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Résumeé

La bio-impression est une forme avancée de fabrication additive qui permet de créer des structures 3D
vivantes (contenant des cellules) et de créer des modeles 3D de tissus ou, a plus long terme, des tissus
implantables pour remplacer les tissus ou organes malades ou endommagés. La bio-impression connait une
croissance rapide mais doit faire face a plusieurs défis. L'un d'entre eux consiste a trouver des matériaux
extrudables contenant des cellules (appelée bioencres) qui combinent toutes les propriétés requises. Les
hydrogels de chitosan thermosensibles qui forment des solutions a température ambiante mais gélifient
rapidement a la température du corps sont d’intéressants candidats comme bioencre mais a ce jour il n'y a
pas encore eu de résultats convaincants démontrant leur potentiel. De plus, les méthodes rhéologiques
permettant de prédire leur imprimabilité font toujours défaut. L'objectif général de ce doctorat était d'étudier
et optimiser les hydrogels thermosensibles a base de chitosan fabriqué avec un mélange de deux bases
faibles, (béta-glycérophosphate et hydrogénocarbonate de sodium) pour la bio-impression par extrusion,

notamment pour l'ingénierie des tissus articulaires.

Nous avons tout d’abord développé une approche rhéologique pour évaluer leur potentiel en tant que
bioencres. Les cinétiques de gélification a température ambiante et du corps ont été caractérisées. Puis les
essais de viscosité et de récupération ont été adaptés pour prendre en compte I’absence de stabilité des gels.
La fidélité de forme et les propriétés mécaniques des structures imprimées ont également été caractérisées

en fonction du taux de cisaillement appliqué et les résultats corrélés avec les données rhéologiques.

Nous avons démontré qu'il était possible d'imprimer une structure avec une fidélité et une maniabilité
adéquate; cependant, une concentration élevée de chitosan (3%p/v) est nécessaire, ce qui entraine un taux
de mortalité élevé des cellules, tandis que réduire la concentration a 2%p/v entraine une trés mauvaise
fidélité de la forme. Nous avons surmonté ces limites en utilisant une approche basée sur la bio-impression
FRESH (Freeform reversible embedding of suspended hydrogel). Un bain de support chaud a été congu afin
de soutenir les structures bioprintées et d'améliorer la thermoréticulation du chitosan pendant l'impression.
Cette approche augmente drastiquement la fidélité et les propriétés mécaniques des structures imprimées

avec une concentration de chitosane (2% p/v) adaptée a l'encapsulation de cellules.



Enfin, nous avons étudi¢ I'impact du chargement de particules de bioverre osteoconducteurs dans ces
hydrogels thermosensibles, en vue de leur utilisation pour la fabrication de tissus osseux minéralisés. Les
propriétés mécaniques et la cytocompatibilité in vitro étant affectées de manicre négative par l'ajout de
bioglass, notre stratégie a consisté a concentrer le bioverre sous forme de microbilles, puis incorporer ces
microbilles dans I'hydrogel a base de chitosan chargé de cellules. Cette nouvelle stratégie a permis
d'améliorer considérablement les propriétés mécaniques et la viabilité des cellules. Cet hydrogel bioactif
hybride n’est pas utilisable comme bioencre, mais il est injectable et pourrait étre utilis¢é comme matrice
injectable pour la régénération de défauts osseux. Cependant, il reste encore beaucoup d’optimisation a faire

pour la bio-impression de tissus de gradient complexes.

Mots-clés : Rhéologie, bioimpression 3D, bioencre, biomatériau injectable, hydrogel de chitosan

thermosensible, tissu articulaire, bioverre.



