of
substitution (DS), based on literature [440]. Herein, 0.5 and 1 equivalents of MeAnH were added with respect to
the number of lysine groups present. Because there are no available hydroxylysine nor ornithine groups in
RCPhC1, only lysine groups were taken into consideration for functionalization (Table 7.1). A total of 33 lysine

groups are present in RCPhC1 and could thus potentially be modified.

Table 7.1. Overview of the amino acid composition of RCPhC1.

AA Number % mmol-g-!
Ala 88 15.4 1.72
Cys 0 0.0 0.00
Asp 50 5.8 0.64
Glu 24 4.2 0.47
Phe 0 0.0 0.00
Gly 191 33.5 3.73
His 0 0.0 0.00
lle 6 1.1 0.12
Lys g 5.8 0.64
Leu 33 5.8 0.64
Met 9 1.6 0.18
Asn 0 0.0 0.00
Pro 100 17.5 1.95
Gln 12 2.1 0.23

Arg 43 5.8 0.64
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Ser 0 0.0 0.00
Thr 0 0.0 0.00

Val 9 1.6 0.18
Trp 0 0.0 0.00
Tyr 0 0.00 0.00
hydroxyLys 0 0.00 0.00
Ornithine 0 0.00 0.00

(a) Determination of the molar mass (MM) of RCPhC1 and its derivative

'H-NMR spectroscopy and OPA do not allow the determination of the MM of RCPhC1. For polymers with a MM >
25 kDa [484], the determination of the MM by "H-NMR spectroscopy can be intractable because the resolution is
diminished and the NMR spectra are too complex for natural biopolymers [484,485]. The OPA assay is used to

measure the amount of primary amines in a sample, and is thus not appropriate for the determination of the MM.

Based on the known amino acid sequence of RCPhC1 (Table 7.1), the theoretical MM could be calculated. The
unmodified RCPhC1 shows a MM of 51185 Da (Table 7.2). MALDI-TOF analysis was used in order to confirm the
theoretical MM and (the type of) PTMs (possibly) present in the analyzed samples (e.g. phosphorylations,
glycolysations, etc.). This technique can be used on RCPhC1 because the MM of RCPhC1 is less than 150 kDa
[486]. The intact protein analysis of the recombinant collagen showed a measured MM of 51188 Da (Figure S7.2),
closely matching the theoretical MM of 51185 Da. The number of modified lysines is zero for the unmodified
RCPhC1. Additionally, the analysis showed that the recombinant protein does not have any naturally occurring
PTMs (e.g. oxidations, deaminations). Analysis of the RCPhC1 protein modified with MA photo-crosslinkable
groups (RCPhC1-MA) targeting a low and a high DS (i.e. by addition of 0.5 and 1 EQ MeAnH) showed higher MM
of 52280 Da and 53380 Da, respectively. One MA modification increases the mass of the protein with +68.0 Da,
corresponding to the incorporation of one C4sH4O1 moiety on one lysine entity. RCPhC1 (unmodified) has 33 lysines
in its amino acid sequence, whereas the intact mass analysis of the RCPhC1 derivatives (RCPhC1-MA) showed
the presence of 16 and 32 modified lysines upon adding respectively 0.5 and 1 EQ MeAnH. The measured and
theoretical MM of RCPhC1 are shown in Table 7.2.

Table 7.2. Theoretical and measured molar mass of RCPhC1 obtained by MALDI-TOF. The theoretical molar mass of RCPhC1 is
calculated from the sequence of its amino acids (ht{ps://web.expasy.org/protparam/).

Theoretical MM Measured MM Number of modified

[Da] [Da] primary amines [n]
Unmodified RCPhC1 51185 51188 0
RCPhC1-MA 0.5 EQ 52205 52280 16

RCPhC1-MA 1 EQ 53429 53380 32
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Polyacrylamide SDS-PAGE gel analysis showed a MM for the RCPhC1 protein of roughly 50 kDa (Figure S7.3).
This is in agreement with literature [483]. The MM of the protein increases with an increase in the number of
methacrylamides incorporated. These SDS-PAGE data are thus in correlation with the data obtained by MALDI-
TOF. The digestion of the gel bands allowed the identification of the RCPhC1 protein in the gel bands
(Supplementary Data Table 1). Peptides carrying a methacrylamide were identified in the gel bands corresponding
to RCPhC1-MA 0.5EQ and RCPhC1-MA 1EQ.

In conclusion, MALDI-TOF analysis is the only suitable technique (of the techniques discussed in this chapter: H-
NMR, OPA, MALDI-TOF and SDS PAGE) for the accurate determination of the MM of (functionalized) RCPhC1.
Other suitable techniques that would allow the determination of the MM include (1) gel permeation chromatography
(GPC), which are used rather for qualitative than for quantitative analysis [487,488], (2) membrane osmometry
[488,489], (3) intrinsic viscosimetry in combination with static/dynamic light scattering (can be further combined
with ultracentrifugation) [489-496], and (4) a top-down method in proteomics using high resolution mass
spectrometry [497,498]. Although all these techniques would allow the determination of the MM, herein, we have

selected the most commonly applied methods in the state-of-the-art [264,468].

(b) Identification and localization of the modified groups in the amino acid sequence of RCPhC1-MA

The RCPhC1 was digested by two different enzymes (that cut collagen at different sites) to improve the coverage,
identification of the sequence and quantification of the modification [499]. Trypsin cuts after lysine (K) and arginine
(R), while endoproteinases GIuC cut after glutamic (E) and aspartic acid (D). The shotgun proteomic analysis
identified 100% of the RCPhC1 sequence that contained 571 amino acids and provided a theoretical MM of 51185
Da. The coverage of the sequence of RCPhC1-MA was found to be 100% for both types of digestions (Table 7.3).
However, the proteomics approach identified more peptides in unmodified RCPhC1 compared to RCPhC1-MA 0.5
EQ and RCPhC1-MA 1 EQ, for both types of digestion. This difference may be explained by steric hindrance due
to the introduced MA groups or unreachable sites in the protein structure (see section 7.5.1 (d)). The number of
identified peptides (Table 7.3) corresponds to the number of digested peptides with and without chemically

introduced modifications, showing a high coverage percentage.

Table 7.3. Number of identified peptides and percentage of coverage for RCPhC1 from trypsin and GluC digestion by LC-MS/MS.

RCPhC1-MA 0.5 RCPhC1-MA 1

RCPhC1
EQ EQ
Trypsin Peptides 40 30 26
digestion Coverage (%) 100 100 100
GluC Peptides 56 37 39

digestion Coverage (%) 100 100 100
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The number of missed cleavages observed is between 0 to 5 sites for trypsin and 0 to 6 for GluC (Figure 7.4). The
average size of the peptides after digestion with trypsin is 2,340 Da and 3,550 Da for GIuC. This result was
anticipated because the number of lysine and arginine is higher than the number of glutamic acids, which induces

a longer peptide size for GluC.

Figure 7.4 shows a slight increase in the percentage of missed cleavages (3, 4, 5) for trypsin digestion, and (3,4)
for GluC, when comparing the MA-modified RCPhC1 to unmodified RCPhC1 protein. This could be explained by
the steric hindrance of the MA groups present near the trypsin cleavage site (after the lysine groups), and the fact

that the size of the MA group can also hinder the cleavage by GIuC.

The analysis indicated the presence of peptides containing 1 up to 3 MA moieties. An increase in missed cleavages
makes the peptides (to be identified) larger in size and therefore these larger peptides can contain more than one
lysine. Moreover, a trend was seen between the number of missed cleavage sites and the number of MAs
introduced onto lysines (Figure S7.4). When more MA groups were present in the sequence, an increase in the
number of missed cleavages was detected. Both trypsin and GluC digestion showed a clear linear correlation with

a higher missed cleavage with increasing modification, most likely due to steric hindrance of the enzyme.
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Figure 7.4. Histogram of the percentage of missed cleavages of peptides for RCPhC1 and its derivatives by trypsin digestion (a) and GluC

digestion (b). The percentage of missed cleavages is obtained based on the ratio of the peptides with a missed cleavage identified by LC-
MS/MS over the total number of identified peptides.

The LC-MS/MS analysis confirmed that there are no identified MA sites in the unmodified RCPhC1. The analysis
of RCPhC1-MA 0.5 EQ and RCPhC1-MA 1 EQ indicated that all lysine groups were MA modified lysines for both
digestions, but at a different modification frequency (vide infra, section 7.5.1 (c)). Correlating these results with
MALDI TOF indicates that on average 16 lysines are modified in case of RCPhC1-MA 0.5 EQ. This means that
there are isoforms possible of RCPhC1-MA 0.5 EQ with 16 modified lysines, but at variable positions (see Figure
7.8, c-d; section 7.5.1 (d)). In case of RCPhC1-MA 1 EQ, LC-MS/MS showed that all lysines groups were modified.

LC-MS/MS analysis also enables to determine the position of the MA functional groups. Figure 7.5 shows the
fragmentation of the peptide GAAGLPGPKGERGDAGPK. It is possible to localize the modification by observing a
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specific fragment obtained by MS/MS corresponding to the amino acid carrying the modification. Herein, HCD
fragmentation (see section 7.4.6) leads to the formation of b (N-terminal) and y (C-terminal) charged fragment ions.
The MS/MS spectrum from the peptide GAAGLPGPKGERGDAGPK with one or two MAs can be compared with
the MS/MS spectrum of the unmodified peptide (Figure 7.5, red spectrum). The MS/MS spectrum with one MA in
Figure 7.5 (a, blue spectrum) allowed the localization of the modifications at the C-terminal due to the series of b
and y ions, because there is no fragment corresponding to lysine at position 9 with a MA group. The b11 and y11
ions made it possible to show that the lysine at position 9 did not carry a MA group. The MS/MS spectrum in Figure
7.5 (b, green spectrum), showed that all available lysines in the peptide were modified. The spectrum allowed the
identification of the MA on lysine in positions 9 and 18 on the sequence peptide GAAGLPGPKGERGDAGPK
because the y11 ion at m/z 1150.5847 corresponds to the MA group on the lysines.
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Figure 7.5. MS/MS of peptide GAAGLPGPKGERGDAGPK. Panel (a) shows the fragmentation of native peptide (red) and the modified
peptide with 1 methacrylate on lysine in C-terminal position (blue). Panel (b) shows the fragmentation of native peptides (red) and
peptides with all methacrylated lysines (green).

On the one hand, the shotgun proteomic analysis highlights that there are isoforms of the RCPhC1 with different
positions of the MA groups. On the other hand, the results showed that there are redundant (or repetitive) peptide
sequences in the complete RCPhC1 sequence. This presents an additional challenge when identifying the exact
position of the MA groups in the sequence. For example, the LC-MS/MS analysis identified the peptide
GAAGLPGPKGERGDAGPK with a modified lysine (after trypsin digestion) but this peptide was identified at
different positions in the RCPhC1 sequence, namely positions [22-39]; [58-75]; [100-117]; [157-174]; [211-228];
[247-264]; [289-306]; [346-363]; [400-417]; [436-453]; [478-495]; [535-552].

Furthermore, the incorporated MA groups might influence the ionization of the peptides, that can in turn lead to a
decrease in sensitivity. Nevertheless, even though the number of identified peptides decreased (upon increasing
the number of incorporated MA groups), the sensitivity remained sufficiently high to reach a sequence coverage
of 100%, for all analyzed samples (i.e. RCPhC1, RCPhC1-MA 0.5 EQ and RCPhC1-MA 1 EQ) [500].
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In conclusion, the shotgun proteomic analysis is the only technique that enables: (1) the identification of the
fragmented peptides, and (2) the determination of the exact location of the MA-modified amino acids in the amino
acid sequence. In case of RCPhC1 however, one major challenge was identified using the shotgun proteomic

analysis, namely the occurrence of redundant peptides.

(c) Determination of the degree of substitution (DS) of modified RCPhC1

The DS of the developed RCPhC1 derivatives can be determined via 'H-NMR spectroscopy [440]. The 'H-NMR
spectra of modified RCPhC1 showed characteristic peaks at 5.75 and 5.55 ppm which correspond to the vinyl
protons of the introduced MA functional groups. The DS was quantified by comparing the integration of these
characteristic peaks (i.e. 5.75 and 5.55 ppm) to the integration of the methyl protons present in Val, Leu and lle,
(i.e. at 1.01 ppm) which are chemically inert during modification (Figure S7.1, a-b) [262]. Based on 'H-NMR
spectroscopy, the addition of 0.5 and 1 equivalents MeAnH (i.e. RCPhC1-MA 0.5 EQ and RCPhC1-MA 1 EQ)
resulted in a DS of 53.7% [0.346 mmol-g-! of available photo-crosslinkable MA groups] and 93.3% [0.597 mmol-g-

1], respectively.

In addition to "H-NMR spectroscopy, an OPA amine quantification assay was performed on RCPhC1 and its
derivatives to determine the number of primary amines available prior to and after functionalization. By comparing
those two values, the DS and thus the number of introduced crosslinkable groups can be determined. Based on
the OPA assay, the DS values of RCPhC1-MA 0.5 EQ and RCPhC1-MA 1 EQ were 51.9 £ 1.6% and 99.2 + 0.2%,
respectively. The result of RCPhC1-MA 0.5 EQ are comparable to those obtained via NMR (i.e. 53.7%). For the 1
EQ derivative, there is a minor discrepancy between both techniques. Compared to 'H-NMR spectroscopy, the
OPA assay is based on the difference of the number of primary amines available before and after functionalization,

and may therefore be seen as the most accurate technique for the determination of the DS [501,502].

Based on MALDI-TOF analysis, the measured MM could be determined for the original (unmodified) RCPhC1
showing 33 unmodified lysines, versus the modified RCPhC1 (Table 7.2) showing 16 and 32 modified lysines for
RCPhC1-MA 0.5 EQ and 1 EQ respectively. The latter corresponds to a DS of 50.0% and 97.0% for RCPhC1-MA
0.5 EQand 1 EQ, respectively.

When performing the proteomic analysis, the quantification method (LC-MS/MS) is based on a label-free method,
that aims at determining the relative amount of proteins and peptides in two or more biological samples. In other
words, the quantification by LC-MS/MS was performed by carrying out the ion extraction of the modified and

unmodified peptides in the samples (Figure 7.6).
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Figure 7.6. lon extraction chromatogram of the peptide GAAGLPGPKGERGDAGPK (as an example) with and without MA groups in
RCPhC1-MA 1 EQ. Panel (a) shows the total ion extraction chromatogram. Panel (b) shows the retention time (RT) and corresponding
signal intensity of the unmodified peptide (red, RT 34.45 min) versus 1 lysine modification (blue, 61.75 min) and all lysines modified
(green, 96.85 min). Panel (c) and Panel (d) show mass (m/z) with z = 3 and the corresponding signal intensity of the unmodified peptide
(red, m/z 545.6256) versus all lysines modified (c, green, m/z 590.9792) and versus 1 lysine modification (d, blue m/z 568.3017),
respectively.

Figure 7.6 shows the signal intensity of the unmodified peptide (red), the peptide functionalized with one MA (blue)
and the peptide with all lysines functionalized with MAs extracted from the total ion extraction spectrum of the
RCPhC1-MA 1 EQ sample. This analysis showed a different retention time depending on the peptide containing
one MA, the maximum amount of MAs or no MA (i.e. unmodified). This difference was caused by the introduction
of MA groups, modifying the physico-chemical properties of the peptide thereby leading to a shift in retention time
(Figure 7.6, a-d).

Using both the Proteome Discoverer 2.2 software and the Minora quantification node, the peptides of the samples
were quantified for the RCPhC1, RCPhC1-MA 0.5 EQ and RCPhC1-MA 1 EQ samples. The software extracted
the intensity of the peptides, allowing the comparison between samples. The number of quantified peptides with
one or more MA modifications was determined to be 34 for the trypsin digestions and 66 for the GluC digestions.
These numbers included the peptides with oxidations on methionine, deamination of asparagine and glutamine

and peptides with missed cleavages. Supplementary Data Table 2 provides a list of all quantified peptides.
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In addition, quantitative proteomic analysis provides information on the frequency of the modifications at one
specific location (i.e. one specific AA in the AA sequence). The modification frequency can be defined as the
probability that a certain peptide can be modified and is calculated with Equation 7.1 (section 7.4.7). In general,
the quantification by LC-MS/MS showed a higher frequency of modification for RCPhC1-MA 1 EQ than for
RCPhC1-MA 0.5 EQ. This can be deduced from the peptide frequency histogram (Figure 7.7). The majority of
peptides in RCPhC1-MA 1 EQ have shown a modification frequency close to 100%, indicating that all lysine groups
present in RCPhC1-MA 1 EQ were almost completely modified (i.e. a DS close to 100%). The latter is in excellent
agreement with the data obtained from MALDI-TOF (i.e. DS of 97.0%), OPA (i.e. DS of 99.2%) and NMR
spectroscopy (i.e. DS of 93.3%). For RCPhC1-MA 0.5 EQ, the modification frequency of the modified lysines was
lower. For example, the peptide GAAGLPGPKGER containing one MA identified on the lysine group after trypsin
digestion, exhibited a modification frequency of 45% for RCPhC1-MA 0.5 EQ and 90% for the RCPhC1-MA 1 EQ
(Figure 7.7, a). The co-elution of the peptides can affect the quantification of the chemical modification
independently of the quantification methods used, therefore, proteomics analysis as a stand-alone technique is not

ideal for the exact quantification of the DS [503].
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Figure 7.7. Histogram of frequency of MA modification (on lysines) for peptides resulting from cleavage with enzyme Trypsin (a) and GluC
(b). Black bars correspond to RCPhC1-MA 0.5 EQ and grey bars to RCPhC1-MA 1 EQ.

On the one hand, some peptides contained certain lysine positions that had a 100% modification frequency in both
the low and high DS RCPhC1-MA (i.e. RCPhC1-MA 0.5 and 1 EQ). On the other hand, some peptides were not
modified in either of the RCPhC1-MA derivatives. An example is the peptide GAAGLPGPK, that did not constitute
a modified lysine in either of the derivatives. An explanation could be that this peptide was frequently found to have
1 or 2 missed cleavages, indicating that either the MA modification or the position of the lysine in the overall
structure of RCPhC1 (i.e. inner versus outer side of the protein’s structural conformation, vide infra) interferes with
the function of the enzyme. A similar result was observed for the frequency of MA upon GluC digestion (Figure 7.7,
b). The majority of peptides in RCPhC1-MA 1 EQ showed a modification frequency close to 100%, which shows
that the lysine groups in RCPhC1-MA 1 EQ were almost completely modified.

Using shotgun proteomic analysis for the calculation of the DS of RCPhC1-MA is more challenging as the
identification is complex due to the presence of redundant peptides (i.e. more challenging to identify them in the
AA sequence because of repeating units) and because a higher DS results in more steric hindrance interfering
with the enzyme function. Casey et al. [504] have already shown that chemical derivatization can modify the charge
state distribution and the ionization. In one case, chemical derivatization was even shown to enhance the ionization
of the peptide [505]. It can be concluded that for a protein of this size (i.e. RCPhC1, MM of 53 kDa), MALDI-TOF

is the most sensitive and thus preferred technique to determine the DS.
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As described above, proteomic analysis enabled to determine the modification frequency at one specific position
in the sequence. Based on these modification frequencies, an estimation of the DS becomes possible. In order to
increase the accuracy of the identification and quantification using proteomic analysis, the results of the analyses
using two different types of digestion enzymes (trypsin and GluC) were combined. The average of the DS obtained
by shotgun proteomics was 66.2% for RCPhC1-MA 0.5 EQ and 81.7% for RCPhC1-MA 1 EQ. Table 7.4 shows
the DS based on the different techniques applied.

In conclusion, proteomics is not an accurate technique to determine the exact DS, but only enables to determine
an average DS, based on the modification frequencies. However, as stated in section 7.5.1 (b), one of the
aforementioned ,conventional techniques (i.e. MALDI-TOF, OPA or 'H-NMR) combined together with proteomic

analysis makes it possible to fully characterize RCPhC1 and its derivatives.

Table 7.4. Overview of the obtained data for RCPhC1-MA 0.5 and 1 EQ: Determination of the molar mass using MALDI-TOF and
determination of the degree of substitutions (DS) using MALDI-TOF, 1H-NMR spectroscopy (based on the known amino acid
composition), OPA assay and shotgun proteomic analysis.

i iq 1H-
MMobtained  DSobtained D> CPtainedvia ' DS obtained by
NMR (based on DS obtained
by MALDI- by MALDI- Known AA via OPA [%] shotgun
0 0 o [0
TOF [kDa] TOF [%] composition) [%] analysis [%]
RCPhC1-MA
05EQ 52.28 50.0 53.7 51916 66.2
RCTEgMA 53.38 97.0 93.3 99.2+£0.2 81.7

(d) Localization of modified amino acids in the 3D-structure of RCPhC1 modified biopolymers

To gain insight in the 3D-conformation of RCPhC1 and its derivatives, the I-TASSER server was used to model
the 3D structure of RCPhC1 (see section 7.4.12). These 3D-models cannot be confirmed by X-ray studies and
should be treated as possible folding configurations. However, the I-TASSER has a strong history of predicting
simulation models close to X-ray confirmed models. The I-TASSER provides different models that are ranked
according to a c-score (i.e. a confidence score for estimating the quality of the predicted models) with the first
ranked model being the most reliable. The first model of RCPhC1 had a c-score of 0.44 and the estimated TM-
score and root mean square deviation (RMSD) were 0.77 ( 0.10) and 6.6 (+ 4.02A) respectively, signifying a high

confidence in the model.

For RCPhC1, the obtained 3D-model is presented in Figure 7.8 (a), showing the occurrence of helices (red) and
sheets (yellow) in the main structure of the protein. In contrast to native COL1a1 (Figure 7.8, a-b), the RCPhC1
derivative consists of considerably higher amounts of sheets and less helices. This is in accordance with the study
of Fushimi et al. [483] in which the secondary structure of RCPhC1 was characterized by circular dichroism and

based on a sequence-derived in silico model. This could be due to (i) the introduction of multiple RGD sequences
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in the sequence causing repetition (Figure S7.5), (ii) its high content in alanine, glycine and proline, and/or (iii) the
absence of hydroxyprolines in RCPhC1. This also explains why the second model that is predicted by I-TASSER
has the same c-score as the first model and only contains -sheets (Figure S7.6, a and b). This second model will

not be discussed herein as it resembled to a lesser extent the structure of COL1a1.