Abstract

Bioprinting is an advanced method that enables to engineer living 3D structures mimicking the tissue
complexity found in-vivo. It allows to create 3D tissues to study drugs/biological mechanisms, also, in
longer-term, implantable tissue to replace diseased/damaged body tissues/organs. Bioprinting is growing
rapidly but faces several challenges. One of them is to find ideal bioinks which combine all the required
properties. Hydrogels are generally used since cells require an aqueous environment. But it is very
challenging to stack hydrogels into a 3D structure because hydrogels are weak by nature and cannot support
the structure without collapsing. Among the potential candidates are thermosensitive chitosan hydrogels
which form solutions at room temperature but rapidly gel at body temperature. However, their potential in
bioprinting has not been yet studied. Moreover, comprehensive rheological methods to predict their
printability are still missing. The general objective of this Ph.D. was to study and optimize the
thermosensitive chitosan-based hydrogels for extrusion-based bioprinting and injectable scaffold for

articular tissue engineering.

The first objective was to develop a rheological approach to study printability of these time- and
temperature-dependent hydrogels and assess their potential as bioinks. Chitosan-based physical hydrogels
prepared by combining chitosan acidic solution with weak bases like beta-glycerophosphate and sodium-
hydrogen-carbonate were studied. Gelation kinetics, shear-thinning viscosity as a function of shear rate
corresponding to that applied during printing, and recovery tests were performed. The resolution and
mechanical properties were characterized as a function of applied shear rate and results were correlated with
rheological data. This work allowed us to determine the best chitosan hydrogel formulation for 3Dprinting
and compare it with conventionally used bioink, alginate/gelatin. This methodology can also be useful for

other temperature- and time-dependent materials.

We demonstrated that printing structures with adequate fidelity and handability using chitosan-based
hydrogels was feasible; however, a high concentration (3%w/v) was required, leading to high mortality rate
of encapsulated cells. Decreasing chitosan concentration resulted in poor shape fidelity. The second
objective was therefore to develop a method using Freeform reversible embedding of suspended hydrogel
(FRESH) bioprinting to overcome these limitations. A warm support bath was designed to support chitosan-

based bioprinted structures and enhance chitosan thermo-crosslinking during printing. This approach



drastically increases the fidelity and mechanical properties of structures printed with low concentration

chitosan (2%w/v) suitable for cell encapsulation.

Lastly, we studied the impact of loading bioglass particles into such thermosensitive hydrogels for potential
bone-mineralized tissue repair, which could promote bone ingrowth through osteoconductivity. The
mechanical properties and in-vitro cytocompatibility are affected adversely by bioglass addition. A new
strategy was implemented to encapsulate bioglass within chitosan-based microbeads, then incorporate these
microbeads in the cell-laden chitosan-based hydrogel. This strategy improved mechanical properties and
cell viability. This hybrid hydrogel could be used to form an injectable cell-loaded scaffold. The bioactive

microbeads were freezable, increasing their potential for clinical applications.

We demonstrated the potential of the thermosensitive chitosan-based hydrogels for bioprinting, especially
with the FRESH approach. This opens interesting avenues toward tissue engineering. However, much works

still remain to be done before bioprinting complex gradient tissues.

Keywords: Rheology, Bioprinting, Bioink, Injectable biomaterial, Thermosensitive chitosan hydrogel,

Articular tissue, Bioglass.
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Chapter 1 — Introduction

Three-dimensional (3D) bioprinting is an advanced tissue engineering method using an additive
manufacturing process where the printed material contains live cells and is called a bioink. 3D bioprinting
offers great potential for the engineering of living tissues with complex personalized geometries that would

be long and difficult to achieve with conventional fabrication methods [1].

One of the potential tissue with complex structure is articular cartilage and its interface with bone
(osteochondral tissue) [2, 3]. Cartilage tissue lacks self-healing properties when degeneration occurs by
damages or diseases. The currently available treatments are limited, and articular cartilage tissue
regeneration is still a challenging issue. In this regard, 3D bioprinting is particularly appealing to reproduce

such complex gradient tissues.

Bioprinting has already allowed remarkable achievements such as feasibility of manufacturing
heterogenous cell-laden scaffold with various geometries. However, it also faces several challenges. One of
them is to find bioinks that fill the numerous design criteria for these applications, such as injectability,
rapid cohesion with good mechanical properties, biodegradability and most importantly compatibility with

cell encapsulations. These numerous specifications are presented in more detail in section 2.5.