The predicted model for RCPhC1 showed a good spatial distribution of the introduced RGD sequences in the
protein, favoring optimal cell interaction [466,506], which is important for TE applications (Figure 7.8, b, orange).
More importantly, a good spatial distribution was observed for the lysines present in the amino acid sequence of
the protein (Figure 7.8, b, magenta), which is vital for the network formation of the functionalized proteins into
crosslinkable materials after modification. This assumption is strengthened by the ability to form a solid and strong

crosslinked biomaterial exploiting these protein derivatives as starting materials [440].

For RCPhC1-MA 1 EQ, it was shown that all lysines were modified (DS 100%), meaning that all magenta colored
lysines can be colored in cyan in Figure 7.8 (b). For RCPhC1 EQ 0.5, however, only 50% (based on MALDI-TOF,
Table 7.4) of the lysines have been modified and obtaining a detailed insight into the modification is extremely
challenging. In this respect, two possible isoforms of RCPhC1-MA 0.5 EQ are shown in Figure 7.8 (c and d), as

derived from the sequences shown in Figure S7.8.

C

Figure 7.8. The protein 3D-conformation of the sequence of RCPhC1 modelled with I-TASSER; (a) in the cartoon view, showing helices
(red), sheets (yellow), loops (green) and lysine residues in the structure (magenta), (b) in the solvent surface accessibility view, showing
the protein accessibility surface (green), all lysines on the surface (magenta) and the RGD sequences at the surface (orange). The model
in b is also the same as for RCPhC1-MA 1 EQ of which all lysines are modified (magenta = cyan) (Figure S7.7). (c-d) 3D-conformation
showing the modified lysines in two RCPhC1-MA 0.5 EQ isomorphs, and the corresponding RCP sequences in Supplementary
Information: (c) the first isomorph (Figure S7.8, blue) and (d) the second isomorph (Figure S7.8, yellow), showing the unmodified lysines
(magenta) and the modified lysines (cyan).

The two isoforms indicate that the spatial distribution of the modified lysines is somewhat reduced compared to

RCPhC1-MA 1 EQ which might imply that the crosslinking efficiency may be reduced. Overall, it seems that all
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lysines are accessible in the solvent accessibility view in the protein's pristine condition, meaning that they have
almost equal chances of being modified with MA or being cleaved by the enzymes. This also supports the
observation that complete modification of the lysines was realized for RCPhC1-MA 1 EQ, along with a successful

protein identification (i.e. 100% coverage of identification).

7.5.2 Collagen bovine skin (COL BS)

Exploiting proteomic analysis to quantify and localize the chemical modifications introduced on a recombinant

protein RCPhC1 with a known amino acid sequence, was shown to be a successful tool in the study of modified
biopolymers. In a next step, the potential of the elaborated proteomics approach was evaluated on “more complex”
protein-based biopolymers [465] with an unknown amino acid composition and/or sequence. The main difference
between natural proteins and RCPhC1 is that PTMs and amino acid substitutions can occur in natural proteins.
Herein, collagen from bovine skin origin (COL BS) was modified with MA-functional groups, resulting in different
degrees of substitution (through addition of 0.5 and 1 EQ MeAnH).

(a) Determination of the molar mass (MM) of COL BS and its derivative
The determination of the MM of COL BS by the three aforementioned techniques for RCPhC1 is not possible for
several reasons:

- As described in section 7.5.1 (a) for RCPhC1, and keeping in mind that the size of collagen is approx. 6
times larger than RCPhC1, 'H-NMR spectroscopy and OPA do not enable determining the MM of
collagen.

- MALDI-TOF is not able to determine the MM of collagen because the MM of collagen is around 300 kDa
and the practical limit of conventional MALDI-TOF is around 80 kDa upon ensuring excellent resolution
(theoretically to 150 kDa, yet resulting in low resolution) [486]. The MALDI-TOF used in this study only
allowed screening of masses of modified proteins in the range of 2 up to 100 kDa approximately [440,507].
It would however be possible to determine the mass of large proteins more precisely with the use of very
high resolution mass spectrometers such as FT-ICR [508,509] and the use of fragmentation techniques,
making it possible to identify the protein sequence as well as the PTMs [510], by a technique called Top
Down [511]. In case of complex proteins, this technique only gives the stoichiometry but not the individual
MM.

Polyacrylamide SDS-PAGE gel analysis revealed the typical pattern for type I collagen, with bands corresponding
to the MM for COL BS pointing to 8 (215 kDa), a1 (130 kDa), and a2 (115 kDa) chains [512,513] (Figure S7.9).
The collagen contains numerous PTMs such as oxidations and deamidations that increase the MM. Three bands
were observed in COL BS which correspond to COL1a.1 and COL1a.2 while the bands corresponding with a higher
MM indicated a mixture of two collagens. The MM of the collagen protein increases with an increase in MeAnH
equivalents. The digestion of the gel bands allowed identification of COL1a1, COL1a2, COL3a1, COL2a1. The
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mass spectrometry results showed that COL1a2 was the most abundant protein in the band corresponding with
the lowest MM (Supplementary Data Table 1). COL1a.1 was the most abundant protein in the next band. A band
of a high MM compound (x 200 kDa) was observed on the SDS-PAGE gel. The LC-MS/MS analysis of the digested
bands corresponding with higher MM showed the presence of COL1a1, COL1a2, COL3a1, COL2a1. The
COL1a1 and the COL1a2 were the most abundant proteins. It is hypothesized that this identification showed the
crosslinks between collagens. Previous research showed the presence of the crosslinks on the collagen protein
and were mainly derived from the allysine route [514,515]. Mass spectrometry analysis showed the presence of
peptides with methacrylamides in the gel bands corresponding to COL-MA BS 0.5EQ and COL-MA BS 1EQ.

The shotgun proteomic analysis does not allow the determination of the MM of COL BS directly. However, the
theoretical MM of COL BS can be estimated based on the identified proteins (vide infra, cfr. 3.2.2) using the Swiss-
Prot database (COL1a1 and COL1a2), resulting in an estimated MM of 94673.0 Da for the COL1a1 chain precursor
(amino acid 162 until 1217) and 93415.3 Da for the COL1a2 chain precursor (amino acid 80 until 1117). Collagen

is constituted of two a1 chains and one a2 chain, thus resulting in an approximate theoretical MM of 282761.3 Da.

(b) Identification and localization of the modified groups in the amino acid sequence of COL-MA BS

The shotgun proteomic analysis enabled the study of more complex samples such as COL BS. By using LC, it
became possible to separate the peptides resulting from the tryptic or GluC digestion of the protein. After digestion,
a larger number of peptides was cleaved compared to the digestion of RCPhC1 because of the higher MM of COL
BS (Figure S7.10). The identification of the most abundant proteins present in COL BS was carried out by querying
the total Swiss-Prot database containing 563082 sequences and 13936 taxons. The first identified protein is the
collagen a1(l) chain from Bos taurus, conforming with the origin of the sample. Then, the identification of the most
abundant proteins in COL BS was carried out by querying the Bos taurus database of Swiss-Prot. The results
indicated that the most abundant proteins are the COL1a1 and COL1a2, amounting for 57% and 28% respectively
(Supplementary Data Table 3). The sample also contained low quantities of other proteins like collagen a1(lll)
chain, collagen a1(ll) chain and keratin. LC-MS/MS analysis showed that the N- and C-terminal pro-peptides are
not presentin COL1a1 and COL1a2. This indicated that it was the matured protein of COL1a1 and COL102 without
its pro-peptides ends. Therefore, the LC-MS/MS analysis was carried out on the sequences of the proteins COL1a1
and COL1a2 of Bos taurus without the pro-peptides. Table 7.5 shows the number of identified peptides, the
percentage of coverage for the COL BS samples from COL1a1 and COL1a2 (Bos taurus) for both types of
digestion (trypsin and GluC). The number of identified peptides decreased with an increasing number of introduced
MA moieties, as was also observed for RCPhC1 (Figure S7.10).
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Table 7.5. Overview of the number of identified peptides and the percentage of coverage for trypsin and Gluc digestion from the bovine
skin collagen samples. The information is given for the 2 major proteins which are COL1a1 and COL1a2.

Peptides Coverage [%)]
COL1a1 COL1a2 COL1a1 COL1a2

COLBS 127 103 91 92

Trypsin
COL-MA BS 0.5EQ 119 89 88 81

digestion
COL-MA BS 1EQ 79 75 75 76
COLBS 92 59 65 54

GluC

COL MA BS 0.5EQ 77 49 60 48

digestion
COL MABS 1EQ 73 49 56 48

The shotgun proteomics approach allows identifying 91 and 92% of the sequence of COL1a1 and COL1a2 for the
unmodified COL BS by trypsin digestion (Figure 7.9) thereby providing very good coverage [516]. However, the
coverage decreased upon higher degrees of modification (i.e. COL MA BS 0.5EQ and COL MA BS 1EQ). A similar
trend was observed for the GluC digested proteins with an overall coverage (i.e. 65 and 54%) that is lower than
for trypsin. However, by combining the two digestions it is possible to obtain more than 90% of coverage for COL
BS with and without MA functional groups [517].

—
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COL1A1 \ w
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Figure 7.9. Coverage of the identified and quantified peptides on the sequence of COL1a1 and COL1a2 for the samples of COL BS from
both digestions. Green areas show the protein sequence coverage. Yellow areas show the non-covered parts of the protein.

The identified peptides (green) were distributed homogeneously along the sequence as shown in Figure 7.9. The
number of identified peptides decreases with increasing equivalents of MeAnH addition, thus increasing protein
modification (i.e. higher DS). This was also observed for RCPhC1 for which we hypothesized that this was due to
steric hindrance of the enzyme and a decrease in ionization. Therefore, we can assume that the MA modifications
influence the identification of all types of collagen-based biomaterials. For collagen with trypsin or GluC digestion,
the number of missed cleavages varied between 1 and 6 (Figure S7.11-S7.14). The data showed that the longer

the peptides were, the larger the number of MAs on the peptide.
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This is also visualized in Figure S7.4 where a clear positive trend is visible between the number of missed
cleavages and the number of MA’s for the three peptides RCPhC1, COL1a1 and COL102. This was logical

because increasing the number of missed cleavages increased the number of lysines present in the peptide.

Moreover, we have observed a slight increase in the percentage of peptides with 1 and 2 missed cleavages for
COL1a1 in the modified collagens (i.e. COL-MA BS 0.5EQ and COL-MA BS 1EQ) compared to COL BS (Figure
S7.11 and S7.13), for both digestions. For COL1a2 with trypsin digestion (Figure S7.12), a slight increase in the
percentage of peptides with 1, 2, 3 missed cleavages was observed. But for the digestion with GluC (Figure S7.14),
a slight increase in the percentage of peptides with 0 missed cleavages has been noticed. We also saw a high

percentage of peptides with 0 and 1 missed cleavages.