Hydrogels are versatile and promising biomaterials to be used as bioinks, because of their unique properties
similar to natural ECMs, including high water content suitable for cell survival, biodegradability,
macroporosity, and biocompatibility [4]. But it is very challenging to stack a hydrogel into a 3D construct
because hydrogels are weak by nature and cannot support the 3D structure without collapsing. Among the
potential candidates are thermosensitive chitosan hydrogels which form a solution with physiological pH at
room temperature and rapidly gel at body temperature, without any crosslinker. Chitosan is also
biocompatible and biodegradable, which makes them attractive candidates in tissue engineering
applications. However, these hydrogels have not shown satisfactory results for bioprinting. The general
objective of this Ph.D. project was to study and optimize the potential of thermosensitive chitosan-based
hydrogels for extrusion-based bioprinting and injectable scaffold for articular tissue engineering. In
Chapter 2, we will present the main concepts and the literature review required to this project. The
bioprinting technologies and bioinks will be presented, with particular focus in extrusion-based bioprinting.

In addition, we will present the basics of rtheology and its importance to predict the printability of bioinks.



Various type of bioinks will be discussed including synthetic and natural hydrogels. In particular, we will
show potential of thermosensitive chitosan-based hydrogels to be used as a bioink. The specific objectives

will also be presented at the Chapter 3.

The first objective of this Ph.D. was to propose a rheological approach to study the printability of time- and
temperature-dependant hydrogels and to specifically assess the potential of the chitosan-based
thermosensitive hydrogels as bioinks. This work, presented in Chapter 4, has been published in Biomedical

Materials journal.

Secondly, we studied and optimized FRESH bioprinting of chitosan thermosensitive hydrogels to overcome
the limitations of these hydrogels in conventional extrusion-based bioprinting. This work is presented in

Chapter 5 which has been accepted for publication in Bioprinting journal.

Lastly, to further improve the material for mineral tissues, we created injectable osteoconductive
thermosensitive chitosan-based hydrogels compatible with cell encapsulation, by the addition of sintered
bioglass (BG). This work is shown in Chapter 6 which is submitted to journal of Biomedical Research Part
A.

Chapter 7 will present the general discussion, limitations and possible recommendations followed by a

conclusion.



Chapter 2 - Literature review (state of art)

2.1 Approaches for tissue engineering and repair of articular tissue

Tissue engineering is an interdisciplinary field using a combination of cells, biology, engineering, and
materials science to create 3D functional tissue. Restoring, maintaining, or improving diseased or damaged
tissues or complete organs is the primary goal of tissue engineering. Two main approaches are used in tissue
engineering, one made of structures containing cells (Figure 1 B) and in the other one, cells are spreading

on the scaffold after fabrication (Figure 1 A).

,*|Cell encapsulated
i hydrogel

Cell spreading on
scaffold

Figure 1. Two main approaches of tissue engineering including: A) cell seeding on surface of the scaffold,

and B) cell encapsulation within the 3D scaffold (prepared using www.biorender.com).

As explained in the introduction, articular gradient tissue is one of the examples of complex tissue to
engineer. Several conventional methods in tissue engineering have been used for the articular gradient tissue
fabrication. The most commonly used strategies are electrospinning, freeze-casting [5, 6], freeze-drying [7,
8], thermally induced phase separation [9], sintering graded particles [10], vacuum infiltration [10], using
microsphere, and 3D printing. But they all have some limitations. The emergence of 3D bioprinting
addresses most of the issues in gradient complex tissue engineering which will be explained in the following

section.



2.2 3D bioprinting

3D bioprinting is a novel and appealing method to create complex cell-laden 3D constructs. 3D printing is
a procedure of building 3D scaffold consisting of an ink by using a computer-aided design (CAD). The
main difference is that 3D bioprinting incorporates a bioink containing living cells, and/or bioactive agents
e.g., growth factors to produce tissue-like structure as shown in Figure 2. To create scaffolds containing
cells for biomedical applications, 3D bioprinting has remarkable advantages over conventional scaffold
fabrication methods, and even over the 3D printing technique. In those cases, the scaffold is fabricated
before cells are seeded on (Figure 1). This leads to non-uniform cell distribution (some will remain outside,
and some may trap inside), prevents controlled heterogeneous cell distribution, and lead to poor cell
retention and viability. Limitations of conventional methods are also low porosity, uncontrollable porosity,
limited dimension, limited range of materials (few materials can be adopted for a specific fabrication
method), difficulty to control the structural regularity and weak mechanical properties. The other issue in
studies is that they only considered one or two aspects of the gradient structure like pores size or cell
differentiation. They also lack the micro and nano-structural resemblance to native gradient tissues.
Gradient scaffolds must demonstrate long-term (over 6 month) stability and functionality which is still
challenging [11]. In contrast 3D bioprinting allows: 1) controlled cell seeding and distribution within the
macroporous scaffold, 2) controllable porosity, 3) formation of heterogeneous cell-laden structures. It
permits to create scaffolds with better controlled architecture, both on the micro and macro scale, and with
personalized geometry [12]. Thus, 3D bioprinting will simplify gradient cell-laden scaffold fabrication such

as osteochondral (interface between articular cartilage and bone) tissue engineering [13-15].

A 3D Printing B 3D Bioprinting



Figure 2. Schematic image of the difference of 3D printing and bioprinting; Reprinted from [16]; An open-

access article distributed under the terms of the Creative Commons Attribution License (CC BY).

The primary aims of 3D bioprinting are to build a complete replacement for diseased and damaged tissues
or whole organs in patients, as well as rapidly build small sized human-like tissue models or organoids (a
small piece of tissue) for highly efficient diagnostics, pathological models, and drug discovery. A
completely functioning bioprinted organ has not yet been achieved. Small-scale organoids, on the other

hand, are now being used for a variety of purposes, including drug delivery [17, 18].

Nowadays, various 3D bioprinting machines have been designed and commercialized, which provide
different printing modalities. 3D bioprinting modalities can be divided into several classes, including drop-
on-demand bioprinting (inkjet bioprinting and laser-assisted bioprinting), extrusion-based bioprinting, and

stereolithography, as shown in Figure 3.

2.3 Bioprinting Technologies

Several 3D bioprinting methods have been developed to manufacture highly functioning 3D tissues as
shown in Figure 3, each with a distinct resolution and dimensions. Here main bioprinting techniques are
reviewed. To be mentioned that this Ph.D. focuses on the extrusion-based bioprinting, therefore it is

explained more comprehensively than other bioprinting techniques.
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Figure 3. Schematic image of various 3D bioprinting technologies mainly include drop-on-demand

bioprinting (inkjet, laser-assisted), extrusion and stereolithography; Reprinted from [19]; An open-access

article distributed under the terms of the Creative Commons Attribution License (CC BY).
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2.3.1 Drop-on-demand bioprinting

Drop-on-demand bioprinting ejects drops of a bioink precisely and with high speed from the printhead to
form a 3D scaffold. Drop-on-demand bioprinting is classified into two main categories namely inkjet-based

bioprinting and laser-assisted bioprinting. Herein, we explain them shortly.
¢ Inkjet-based bioprinting

Inkjet-based bioprinting technology consists in ejecting cell-loaded drops using thermal or piezoelectric
actuators [20]. The approach highly relies on the bioink properties rather than printing machine parameters
e.g., speed, pressure, nozzle tip, and substrate distance. As a result of this dependency, it is necessary for
bioink to present low viscosity or fluid enough to allow the formation of droplets and deposition through
the cartridge but also support itself mechanically after printing (deposition) [21]. The advantage of this
modality is a micrometer resolution (10-100 pm) which is better than extrusion-based systems [22, 23].
The bioprinting procedure does not induce any remarkable damage to cells and has around 90% cell viability
[24, 25]. In spite of several advantages, there still some limitations such as the limited number of bioinks
(low viscosity bioinks only), weak mechanical strength of bioprinted structures, and limitations on the
constructs size [26]. Drop dispensing of hydrogels without clogging and high resolution of deposited drops
are still challenging [20].