The results were not identical to those from the analysis of the RCPhC1 protein. COL1a1 (94673.0 Da) and
COL102 (93415.3 Da) were composed of 38 and 31 lysines respectively, compared to the RCPhC1 protein (51185
Da) which has 33 lysines. The RCPhC1 protein had more lysines compared to collagen COL1a1 or COL1a2

considering the size, which may allow a better action of the enzymes on COL1a1 and COL1a2.

In addition to MA modification, PTMs were observed such as the oxidation of methionine and the deamidation of
asparagine and glutamine. These modifications are common in shotgun proteomics approaches on “complex”
natural biopolymers [473]. As an example, hydroxyproline was also observed in the analysis of COL BS. These
PTMs are common for collagen because they are involved in the structure of the protein, and thus inherently
present [463].

Next, the sequence of the different a strands (i.e. COL1a1 and COL1a2) in COL BS was studied, together with the
number of modified lysines. The COL1a1 sequence contains a total of 38 lysines, whereas COL1a2 contains a
total of 31 lysines (based on Swiss-Prot databases). Table 7.6 shows the numbers of MA-modified lysines identified
by LC-MS/MS with trypsin and Gluc digestion.

Table 7.6. The numbers of MA-modified lysines identified by LC-MS/MS with trypsin and Gluc digestion. The MA sites are identified on
COL1a1 and COL1a2 from Bos taurus. Based on the AA sequences from the Swiss-Prot database, the total number of lysines for
COL1a1 and COL1a2 were 38 and 31, respectively.

Trypsin digestion ~ GIuC digestion

COL1a1 30 17
COL-MABS 0.5EQ

COL1a2 23 16

COL1a1 26 19

COL-MABS 1 EQ
COL1a2 21 15
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This enabled the identification of the MA sites on COL1a1 and COL1a2. The sequences of COL1a1 and COL1a2
were reconstructed from the digested peptides and the MA modifications were localized in these sequences. The
sequences of COL1a1 and COL1a2 together with the modified lysines for the trypsin and GluC digestion can be
found in Supplementary Info (Figure S7.15 and S7.16, Figure S7.17 and S7.18, respectively). The digestion with
trypsin and GluC makes it possible to identify a total of 4 unmodified lysines and 34 modified lysines (with MA) in
the COL1a1 sequence. For the COL1a2 sequence, digestion with trypsin and GIuC resulted in an identification of
a total of 6 unmodified lysines and 25 modified lysines. These modifications will be further discussed and shown

in the next section 7.5.2 (d), “Localization of modified amino acids in the 3D-structure of the modified biopolymer”.

To conclude, proteomic analysis showed that MA modifications were present over the entire sequence of COL BS,
determined by using both types of digestion. Moreover, the proteomic analysis identified that the modifications
were present on lysine groups, and that the MA-modified lysines were distributed homogeneously over the
sequence. This is key in the development of biomaterials with an intentional use for TERM applications, because
the distribution of the modified, photo-crosslinkable MA groups affects the crosslinking behavior of the biomaterial.
A homogeneously spreading of the modified groups will result in a better crosslinked network (due to the
homogeneously spread crosslinks), which will influence the mechanical properties of the biomaterial. In turn, these
mechanical properties influence the biological properties (i.e. cell-biomaterial interaction). This highlights the
importance of the insights given by proteomic analysis. However, although homogeneous spreading of the lysines
over the primary amino acid composition is positive for their distribution, it does not ensure that they will be

homogeneously spread in their 3D conformation, hence the study in section 7.5.2 (d).

(c) Determination of the degree of substitution (DS) of modified COL BS

Similar to the analysis of RCPhC1, the COL BS and its derivatives (i.e. COL-MA BS) were analyzed using 'H-NMR
spectroscopy (Figure S7.1, c-d). Based on 'H-NMR data, the MA-modification of collagen led to a DS of 76.6 and
103.7% for the COL-MA BS 0.5 EQ and 1 EQ, respectively. The degree of substitution higher than 100% (for the
higher DS) can be explained by the fact that the calculations are based on the amino acid composition as found in
the Swiss-Prot and NCBi database (which do not give the exact amino acid composition as the COL BS used in
this chapter) and the fact that the NMR data might overestimate the DS due to hydroxyl groups that could be
modified as well and/or integration errors. Instead of using a database, the amino acid composition can be analyzed
in order to know the exact AA composition [368]. Calculating the DS of the COL-MA derivatives using the results
from the AA analysis, a DS of 75.9% and 99.6% were obtained for COL-MA 0.5 EQ and COL-MA 1 EQ,

respectively.
Based on the OPA assay, the amount of primary amines available for functionalization was found to be 0.252

mmol-g* in COL BS. For the COL-MA BS 0.5 and 1 EQ, a DS of 74.1% and 95.8% was obtained. An overview of

the obtained DS values via the different methods is provided in Table 7.8.
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Because it was not possible to perform MALDI-TOF analysis on the COL BS and its derivatives, due to their high
MM (> 150 kDa), it was also not possible to determine the DS using our currently available MALDI-TOF.

In addition to the conventional characterization techniques, proteomic analysis was performed on COL BS and its
derivatives. The percentage of coverage for COL BS by trypsin digestion was found to be very high (i.e. 91% and
92%), which is important for enabling superior identification and quantification of the modified groups in the AA
sequence (Table 7.5, cfr. 7.3.2(b)). Moreover, this method makes it possible to identify almost the entire sequence
[518,519].

The numbers of quantified peptides after trypsin digestion of COL-MA BS was 195 for COL1a1 and 106 for
COL102. LC-MS/MS analysis quantified 32 lysines with a MA on COL1a1 and 24 lysines with a MA on COL102.
The numbers of quantified peptides after GluC digestion of COL-MA BS was 115 for COL1a1 and 68 for COL102.
LC-MS/MS analysis quantified 20 lysines with a MA, on COL1a1 and 18 lysines with a MA on COL1a2 (Table 7.7).

Table 7.7. The numbers of MA-modified lysines quantified by LC-MS/MS with trypsin and Gluc digestion. The MA sites are identified on

COL1a1 and COL1a2.
Trypsin digestion GluC digestion
Quantified Quantified modified Quantified modified
_ , Quantified peptides .
peptides lysines lysines
COL1a1 195 32 115 20
COL1a2 106 24 62 18

For the COL1a1, the first and last lysines were not modified with MA. However, for the COL10a2, the last lysine
(Figure S7.16) was modified. The position of this lysine within the collagen 3D structure could have an influence
on the accessibility of the lysine and thus on the potential modification. Also, as shown in Figure 7.9, the coverage
of the identified and quantified peptides from both digestions showed non-covered parts of the protein at the end
of the sequence, implying that the last lysine might not be detected using proteomics analysis (which can be due

to the length of the last peptide in this sequence).

The LC-MS/MS analysis identified a few lysines without modification but the NMR and OPA showed a modification
percentage close to 100% for COL-MA BS 1 EQ. Proteomic analysis indicated that the two chains a1 and a2 were
modified and it was possible to locate the preferential positions of these modifications. The quantitative analysis of
the modifications showed a higher MA modification frequency in the COL-MA BS 1 EQ than in the COL-MA BS
0.5 EQ samples. The results using the trypsin digestion indicated that COL-MA BS 1 EQ had an overall frequency
of MA modification higher than COL-MA BS 0.5 EQ (Figure S7.19 and S7.20), for both sequences of COL1a1 and
COL102. The results were similar for GluC digestion (Figure S7.21 and S7.22). Based on the modification
frequency, an average DS could be calculated of 74.9 and 80.4% for COL-MA BS 0.5 and 1 EQ respectively. This
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trend (increase in DS when increasing eq MeAnH) correlates with the OPA and NMR data on the COL BS

derivatives. An overview of the data is shown in Table 7.8.

To conclude, unlike 'TH-NMR and OPA, proteomic analysis does not allow to calculate the exact DS of a modified
protein. Proteomic analysis gives information on the modification frequency (in %) of a specific amino acid, meaning
that an average can be calculated to get an estimation on the DS. It is thus possible to identify which positions are
easily modified (i.e. modification frequency of 100% in both COL-MA BS 0.5 EQ and 1 EQ) and thus to determine
the preferential (lysine) sites for MA modification. It can be hypothesized that the location of the lysine groups in
the 3D-structure of COL BS (i.e. inner or outer side of the 3D conformation, easy or difficult to access) is (partly)

responsible for the ease of modification of specific positions in the sequence (section 7.5.2 (d)).

Table 7.8. Determination of the degree of substitution (DS) of COL-MA BS 0.5 and 1 EQ using 1H-NMR spectroscopy (based on the
amino acid sequence from the Swiss-Prot database, and the analyzed amino acid composition), OPA assay and shotgun proteomic

analysis.
DS obtained via 'TH-NMR DS obtained via 'H- . DS obtained
DS obtained .
(based on database NMR (based on known via shotgun
. B via OPA [%] .

Swiss-Prot) [%] AA composition) [%] analysis [%]

COL-MABS 0.5EQ 76.6 75.9 74.1 74.9

COL-MABS 1 EQ 103.7 99.6 95.8 80.4

(d) Localization of modified amino acids in the 3D-structure of COL BS modified biopolymers

Similarly to RCPhC1, the more complex sequences of COL1a1 and COL1a2 (P02453 and P02465 in Swiss-Prot
DB respectively) were modelled using the I-TASSER server to obtain an idea of the 3D-conformation of the protein.
The two COL BS sequences were a lot longer (i.e. 1463 and 1364 AA for the COL1a1 and COL1a2 respectively)
than the RCPhC1 sequence (i.e. 571 AA), taking about 2-3 months per sequence to calculate a model (based on
the protein data bank). Again, these 3D-models could not be confirmed by X-ray studies (not possible yet for such
large proteins) and should be treated as possible folding configurations of the proteins studied. Moreover, the
longer the protein sequence being modelled, the more possible degrees of freedom resulting in a decreasing
confidence in the final protein model. However, even though the two sequences, COL1a1 and COL1a2, were
separately submitted and ran on the I-TASSER, they resulted in remarkably similar models. Both models exhibited
the same U-shape morphology and had similar amounts and positions of helices and sheets. Moreover, they
resembled the model for RCPhC1, a derivative of collagen type I. These observations suggest that these models

could be very close to the native protein configuration.
The best predicted model with I-TASSER for COL1a1 had a c-score of 0.22, which is excellent for such a large
protein sequence. The estimated TM-score and RMSD were 0.74 (+ 0.11) and 9.3 (+ 4.6 A) respectively, signifying

a high confidence in the model. The best predicted model with [-TASSER for COL1a2 had a c-score of 0.63, which
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is extremely high for such a large protein sequence. The estimated TM-score and RMSD were 0.8 (£ 0.09 A) and
8.2 (+ 4.4 A) respectively, signifying the highest confidence in the model of all three modelled protein sequences
in this paper. For COL1a1 and COL1a2, the obtained 3D-models are shown in Figure 7.10 in a and b respectively,

showing the occurrence of the helices (red), sheets (yellow), lysines (magenta) in the main structure of the protein.

g h

Figure 7.10. The protein 3D-conformation of the COL1a1 (a) and COL1a2 (b) proteins modelled with I-TASSER in the cartoon view
showing helices (red), sheets (yellow), loops (green), and lysine residues in the structure (magenta). The same models shown in the
solvent surface accessibility view for COL1a1for one side (c) and 180° turn around Y-axis site (e), and COL1a2 for one side (d) and 180°
turn around Y-axis site (f), showing the protein accessibility surface (green), unmodified lysines on the surface (magenta), modified lysine
(cyan) and the RGD sequences at the surface (orange). Close-ups of the protein COL1a2 showing (g) the grouped RGD sequences
(orange, indicated with arrow) and proximity of the modified lysines (cyan) and (h) the buried unmodified lysines (magenta, indicated with
arrow).

The predicted models for COL1a1 and COL1a2 show that they only have 2 and 4 RGD sequences, respectively,
in contrast to RCPhC1 that has 12 RGD sites for a shorter overall sequence. Moreover, unlike RCPhC1, these
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RGD sites were not homogeneously distributed over both proteins COL1a1 and COL102 and even were
aggregated into one location for COL102 (Figure 7.10, c-f, orange). Moreover, these RGD sites were very closely
positioned to modified lysines (cyan), meaning that cell accessibility may be limited once crosslinked into networks

(Figure 7.10, c-g, orange-cyan). This should be tested and confirmed in future work.

The spatial distribution of modified lysines in COL1a1 (Figure 7.10, c and e) occurred to be better than in COL1a2
(Figure 7.10, d and f), with the latter having large areas on the protein surface without any modified lysines present.
As discussed above, the homogeneous distribution of the modified lysines is vital for the network formation of the

proteins into usable biomaterials, important for TERM applications.

Although many lysines were modified (cyan), some were not modified (magenta) (Figure 7.10, c-f). Whereas most
modified lysines seem to be very accessible in the solvent accessibility view, some of the non-modified lysines
occurred to be less accessible/more buried in the protein structure (Figure 7.10, h (arrows)). This was certainly
true for COL1a2, where some residues even barely reached the surface, possibly influencing their modification
efficiency (Figure 7.10, h). This also holds true for enzymes, making it more difficult to cut them due to steric

hindrance caused by the natural protein shape and induced hindrance due to lysine modifications.

7.6 Conclusion

In this chapter, photo-crosslinkable moieties have been introduced onto RCPhC1 and COL BS, followed by
applying different characterization techniques to determine the most important properties: the MM, the DS, the
location of the modifications introduced in the AA sequence and the location of these modifications in the protein’s
3D structure (exposed at the surface or less exposed and deeper within the protein’s conformation). An overview
of these properties in relation to the characterization techniques can be found in Table 7.9, and will also be used

as a guideline in this conclusion.

Table 7.9. Summary of the characterization techniques discussed in this chapter, and what information these techniques can reveal on

modified biopolymers.
Molar mass Localization of Degree of Localization in 3D
(MM) modified group substitution (DS) model possible
MALDI-TOF + - + -
'H-NMR - - + -
OPA - - i -
PROTEOMICS t + t +

(*) MALDI-TOF: only possible if MM < 150 kDa
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In general, the molar mass could not be determined by 'H-NMR spectroscopy, nor by OPA. In case of low MM
proteins (< 150 kDa) such as RCPhC1, MALDI-TOF is very useful for the determination of the MM. However, in
case of high MM proteins (> 150 kDa), the MM could only be estimated using the sequences (found in the Swiss-

Prot database) of the abundant proteins as determined by proteomic analysis.

Besides the molar mass, the identification and localization of the modified peptides is important information to
optimize the biopolymer modification procedure and/or to control the resulting physico-chemical properties. Neither
MALDI-TOF, 'H-NMR spectroscopy, nor OPA enabled the identification and the localization of the introduced
functionalities. Conversely, proteomic analysis enabled: (i) the identification of the peptides and modified AAs, and
(ii) the localization of the introduced photo-crosslinkable groups. This is vital information when pursuing the
development of a biomaterial for TERM applications because it provides insight in the distribution of these photo-
crosslinkable groups throughout a biopolymer chain. It is hypothesized that this distribution directly affects the
crosslinking behavior of a biopolymer and hence the mechanical properties, that in turn influence the biological

properties (i.e. cell-biomaterial interactions and bioactivity).

Whereas the identification and localization of the modified peptides is important, the quantification of modifications
present along the protein backbone is as essential. The degree of substitution/functionalization (DS) could be
determined by MALDI-TOF (for MM < 150 kDa), 'H-NMR spectroscopy and OPA. However, with proteomic
analysis, some challenges were encountered when quantifying the photo-crosslinkable moieties: (i) the presence
of redundant peptide sequences, and (ii) a higher DS (corresponding with more photo-crosslinkable moieties)
resulting in more steric hindrance. Despite these challenges, proteomic analysis was able to provide insight in the
modification frequency of specific modification sites, enabling the calculation of an average DS. Obtaining
modification frequencies is exciting as they also indicated that some positions were more accessible towards
modification compared to others, resulting in additional information which was absent upon applying the other
techniques. Based on the proteomic analysis and the obtained information on the localization of the modified
groups, it was possible to 3D model the biopolymers. Moreover, it permitted the identification, localization and
distribution of each unmodified and modified AA in its 3D structural conformation, providing crucial insight in the

overall distribution of the modified sites along the protein backbone.

In conclusion, proteomic analysis cannot (yet) be used as a stand-alone technique to fully characterize a modified
(photo-crosslinkable) biopolymer because it only provides an average DS based on the modification frequencies.
However, it is the only technique that enables the identification and localization of the functionalized AA along with
supplying the required information for establishing the 3D model. This enabled to gain unprecedented insight in
the distribution of the introduced functionalities along the protein backbone which is crucial with respect to
reproducibility and regulatory aspects for its use as a biomaterial for TERM applications, and further unravelling of

the efficiency of the biopolymer modification process and the effect on the crosslinked network.
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Conclusions and future perspectives

General conclusions

The current PhD research aimed at addressing the challenges currently encountered in tissue engineering and
regenerative medicine, and more specifically, in tendon repair and vascular wall modeling. To this end, specific
biomaterials were designed and characterized, and multiple biomaterial processing techniques were evaluated for

the development of tubular scaffolds.

An introduction to the anatomical structure and physiological functions of tubular organs, as well as their diseases
and malfunctions were described in Chapter 1. Next, current treatments, and tissue engineering and regenerative
medicine as a viable solution were discussed. In particular, the state-of-the-art on currently studied biological
models, (bio)materials and manufacturing processes for the fabrication of tubular constructs for tendon repair and

vascular wall modeling were discussed in detail.

In a first part of this PhD thesis, novel versatile photo-crosslinkable urethane-based polymers were developed,
along with their implementation as starting materials for the development of tubular scaffolds. Because each tissue
has its own mechanical and biological requirements, and because each processing technique has its own specific
challenges, a toolbox of AUPs was proposed, taken into account the challenges and requirements while

synthesizing and formulating the AUPs.

In Chapter 2, the synthesis and characterization of photo-crosslinkable acrylate-endcapped urethane-based
polymer precursors (AUPs) were described. In order to obtain a series of AUPs with a broad range of physical
properties, AUPs based on a poly(ethylene glycol) (PEG) backbone versus a poly(e-caprolactone) (PCL) backbone
with different molar masses were synthesized (i.e. AUP PEG2k, 20k; AUP PCL530, 2k, 10k and 20k). By varying
the constituting building blocks, polymers with tunable properties were developed. The PEG-based AUPs showed
water uptake capacities ranging from 1.9 + 0.1 up to 23.1 £ 0.3, ultimate stresses from 0.09 + 0.01 up to 0.40 +
0.07, elongations at break from 14.13 + 2.28 up to 59.75 + 7.16%, and Young’s moduli from 0.22 £ 0.05 to 2.99
+ 0.23 MPa for AUP PEG2k and AUP PEG20k, respectively. By applying PCL as backbone for AUPs rather than
PEG, hydrophobic biodegradable polymers were obtained. These PCL-based AUPs showed negligible water
uptake capacities, and mechanical testing resulted in ultimate stresses ranging from 1.28 + 0.23 up to 13.23 £
1.17 MPa, Young’s moduli from 5.68 £ 0.23 up to 321.44 + 21.23 MPa and elongations at break from 5.67 + 1.16
up to 17.75 £ 3.13%. Thus, the developed PEG- and PCL-based AUPs showed a broad range in physical and
mechanical properties, covering the properties of many tissues and rendering them ideal for regenerative medicine

from a mechanical perspective. Moreover, the developed AUPs enabled efficient UV-crosslinking in the solid state,
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paving the way towards various processing opportunities, including solution electrospinning, extrusion-based 3D

printing and melt electrowriting.

One of the above-mentioned processing opportunities can be found in melt electrowriting. At present, one of the
challenges associated with the use of MEW is the limited availability of compatible materials. Therefore, in Chapter
3, melt electrowriting was investigated as an emerging fabrication technique to process the developed AUPs into
tubular constructs with a predefined architecture and exhibiting tunable mechanical properties. Some key
requirements to consider when designing a material for MEW include the material’s processability above its melting
temperature due to reduced melt viscosity, lack of pronounced thermal degradation and rapid solidification after
processing. These properties can be achieved by sufficiently high molar masses to ensure that sufficient chain
entanglements are present which result in viscoelastic melt properties that improve processing via MEW. For these
reasons, the developed PCL-based AUP with a backbone of 20k was selected (i.e. AUP PCL20k). Processing with
MEW did not result in degradation of the material while the photo-crosslinking capacity was preserved. Blending
with commercially available PCL helped improving fiber morphology and homogeneity. At the same time, altering
the mechanical properties of the created tubular constructs by adjusting the blend ratios was possible. This enabled
tailor-made construct characteristics for different applications and their corresponding specific mechanical
requirements. In vitro assays using HUVECs revealed non-cytotoxic behavior of the AUP PCL20k material

demonstrating its relevance in biomedical applications.

A second processing technique that was selected to evaluate the processing potential of the developed AUPs is
solution electrospinning. One possible biomedical application of tubular constructs in regenerative medicine can
be found in tendon repair. In order to overcome the challenges currently encountered in tendon repair (i.e.
insufficient mechanical properties along with adhesion and anti-inflammatory issues), a combination of a
mechanical (by material and scaffold design) and biological approach (by anti-adhesion and anti-inflammatory
drugs) was proposed in Chapter 4. To this end, PCL-based AUPs with a backbone of 530 versus 2000 g-mol-’
(i.e. AUP PCL530 and 2k) were synthesized and processed into tubular, electrospun repair constructs. The repair
constructs were mechanically tested exploiting ex vivo sheep tendons. The non-reinforced AUP PCL530 showed
superior mechanical properties compared to the AUP PCL2k repair constructs (Young's moduli of 2.5 £ 0.9 versus
0.6 + 0.2 MPa, respectively), but still insufficient to be applied for tendon repair without the reinforcement layer.
The reinforced AUP PCL530 and AUP PCL2k repair constructs showed a Young's modulus of 9.4 + 2.5 MPa and
3.7 £ 0.5 MPa, and an ultimate stress of 6.4 + 0.6 MPa and 8.4 + 0.6, respectively. In comparison, the reinforced
PCL repair constructs (reference) showed a lower Young’s modulus of 5.7 £ 1.2 MPa compared to AUP PCL530
and a lower ultimate stress of 4.8 + 1.0 MPa compared to both reinforced AUP repair constructs. The reinforced
repair constructs have proven to fulfill the required mechanical properties for flexor tendon repair (i.e. minimal
ultimate stress of 4 MPa). In addition, the developed PCL and AUP repair constructs did not show any significant
degradation occurring before min. 8 weeks, which covers the initial healing period of an injured tendon to resume

its normal properties and function. Moreover, anti-inflammatory and anti-adhesion components were incorporated
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to further optimize the repair constructs, i.e. hyaluronic acid and naproxen, respectively. In vitro biological
evaluation using human fibroblasts indicated that the developed PCL-based AUP repair constructs, including the
bio-active components, were non-cytotoxic (viability > 70%). In the in vivo study, the developed AUP PCL2k repair
construct showed similar strength as the Modified Kessler (gold standard). However, macroscopically, a
significantly different adhesion pattern was observed at the suture knots, either centrally or peripherally, depending
on the applied technique. This observation indicated that the addition of bio-active compounds had a beneficial
effect on the healing (adhesion limitation within the repair zone). Histologically, a qualitative assessment showed
good to excellent repair at the tendon repair site. In conclusion, the developed PCL-based AUP repair construct
design combining a mechanical and biological approach shows potential for application in flexor tendon repair

when designed with a reinforcement layer.