e Laser-assisted bioprinting

In laser-assisted bioprinting, a nanosecond laser pulse is used to propel the bioink toward a receptive
substrate by the rapid thermal expansion of the metallic layer [27]. Laser beam does not interact directly
with bioinks. This improves the reproducibility with controlled propelled quantity. A nozzleless bioprinting
prevents applying mechanical stress to the encapsulated cells, resulting in high cell survival (>95%). The
system can also provide excellent resolution (>20 um) [27, 28]. Not necessarily low viscosity bioink is
required [29-33]. But the control of printing parameters in this method is challenging [34]. Moreover high

resolution and intensity laser diodes are costly [35].

2.3.2 Stereolithography

Stereolithography (SLA) is a nozzle free process that uses photosensitive or photocurable inks to create 3D

constructs through light mediated chemical reactions [36]. In this method, polymer deposition is followed



by exposition to ultraviolet (UV) light with the spectrum of 300—400 nm after curing of first layer, the
printing is repeated to build multi layered scaffold. SLA technology provides advantages of precise control,
determined geometry and high resolution of about 1.2-200 pm. It also has some drawbacks including
photoinitiators used to cure photopolymers. The photoinitiators induce radical polymerization via hydrogen
abstraction, photocleavage, and cationic photopolymerization where cationic photoinitiators are not utilized
for tissue engineering because of the toxic by-products generation [37]. Some commercialized SLA based

bioprinting technology are BioBots and FABION bioprinters.

2.3.3 Extrusion-based bioprinting

The extrusion-based bioprinting is a controlled bioink deposition using an automatic robotic system
applying pressure for bioink extrusion to form cylindrical filaments. The speed of printing and deposition
is low in comparison to other biofabrication techniques (1-10 um s™! to 700 mm s ! in extrusion-based
bioprinting vs 100,000 droplets s™! in inkjet printing) [22], which can be a problem for cell viability when
building large structures [38]. Moreover, this method has limited resolution (>100-200 um). Hence, cells
precise patterning is difficult [39]. However, extrusion-based bioprinting has also big advantages.
Bioprinting high cell density is one of them [40]. Moreover, the range of acceptable viscosity is very large
(30 mPa.s—6x107 mPa.s) [22]. Therefore, a broad range of biomaterials can be utilized, including melt
polymers e.g., polycaprolactone (PCL) [41], cell aggregates [42, 43] and cell pellet [44], cell-laden
hydrogels [45] and hydrogels combined with decellularized matrix components [46]. Nowadays, most
commercialized bioprinting systems use extrusion-based bioprinting e.g., NovoGen MMX bioprinter, Fab@
Home, 3D Discovery® of RegenHU (the bioprinting system used in this Ph.D., that is shown in Figure 4),
Biofactory, 3D Bioplotter of EnvisionTEC, BioBots, Bioassembly Bot, Cellink and BioScaffolder. Systems
mostly are pneumatic microextrusion-based, except NovoGen MMX bioprinter and Fab@ Home printing
system which are piston microextrusion [47] and RXITM Bioprinter (Aspect Biosystems) using
microfluidic print heads. For all these reasons, we will concentrate on extrusion-based bioprinting in this

PhD.



Figure 4. Image of 3D Discovery® of RegenHU bioprinted used in this project.

Rheological properties are key properties of bioinks used for extrusion-based bioprinting. Indeed, the shear
stress applied on cells on the nozzle tip wall may reduce cell viability (generally around 40-80% cell
viability). Therefore, bioink should possess shear thinning properties, which will be explained in detail in
section 2.5.1. Moreover, the bioink rheological properties strongly influence bioprinting quality and

resolution. Therefore, rheological concepts and methods will be further detailed later (section 2.9) [40, 48].