Another possible application of tubular constructs in regenerative medicine can be found in the field of vascular
tissue engineering. Collagen, being one of the main components of the vascular extracellular matrix (ECM), is
currently the most commonly applied natural polymer for vTE applications, and more specifically, for the
development of vascular wall models. However, one of the most important limitations of collagen-based materials
is their mechanical properties. In particular, their viscoelastic properties are often unsatisfactory, limiting their use
in TE applications. For example, in vascular TE, the mechanical properties of collagen-based constructs are unable

to withstand the high pressures and stresses encountered in the blood vessel.

Therefore, in Chapter 5, the use of a tubular, synthetic scaffold as reinforcement for collagen-based models was
exploited with the aim to achieve the required mechanical properties for vascular wall modeling. Three different
processing techniques (i.e. solution electrospinning SES, extrusion three dimensional printing 3DP, and melt
electrowriting MEW) were evaluated for the development of the tubular, polymeric reinforcement. The reinforced
collagen-based models were benchmarked against a non-reinforced collagen-based model (COL). As shown by
SEM imaging, the selected processing technique affects the developed scaffold’s architecture on micro- and macro
level. In turn, the scaffold’'s architecture (fiber diameter, fiber alignment, pore size) has shown to influence the
resulting mechanical and biological properties of the collagen-based model. The tubular, polymeric reinforcements
significantly improved the mechanical properties of the collagen-based model (initial elastic moduli of 382.05 +
132.01 kPa, 100.59 + 31.15 kPa and 245.78 + 33.54 kPa, respectively for SES, 3DP and MEW at day 7 of
maturation) compared to the non-reinforced collagen-based model (16.63 + 5.69 kPa). A difference in visco-elastic
behavior was also observed, showing the highest predominance in elastic behavior in the MEW reinforced model
(Eo/Ee ratio of 1.29 £ 0.04). Moreover, the different processing techniques and polymeric tubes’ architecture
influenced the cell behavior, in terms of proliferation and attachment, as well as collagen gel compaction. A dense
network of fibroblasts randomly dispersed in the thick collagen matrix was found in COL (reference) and MEW
samples, while fewer fibroblasts presenting smaller cytoskeletons, were found to be compressed together in the
thinner collagen gel observed for the SES and 3DP conditions. Overall, it can be concluded that the selected

processing technique strongly influences the resulting mechanical and biological properties.
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Apart from using a synthetic reinforcement scaffold to achieve superior mechanical properties in collagen-based
vascular wall models, another approach includes maintaining the construct’s structural integrity by chemical,
physical or enzymatic crosslinking. In Chapter 6, a photo-crosslinkable collagen (COL-MA) with tunable properties
was developed and benchmarked against the gold standard in TE, being methacrylamide-modified gelatin (GEL-
MA). For both gelatin and collagen, two derivatives with varying degrees of substitutions (DS) were developed by
altering the added amount of methacrylic anhydride. This led to photo-crosslinkable derivatives with a DS of 74
and 96% for collagen, and a DS of 73 and 99% for gelatin. The developed derivatives showed high gel fractions
(i.e. 74% and 84%, for the gelatin derivatives; 87 and 83%, for the collagen derivatives, respectively) and an
excellent crosslinking efficiency. Furthermore, the results indicated that the functionalization of collagen led to
hydrogels with tunable mechanical properties (i.e. storage moduli of [4.8 — 9.4 kPa] for the developed COL-MAs
versus [3.9 — 8.4 kPa] for the developed GEL-MAs) along with superior cell-biomaterial interactions when
compared to GEL-MA. Moreover, the developed photo-crosslinkable collagens showed superior mechanical
properties compared to extracted native collagen. In vitro biological assays showed that HUVECs have a
preference towards the developed bovine skin COL-MAs and a significantly superior cell-biomaterial interaction
(i.e. cell shape, cell cytoskeleton area) when compared to bovine skin GEL-MAs. Therefore, the developed photo-

crosslinkable collagens demonstrate great potential as biomaterials for vTE applications.

The distribution of photo-crosslinkable moieties onto a protein backbone can affect a biomaterial’s crosslinking
behavior, and therefore also its mechanical and biological properties. A profound insight in this respect is essential
for biomaterials exploited in tissue engineering and regenerative medicine to enable translation of novel,
functionalized biomaterials from bench to bedside, given regulatory constraints and the need for perfectly defined
and reproducible biomaterials. In order to gain additional insight in biopolymer functionalization, proteomics can
be a valuable tool. Therefore, in Chapter 7, proteomic analysis was evaluated as a tool to gain next level insights
in photo-crosslinkable biopolymer modifications. 'H-NMR spectroscopy and a colorimetric assay (i.e. OPA assay)
were used as conventional techniques for the analysis of modified biopolymers. Proteomic analysis cannot (yet)
be used as a stand-alone technique to fully characterize a modified (photo-crosslinkable) biopolymer because it
only provides an estimate on the average degree of substitution based on the modification frequencies. However,
it is the only technique that enables the identification and localization of the functionalized amino acids along with
supplying the required information for establishing a 3D model. This enabled unprecedented insights in the
distribution of the introduced functionalities along the protein backbone which is crucial with respect to
reproducibility and regulatory aspects for its use as a biomaterial for TERM applications, and further unravelling

the efficiency of the biopolymer modification process and the effect on the crosslinked network.
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Future perspectives

The versatile chemistry, biocompatibility and unique solid-state reactivity of AUPs render these polymers suitable
for a wide range of tissue engineering and regenerative medicine applications. The developed AUPs showed great
potential as starting materials for processing techniques including solution electrospinning and melt electrowriting.
Besides these two techniques, the AUPs also hold great promise to be exploited in other processing techniques
such as selective laser sintering, digital light processing, and fused deposition modelling. These techniques can
be further investigated in future research with the aim to extend the processing capabilities of the AUPs for the

fabrication of (tubular) scaffolds for a variety of TE applications.

Regarding the emerging melt electrowriting technique, only AUP PCL20k was evaluated for its processing
potential. In this study, it was shown that the AUP PCL20 precursor could be printed but that the developed tubular
constructs showed high brittleness. For this reason, AUP PCL20k was blended with commercially available PCL
in various blending ratios with the aim to tune the mechanical properties of the developed tubular constructs. Next
steps in this research could entail blending of AUP PCL20k with a lower molar mass backbone AUP such as AUP
PCL2k. Other options include the development of AUP precursors with other building blocks (i.e. variation in
backbone, and/or in endcaps) in order to reduce the brittleness, but at the same time, fulfilling the requirements

for MEW processing (as described above in section “General conclusions”, and in detail in Chapter 3).

With respect to tendon repair, two PCL-based AUPs were evaluated (i.e. AUP PCL530 and AUP PCL2k) using
solution electrospinning. Two different molar masses were evaluated with the aim to achieve sufficient mechanical
properties for the electrospun repair construct without the need for a tubular braid as reinforcement (i.e. minimal
ultimate stress of 4 MPa). Even though the AUP PCL530 repair construct showed improved mechanical properties
compared to AUP PCL2k repair constructs, it was still not sufficiently high for the intended application being tendon
repair. In a follow-up study, the AUP building blocks could be varied to develop an AUP with superior mechanical
properties so that no additional reinforcement structure (under the form of a poly(propylene) braid) within the
electrospun repair construct is required. An option could be to vary the diisocyanate block within the AUP structure.
The implementation of aromatic isocyanates within the AUP structure is expected to lead to AUPs with superior

mechanical properties.

Overall, the proposed toolbox of AUP materials could be further finetuned towards tendon repair by varying the
AUP building blocks and/or processing techniques, but the developed AUPs and their wide range of physical
properties could also be evaluated for other applications in the field of regenerative medicine and tissue

engineering including muscle TE, muscle-to-tendon TE, wound dressings, etc.

For vascular tissue engineering, the three different processing techniques evaluated for the development of tubular

scaffolds showed the importance and the effect of the processing technique on the resulting mechanical and
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biological properties. However, in this study, only PCL tubular constructs were developed and compared. It is
known that not only the processing technique, but also the material itself plays an important role in the resulting
properties. Therefore, next steps could include the evaluation of other materials than PCL. In particular, the
developed AUPs could offer finetuning of the resulting properties aiming at a maximum stress of 1.44 + 0.87 MPa,
a maximum strain of 0.54 £ 0.25 and a physiological elastic modulus of 1.48 + 0.24 MPa, a compliance of 4.5 -
6.2% change in diameter for a pressure increase from 80 to 120 mmHg and a burst pressure of 2031 - 4225 mmHg
for human coronary arteries [64,73-79]. Moreover, herein, the developed synthetic tubular scaffolds were only
evaluated in a static, mono-culture, mono-layered collagen-based model of the vascular wall, hence, a follow-up
study should include the development of a co-culture (i.e. endothelial cells, smooth muscle cells and fibroblasts),
multi-layered model in a bioreactor set-up. This could lead to important insights in the cell-cell interactions and on
the effect of the synthetic scaffold and its corresponding architecture on the final properties of the reinforced

collagen-based model.

The development of photo-crosslinkable collagen was intended for its use in vascular TE. The evaluation of the
physico-chemical properties of the (crosslinked) collagens evidenced great potential to serve as biomaterial for
vascular TE applications. Given these findings, the functionalized collagens should be the subject of follow-up
research in which the processing potential of the developed photo-crosslinkable collagens into tubular constructs
for vTE applications will be studied. The most prominent challenges in the field, including burst pressure and

compliance, should be tackled for these constructs.

It the final chapter of this PhD thesis, it has been shown that proteomics can offer unprecedented insights into
biomaterial modifications. The study was performed on recombinant collagen-based peptide (with a known amino
acid sequence) and on bovine skin collagen (with an unknown amino acid sequence). As described in Chapter 7,
both materials lead to challenges in the proof-of-concept using proteomics (i.e. repetitive units in the AA sequence
in recombinant peptide, and the very large AA sequence in collagen). Therefore, the next steps in this research
should include the full characterization of a small peptide with a known amino acid sequence (without repetitive
units) and with a known structural conformation. This implies that the 3D model will not only be based on a
theoretical model, but can also be based on x-ray diffraction. In this case, not only the physico-chemical properties
could be linked to the peptide’s structural conformation, but also a more precise 3D model could be linked to the
obtained results in proteomics analysis. This way, the 3D modeling can also be evaluated with respect to solvent
accessibility and the probability for a specific AA to be modified based on their position and accessibility within the
(more precise) 3D model. In addition to this, future perspectives also include the evaluation of proteomics analysis
as a tool to study other biomaterial modifications apart from methacrylamide functionalities as well as other proteins

beyond collagen (e.g. gelatin, albumin, ...).
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Annex 1. Chapter 3 - Supplementary Information

Figure S3.1. Set-up of the mechanical testing device.
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Figure S3.2. FT-IR spectrum of the developed acrylate-endcapped urethane-based PCL material.
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Figure S3.3. FT-IR spectrum of the endcap for the AUP PCL20k synthesis.
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Figure S3.4. Stress [MPa versus strain [%] data obtained by uniaxial tensile testing on MEW processed tubes (AUP PCL20k, AUP
PCL20k:PCL ratios of 80:20, 60:40 and 50:50, and PCL) with (black) and without (grey) post-processing UV-irradiation.
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Figure S3.5. Representative graphs of pull to failure testing. Constructs were pulled to 330 % strain to elucidate their failure point. Data
obtained by uniaxial tensile testing on MEW processed tubes (AUP PCL20k, AUP PCL20k:PCL ratios of 80:20, 60:40 and 50:50, and
PCL) with (black) and without (grey) post-processing UV-irradiation.
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Figure S3.6. Force [N] versus displacement [mm] data obtained by uniaxial tensile testing on MEW processed tubes (AUP PCL20k, AUP
PCL20k:PCL ratios of 80:20, 60:40 and 50:50, and PCL) with (black) and without (grey) post-processing UV-irradiation.
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Figure S3.7. Mechanical testing on non-crosslinked versus crosslinked AUP PCL20k tubes.
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Figure S3.8. Live/dead (Ca-AM/PI) staining images of HUVECs in an indirect contact assay for AUP PCL20k, PCL and their blends at day
1, day 3and day 7.
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Annex 2. Chapter 4 - Supplementary Information
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Figure S4.1. Overview of grouping details.

Indirect contact Direct contact
Day 1 Day 3 Day 7 Day 1 Day 3 Day 7

o . . .
o . . .
o . . .
o . . .
o - . .
o . . -

Figure S4.2. Live/Dead assay of the AUP PCL530 and PCL (reference) materials with or without naproxen or hyaluronic acid in presence
of human fibroblast cells (hFBs) after 1, 3 and 7 days. This was performed in indirect contact (i.e. materials incubated in culture medium)
as well as direct contact (i.e. materials placed on top of the cells). Tissue culture plastic (TCP) was used as a positive control.
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A Direct contact Indirect contact

D1 D3 D7 D1 D3 D7

Figure S4.3. Live/Dead assay of the AUP PCL2k and PCL (reference) materials with or without naproxen or hyaluronic acid in the
presence of HFF cells. (A) After 24h, the materials were placed on top of the seeded cells to assess the response of the HFF in direct
contact. Ca-AM/PI staining was done on days 1, 3 and 7. (B) Materials were incubated in culture medium for 1, 3 and 7 days before
adding the medium to HFF cells seeded in a well plate. The scalebar indicates 500 um.

Indirect

Figure S4.4. AUP PCL530. Metabolic activity of indirect (top) and direct (bottom) in vitro testing using human fibroblast cells (hFBs), by an

MTS assay at day 1, 3 and 7. Tissue culture plastic was used as a positive control.
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Figure S4.5. AUP PCL2k. Metabolic activity of indirect (top) and direct (bottom) in vitro testing using human fibroblast cells (hFBs), by an

MTS assay at day 1, 3 and 7. Tissue culture plastic was used as a positive control.
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Figure S4.6. Mono-cultures (tenocytes or MSCs) and co-culture (tenocytes and MSCs) stained with Sirius Red/Fast Green to quantify
production of total collagen and non-collagenous proteins. The scalebar indicates 200 um. Tissue culture plastic (TCP) was used as a
positive control.
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Figure S5.1. Immunofiuorescence staining 3D images of fibroblast-celullarized tubular collagen-based gels, without (COL, reference) and
with reinforcement (SES, 3DP and MEW) at day 3 and day 7 of maturation: Collagen | (green), F-actin (red), and cell nuclei (blue).
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Annex 4. Chapter 6 - Supplementary Information

The '"H-NMR spectra of the developed methacrylamide modified, photo-crosslinkable hydrogel precursors are
shown in Figure S6.1, (i) GEL-MA BS 1 EQ, (i) GEL-MA BS 2.5 EQ, (iii) COL-MA BS 0.5 EQ, and (iv) COL-MA
BS 1 EQ. These spectra enabled the determination of the degree of substitution (DS), following a protocol

described earlier by Van Vlierberghe et al.[262].

(i) GEL-MA BS 1 EQ (ii) GEL-MA BS 2.5 EQ

.
|
=
[ =
l

(iii) COL-MA BS 0.5 EQ (iv) COL-MA BS 1 EQ

Figure S6.1. 1TH-NMR spectra of the developed methacrylamide modified, photo-crosslinkable hydrogel precursors: (i) GEL-MA BS 1 EQ,
(i) GEL-MA BS 2.5 EQ, (iii) COL-MA BS 0.5 EQ, and (iv) COL-MA BS 1 EQ. The characteristic peaks of the vinyl protons are indicated at
5.75 ppm (a) and 5.55 ppm (b), the characteristic peak of the methyl protons is indicated at 1.01 ppm (c).
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Table S6.1. Amino acid (AA) composition of bovine skin gelatin and bovine skin collagen as determined using standard AA analysis
techniques as described in the Materials and Methods section.

BOVINE SKIN GELATIN BOVINE SKIN COLLAGEN
Amino Acid
g/100g + STDEV g/100g + STDEV

Aspartic acid 5.16 0.00 4.49 0.04
Glutamic acid 9.45 0.03 8.02 0.10
Asparagine N.D N.D N.D N.D
Serine 3.16 0.00 2.85 0.03
Glutamine N.D N.D N.D N.D
Histidine 0.60 0.00 0.58 0.01
Glycine 23.08 0.00 19.93 0.00
Threonine 1.85 0.00 1.56 0.01
Arginine 7.51 0.04 6.52 0.01
Alanine 8.90 0.04 7.36 0.06

Tyrosine 0.28 0.01 <LOD <LOD
Valine 2.05 0.00 1.66 0.00
Methionine 0.61 0.01 0.68 0.03
Hydroxylysine 2.00 0.00 1.91 0.02
Phenylalanine 1.86 0.01 1.52 0.00
Isoleucine 1.36 0.00 117 0.01

Ornithine 0.32 0.01 <LOD <LOD
Leucine 2.85 0.01 2.29 0.02
Lysine 3.36 0.02 2.78 0.01
Hydroxyproline 3.06 0.59 2.38 0.01
Proline 13.06 0.14 11.76 0.16
Total 90.50 0.43 77.46 0.44

(N.D.= not detected) (LOD histidine: 0.00054 mg-ml-')

N w
1 ]

Enthalphy [J-g}]
T

]

T T T T T T
60 180 360 540 720 900

o

Gelation time [min]

Figure S6.2. Dissociation enthalpy as a function of the collagen gelation time as studied using DSC.

239



Table S6.2. Overview of the amount of (i) primary amines available for introduction of photo-crosslinkable functionalities, (ii) introduced
photo-crosslinkable functionalities, and (i) consumed photo-crosslinkable functionalities by crosslinking (determined by HR-MAS).

Primary amines
available for

functionalization

Reacted photo-

Introduced photo-

crosslinkable

crosslinkable

functionalities by

functionalities

crosslinking
[mmol-g1] [mmol-g1]
[mmol-g-]
GEL BS 0.304
GEL-MA BS 73% 0.276 0.207
GEL-MA BS 99% 0.374 0.314
COL BS 0.248
COL-MA BS 74% 0.186 0.160
COL-MA BS 96% 0.242 0.213
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Figure S6.3. Viability of HUVECs evaluated via an indirect cytotoxicity assay. No significant differences were found between the different
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Figure S6.4. Relative cell growth rate (RGR) of HUVECs on the developed materials at day 1, day 3 and day 7 after cell seeding (ns = not
significant; *= p < 0.05;, **=p < 0.01; **=p < 0.001; ***=p < 0.0001).
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GEL-MABS 73%

Figure S6.5. Nuclei (blue), cytoskeleton (green) and VE-cadherin (red) of HUVEC cells seeded on GEL-MA BS and COL-MA BS
derivatives at day 7. HUVECs were seeded at a density of 15,000 cells-cm-2 in 400 uL complete DMEM+. The red boxes show a zoom of
the VE-cadherin staining (at day 7) and thus the intercellular junctions. White scalebars are 50 um.
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Annex 5. Chapter 7 - Supplementary Information

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the data set identifier PXD024622.

The additional Supporting Information documents include:

(i) Supplementary Information Figures contain graphs and figures (see below).

(i) Supplementary Data Table 1 corresponds to the identification of the SDS PAGE analysis on RCPhC1
and its derivatives and COL BS and its derivatives.

(i) Supplementary Data Table 2 contains the identification and quantification of peptides from RCPhC1.
The first sheet corresponds to the information in each column of the following sheets.

(iv) Supplementary Data Table 3 corresponds to the identification of proteins of the SDS PAGE analysis
on COL BS and its derivatives.

(v) Supplementary Data Table 4 corresponds to the identification of peptides of the SDS PAGE analysis
on COL MA BS 0.5EQ and COL MA BS 1EQ.

(vi) Supplementary Data Table 5 corresponds to the protein identification on bovine skin. The first sheet
is the protein identification against all entries of Swiss-Prot database, the second sheet is the protein
identification against the Bos taurus database, and the third sheet is the protein quantification results
of bovine skin sample against Bos taurus database

(vii) Supplementary Data Table 6 contains the identification and quantification of peptides from COL1a1

and COL1a2. The first sheet corresponds to the information in each column of the following sheets.

Chapter 7, Materials & Methods, Section 7.2.7: An example of the calculation of the degree of modification using
proteomics is explained below.

To determine the frequency of modification, we quantified the same peptide with and without methacrylamide. We
did an ion extraction for a given peptide with and without modification which allows to determine the effect of the
modification, e.g. GAAGLPPKGERGDAGPK and GAAGLPGPKGERGDAGPK (K modified lysine). Equation 7.1
(Section 7.2.7) gives an estimate of the degree of substitution for one peptide GAAGLPGPKGERGDAGPK
(COL1a1) with 1 methacrylamide.

For the peptide sequence EGAPGAEGSPGRDGSPGAKGDR from COL1a1 with 1 methacrylamide, we have
identified 3 peptides with 1 methacrylamide on position 19 with 1, 2 and 3 hydroxyprolines (see Table S7.1). From
these data, we can calculate the percentage of modifications for each peptide modified using Equation 7.1. We

can also calculate the average of the percentage modification for lysine on this peptide.

Red = position of lysine with methacrylate, blue = hydroxyproline
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Table S7.1. Example of peptides used for the calculation of the degree of subsitution.