2.3.4 Combination of droplet-based and extrusion-based modalities

Modern 3D bioprinters often combine different types of technologies in a single device. Thus some
companies offer inkjet-based, extrusion-based bioprinting and even electrospinning facilities in one
machine, or propose multi-functional and multi-print heads printing devices [49, 50] as shown in Figure 5.
For instance, the 3D Discovery® (RegenHu) or GESIM combine extrusion-based and inkjet print head
which can be used on a same construct. More generally, there is a rapidly growing number of
commercialized and home-made bioprinters, all with their particular features and strength or weaknesses.

The cost also largely varies from simple cost-effective extrusion-based systems, such as Cellink or Bioplot,



to complex platforms combining up to 4-6 print heads with different modalities such as 3D Discovery®

(RegenHU), Bioplotter (EnvisionTEC) or Bioscaffolder (GESIM).
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Figure 5. Multi-print heads bioprinting at a same time, one as a support structure and the other as a bioink

filling the support structure (prepared using www.biorender.com).

2.4 Freeform reversible embedding of suspended hydrogel (FRESH) bioprinting method

Printing of soft, low viscosity biomaterials with slow polymerization or gelation in air often results in poor
shape fidelity and resolution. To address this problem, the freeform reversible embedding of suspended
hydrogels (FRESH) approach has emerged, which allows extruding biomaterials solution within a support
bath [51, 52] (Figure 6). Feinberg AW team introduced the FRESH bioprinting approach in 2015 [53]. The
support bath assists the biomaterials' rapid crosslinking or gelation in situ and holds them in place until the
crosslinking completes without diffusing away. When a bioink is printed in air, gelation or solidification
must occur very fast to prevent the printed filaments spreading or collapsing. Using FRESH bioprinting,
there is a larger time window for gelation e.g., thermogelation, and bioink evaporation is avoided. It is a
temporary thermo-reversible support that can be washed away after printing. Remarkable achievements
obtained with this approach are e.g., a Scm-long collagen-based human heart or a multiscale (100 pum to

mm) perfusable vascular network [54].



Figure 6. A) FRESH bioprinting of low viscous bioink within a gelatin microparticles support bath, B-C)
FRESH bioprinted heart, and D) The bioprinted heart after support bath removal; Reprinted from [55]; An

open-access article distributed under the terms of the Creative Commons Attribution License (CC BY).

In addition to cytocompatibility, the support bath must present specific rheological properties. First, the
support bath should behave as a rigid body at low stresses whereas it must flow as a fluid at high stress [56].
The rheological properties of these materials are generally described by the Herschel-Bulkley model [57,
58], which will be discussed in detail in section 2.10. The literature has reported that the yield stress of the
FRESH support bath should be equal to or higher than 100 Pa [58, 59]. Second, once the biomaterial is in
place, the support bath should stop flowing and recover. Ideally, recovery should be quick enough to
guarantee that the moving nozzle does not leave behind crevasses or air pockets [59] (Figure 7). Then, it
has also been shown that the stiffness of the support bath, its storage modulus G’, is of paramount
importance to the process to provide adequate support for a low viscosity ink and yet allow its penetration.

For more explanation about rheological requirement of FRESH bath, refer to the section 2.10.
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Figure 7. Bioprinting of bioink in a self-healing support bath, the support bath behaves as a rigid body at

Self-healing
material

low stresses but flow as a viscous fluid at high stress when the extruder nozzle is moving; Reprinted from
[60]; An open-access article distributed under the terms of the Creative Commons Attribution-

Noncomercial License (CC BY).

2.5 Bioinks and Biomaterial inks

The biomaterials that are used in bioprinting systems to regenerate tissue-like structures, are categorized
into two main classes namely biomaterial inks and bioinks. Herein, we will define them and explain their

differences as follows.