. . . % modification for| % modification
Number Peptides sequence Modifications Position K i ]
each peptide for peptide
1 EGAPGAEGSPGRDGSPGAKGDR 1xOxidation [P16] 871
2 EGAPGAEGSPGRDGSPGAKGDR 2xOxidation [P10; P16] 871
3 EGAPGAEGSPGRDGSPGAKGDR 3xOxidation [P4; P10; P16] 871
4 EGAPGAEGSPGRDGSPGAKGDR 1xOxidation [P16]; 1xmethacrylate [K19] 871 4/(1+4) * 100 (4+5+6)/(1+2+3+4
5 EGAPGAEGSPGRDGSPGAKGDR | 2xOxidation [P10; P16]; 1xmethacrylate [K19] 871 5/(2+5) * 100 +5+6) * 100
6 EGAPGAEGSPGRDGSPGAKGDR | 3xOxidation [P4; P10; P16]; 1xmethacrylate [K19] 871 6/(3+6) * 100
C

(a) RCPhC1-MA 0.5 EQ (b) RCPhC1-MA1 EQ
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Figure S7.1. 1H-NMR spectrum of (a) RCPhC1-MA 0.5 EQ, (b) RCPhC1-MA 1 EQ, (c) COL-MA BS 0.5 EQ and (d) COL-MA BS 1 EQ,
with the characteristic peaks of the vinyl protons at 5.75 (A) and 5.55 ppm (B) and the characteristic peak of the methyl protons at 1.01
ppm (C).
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Figure S7.2. MALDI TOF analysis of 3 recombinant collagens. Red line is the intact mass of non-modified RCPhC1 collagen. The m/z
observed was 51,188. Blue line is the RCPhC1-MA 0.5 EQ at m/z 52,280 with 16 modified lysines. Green line is the RCPhC1-MA 1 EQ at
m/z 53,380 with 32 modified lysines.
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Figure S7.3. Polyacrylamide SDS-PAGE gel of RCPhC1 and its derivatives. The first lane corresponds to protein ladder, the second lane
corresponds to native RCPhC1, the third lane corresponds to RCPhC1-MA 0.5EQ and the last corresponds to RCPhC1-MA 1EQ.
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Figure S7.4. Correlation between missed cleavages and number of modified MAs on RCPhC1 and COL BS, both for trypsin and Glu-C
digestion.

>RCP
GAPGAPGLOGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGADGAPGAPGLOGMPGERGAA
GLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPKGERGDAGPKGAD
GAPGKDGVRGLAGPIGPPGPAGAPGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGADGAP
GKDGVRGLAGPPGAPGLOQGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGADGAPGAPGLQ
GMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPKGER
GDAGPKGADGAPGKDGVRGLAGPIGPPGPAGAPGAPGLOGMPGERGAAGLPGPKGERGDA
GPKGADGAPGKDGVRGLAGPPGAPGLOQGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGAD
GAPGAPGLOGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGAA
GLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGPAGAPGAPGLOQGMPGERGAAGLP
GPKGERGDAGPKGADGAPGKDGVRGLAGPPG

Figure S7.5. Amino acid sequence of RCPhC1 with redundant peptides GDAGPK (green), GADGAPGK (blue) and GAAGLPGPK (red).
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Figure S7.6. The second model for the protein 3D-conformation of the sequence of RCPhC1 modelled with I-TASSER; (a) in the cartoon
view showing sheets (yellow), loops (green) and lysine residues in the structure (magenta), (b) in the solvent surface accessibility view
showing the protein accessibility surface (green), all lysines on the surface (magenta) and the RGD sequences at the surface (orange).

The model in b is also the same as for RCPhC1-MA 1 EQ where all lysines are modified (magenta = cyan).

GAPGAPGLQGAPGLOQGMPGERGAAGLPGPKGERGDAGPIKGADGAPGAPGLOGMPGERGAAGLPGPKGERG
DAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPKGERGDAGPIKGADGAPGIDGVRGLAGPIGPPGPAG
APGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPPGAPGLOQGAPGLOQGMPGERGA
AGLPGPKGERGDAGPKGADGAPGAPGLOGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIG
PPGERGAAGLPGPXGERGDAGPKGADGAPGIKDGVRGLAGPIGPPGPAGAPGAPGLOQGMPGERGAAGLPGPKG
ERGDAGPKGADGAPGKDGVRGLAGPPGAPGLQGAPGLOQGMPGERGAAGLPGPKGERGDAGPI{GADGAPGAP
GLOQGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPXGERGDAGPKGA
DGAPGKDGVRGLAGPIGPPGPAGAPGAPGLOGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAG
PPG

Figure S7.7. Amino acid sequence of RCPhC1-MA 1 EQ with the identification of lysine modified with a methacrylamide group (yellow K).

GAPGAPGLOQGAPGLOGMPGERGAAGLPGPKGERGDAGPXGADGAPGAPGLOGMPGERGAAGLPGPKGERG
DAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGPAG
APGAPGLQGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPPGAPGLQGAPGLOQGMPGERGA
AGLPGPKGERGDAGPKGADGAPGAPGLOGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIG
PPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGPAGAPGAPGLOQGMPGERGAAGLPGPKG
ERGDAGPKGADGAPGKDGVRGLAGPPGAPGLQGAPGLOGMPGERGAAGLPGPKGERGDAGPKGADGAPGAP
GLQGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGAAGLPGPKGERGDAGPKGA
DGAPGKDGVRGLAGPIGPPGPAGAPGAPGLOQGMPGERGAAGLPGPKGERGDAGPKGADGAPGKDGVRGLAG
PPG

Figure S7.8. Amino acid sequence of RCPhC1-MA 0.5 EQ with indication of lysine modified with 100% modification frequency (red K),
lysine modified with 50% modification frequencies from peptide GAAGLPGPKGER (blue K) and lysine modified with 50% modification
frequency from peptide GAAGLPGPKGERGDAGPK (yellow K).
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Figure S7.9. Polyacrylamide SDS-PAGE gel of collagen bovine skin and its derivatives. The first lane corresponds to protein ladder, the
second lane corresponds to native collagen bovine COL BS, the third lane corresponds to COL-MA BS 0.5EQ and the last corresponds to

COL-MA BS 1EQ.
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Figure S7.10. Histogram of number of peptides and PSMs identified for RCPhC1 and collagen bovine skin. The black bar corresponds to
number of peptides and grey diamond corresponds to PSMs.
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Figure S7.11. Histogram of the percentage of missed cleavage of peptide for COL1a1 from collagen bovine skin for trypsin digestion. The
percentage of missed cleavages is calculated by making the ratio of the peptides with a missed cleavage identified by LC-MS / MS over
the totality of the identified peptides. Hasted bar corresponding to COL BS, black bar to COL-MA BS 0.5EQ and grey bar to COL-MA BS
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Figure S7.12. Histogram of the percentage of missed cleavage of peptide for COL1a2 from collagen bovine skin for trypsin digestion. The
percentage of missed cleavages is calculated by making the ratio of the peptides with a missed cleavage identified by LC-MS / MS over
the totality of the identified peptides. Hasted bar corresponding to COL BS, black bar to COL-MA BS 0.5EQ and grey bar to COL-MA BS

1EQ.
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Figure S7.13. Histogram of the percentage of missed cleavage of peptide for COL1a1 from collagen bovine skin for Gluc digestion. The

percentage of missed cleavages is calculated by making the ratio of the peptides with a missed cleavage identified by LC-MS / MS over

the totality of the identified peptides. Hasted bar corresponding to COL BS, black bar to COL-MA BS 0.5EQ and grey bar to COL-MA BS
1EQ.
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Figure S7.14. Histogram of the percentage of missed cleavage of peptide for COL1a2 from collagen bovine skin for GluC digestion. The

percentage of missed cleavages is calculated by making the ratio of the peptides with a missed cleavage identified by LC-MS / MS over

the totality of the identified peptides. Hasted bar corresponding to COL BS, black bar to COL-MA BS 0.5EQ and grey bar to COL-MA BS
1EQ.
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>sp|P02453|COL1A1|162-1217Figure S7.15. Sequence of COL1a1 quantified by LC-MS/MS for bovine collagen with trypsin digestion. Red lysine is identified and
quantified with methacrylation. Green lysine corresponds to identified and quantified without methacrylate.

>sp|P02465|COL1A2|80-1117Figure S7.16. Sequence of COL1a2 quantified by LC-MS/MS for bovine collagen with trypsin digestion. Red lysine is identified and
quantified with methacrylation. Green lysine corresponds to identified and quantified without methacrylate.
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>sp|P02453|COL1A1|162-1217Figure S7.17. Sequence of COL1a1 quantified by LC-MSMS from bovine collagen with GluC digestion. Red lysine is identified and
quantified with methacrylation. Green lysine corresponds to identified and quantified without methacrylation.

>sp|P02465|COL1A2|80-1117Figure S7.18. Sequence of COL1a2 quantified by LC-MSMS from bovine collagen with GluC digestion. Red lysine is identified and
quantified with methacrylation. Green lysine corresponds to identified and quantified without methacrylation.
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Black bars correspond to COL-MA BS 0.5 EQ and grey bars to COL-MA BS 1 EQ.

Black bars correspond to COL-MA BS 0.5 EQ and grey bars to COL-MA BS 1 EQ.
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Figure S7.19. Histogram of percentage of methacrylation for trypsin digested peptides from COL1a1 from COL-MA BS 0.5 EQ and 1 EQ.
100

Figure S7.20. Histogram of percentage of methacrylation for trypsin digested peptides from COL1a2 from COL-MA BS 0.5 EQ and 1 EQ.
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Figure S7.21. Histogram of percentage of methacrylation for GluC peptides from COL1a1 from COL-MA BS 0.5 EQ and 1 EQ. Black bars

Figure S7.22. Histogram of percentage of methacrylation for GluC peptides from COL1a2 from COL-MA BS 0.5 EQ and 1 EQ. Black bars
correspond to COL-MA BS 0.5 EQ and grey bars to COL-MA BS 1 EQ.
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Table S7.2. Percentage of coverage, number of identified peptides and percentage of abundance of collagens identified after trypsin
digestion by LC-MS/MS in the four bands for COL BS CTRL.

Proteins Coverage [%)] Peptides [n] Abundance [%)]
Collagen alpha-1(1) chain 46 46 41.0
Collagen alpha-2(1) chain 52 40 17.0
Band 1
Collagen alpha-1(lll) chain 42 27 48
Collagen alpha-1(Il) chain 10 6 4.2
Collagen alpha-1(l) chain 50 56 54.9
Collagen alpha-2(l) chain 56 47 17.5
Band 2
Collagen alpha-1(lll) chain 62 44 9.8
Collagen alpha-1(Il) chain 8 5 1.3
Collagen alpha-1(l) chain 58 62 4.7
Collagen alpha-2(l) chain 52 44 6.5
Band 3
Collagen alpha-1(lll) chain 62 43 5.8
Collagen alpha-1(Il) chain 7 6 1.6
Collagen alpha-1(l) chain 54 62 14.9
Collagen alpha-2(l) chain 61 56 21.6
Band 4
Collagen alpha-1(lll) chain 60 44 3.0
Collagen alpha-1(1l) chain 6 5 0.5
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