2.5.1 Definitions and main design criteria

Bioinks generally refer to biomaterials that be considered as a cell-delivery precursor during bioprinting to
create cell-laden scaffold [61]. It must have the ability to encapsulate cells and protect them during applied
stress during bioprinting. In contrast, we will talk about biomaterial inks for the case where the cells are
added after printing the scaffold or by another mean (for example drop by drop cell deposition of cells on
an extruded biomaterial scaffold) [61, 62] e.g., PCL was printed as biomaterial ink and then filled with cell
encapsulated alginate hydrogel [63, 64].

Main requirements of an ideal bioink are:
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1) Bioinks must be homogeneous enough, thus show good and continuous printability without clogging and

physically support the 3D printed model.

2) Bioinks must show proper rheological properties including shear thinning viscosity during printing and
ability of recovery after shear removal. The required rheological properties for bioinks will be explained

more in section 2.9.

3) To ensure good cell survival, the cells must be easy to homogeneously mix in the bioink solution, should
not stay for long at non physiological temperatures, and should not be subjected to high shear stresses during

printing. Then, once gelled, the bioink needs to present all properties required for cell survival and growth.

4) Bioinks must present biocompatibility and biodegradability without toxic by-products. Cells should
survive, grow, and secrete ECM to replace the biodegradable matrix. Based on the composition of the
bioink, concentration, cell culture media and temperature, the biodegradation rate of a 3D printed structure
may be determined. The cell-laden structures must be able to maintain their structural integrity for a certain
period of time, depending on their application [65]. For this reason, bioinks should provide cells a 3D

structural support until they can produce their own ECM proteins on their own [20].

5) Bioink must provide adequate structural resolution, and shape fidelity after printing. More information

will be explained in section 2.8.

6) They should provide adequate mechanical and structural support after printing.

7) They must show appropriate porosity and hydration degree for nutrition diffusion and waste removal.
Porous networks containing cell-binding domains are the norm for cell survival. Using biomaterial with low

porosity might inhibit cells from spreading and migrating [66].
8) In addition, bioinks must present easily manipulability and producibility by the bioprinter technique [22].

The utmost challenge is taking all these aspects into account.

Based on these requirements, hydrogels appear as interesting candidates for bioinks.
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2.5.2 Hydrogels

Hydrogels are 3D networks of hydrophilic polymers that maintain large amount of water. Hydrogel can be
either physical and/or chemical, depending on the bonds that form the polymeric network. Ionic interactions,
high-molecular-chain entanglements, hydrophobic interactions, and hydrogen bonds all contribute to the
creation of a physical hydrogel [67, 68]. In order to increase the hydrogel's mechanical strength and stability,
chemical crosslinking e.g., covalent crosslinking can be employed. However, chemical crosslinking may
lead to cell mortality due to chemical reagents, crosslinkers, or UV used for photopolymerization, which

are toxic to the encapsulated cells [22].

Hydrogels responds to most of the design criteria described above. Their high hydration degree makes
hydrogels a cell-friendly matrix, permeable 3D structure to recapitulate native ECM microenvironments.
They also show tunable physical properties, biocompatibility, and biodegradability. However, they
generally present very poor mechanical properties, leading to poor resolution due to spreading of
extruded filaments under the following layers. Moreover, to be injectable, hydrogels must be either shear
thinning or gel in situ. In situ gelling systems are in sol forms before entering in the body but change to
hydrogel forms under a stimulus such as the change of temperature or pH at the site of injection [69]. Their
gelation takes place without the use of potentially toxic crosslinking agent. One very interesting example of
in situ hydrogels is thermosensitive chitosan-based hydrogels which will be discussed in detail in section

2.7.
The next section will present hydrogels previously proposed as bioink materials.

2.5.3 Injectable biomaterials and main bioinks

Injectable hydrogels generally are classified into two main categories including synthetic- and natural-based

hydrogels. There are detailed in the following sections.

Synthetic-based hydrogels

Synthetic polymers are produced artificially by humans in a laboratory that are derived from petroleum-
based raw materials. Biomaterials based on synthetic polymers present good reproducibility and better
control on their biochemical features, mechanical properties, and printability, due to ease of tuning their

chemical structure and molecular composition.
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Table 1 summarizes the more commonly used synthetic hydrogels, their advantages, and limitations as well

as their potential applications in extrusion-based bioprinting.

Table 1. Summary of synthetic based biomaterials mostly used in 3D bioprinting: properties and

applications.
Polymer Advantages Drawbacks Application Bioprinting Ref.
system

Polyethylene *Hydrophilic *Low viscous to be Bone, Cartilage | Extrusion-based [70, 74-
glycol (PEG) *Biocompatible used purely in 3D bioprinting [70], 81]

*Non-immunogenic bioprinting Droplet-based

*Tunable mechanical *Inert biomaterial bioprinting [71,

properties *Weak structures, 72],

*Able to be modified requiring chemical Laser-assisted

through various modifications bioprinting [73]

functional groups
Polyethylene *Photolable *Photo initiator Cartilage, Bone | Droplet-based [71-73,
glycol *High mechanical demand bioprinting [71, 82-84]
dimethacrylate properties *Less cellular friendly 72],
(PEGDMA) *Controllable Laser-assisted

mechanical strength by bioprinting [73]

chemistry variation
Modified Pluronic | *Thermosensitive *Low mechanical Drug delivery, Extrusion-based [85-90]
e.g., *High resolution of post- | strength Skin, Burn bioprinting [85]
methacrylation printed structure *Fast degradation wound

*Toxicity & poor cell | treatment,
viability Cartilage

Polyethylene glycol (PEG), a polyether-based polymer is the most commonly used synthetic-based hydrogel
in bioprinting. PEG is very hydrophilic, biocompatible, and non-immunogenic. It has tunable mechanical
properties that facilitate the procedure of bioprinting and post bioprinted shape stability. Indeed, various
functional groups such as acrylate, azide, thiol, carboxyl and amine can conjugate to both hydroxyl groups

of PEG in order to tailor its structure and crosslink PEG backbone. It requires the modifications to be used
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in bioprinting [71]. The functionalized PEG with diacrylate (DA) and methacrylate (MA) functional groups
provides hydrogels with photolability properties [83, 84, 91]. PEG mechanical strength also can be tuned
by chemistry variation [83]. Thus, polyethylene glycol dimethacrylate (PEGDMA) has higher mechanical
properties (e.g., Young modulus, tensile strength) compared to pure PEG and natural polymers, which make
it a great polymer for bioprinting, but requires exposition to UV light. Click chemistry is one of the cell-
friendly modification methods, in which e.g., the thiol-ene click chemistry could be supported to produce
PEG hydrogel. High cell viability was reported, though UV exposure was required [81, 92]. Another
disadvantage of PEG-based hydrogels is that PEG is an inert biomaterial that does not have any domain for
cell adhesion [93], and thus it requires to be blended with other proadhesive biopolymers. Moreover, it is

not biodegradable.

Another most frequently studied synthetic hydrogel is Pluronic. Pluronic is a copolymer composed of
poly(ethylene glycol), poly(propylene glycol), and poly(ethylene glycol) (PEO-PPO-PEO) sequences.[85].
The PPO sequence intramolecular incorporation provides temperature sensitivity property [88]. F-127
polymer is the most common type of Pluronic that is a triblock copolymer consisting of a central
hydrophobic block of PPO flanked by two hydrophilic blocks of PEO. F-127 has high potential to be used
in extrusion-based bioprinting technology because of its viscosity and shear thinning behaviour above 20°C;
however, pure Pluronic become liquid easily by temperature decrease and is not stable enough for 3D
scaffold, thus particular conditions and bioprinting systems are required including UV crosslinking and
chemical modifications e.g., methacrylation [85]. Pluronic has been considered as sacrificial biomaterials
including support materials [94] for vascular structure creation. Pluronic-based hydrogels demonstrated
poor cell viability and support due to the inability of Pluronic bioink in safeguarding cells from bioprinting
stress. For example, more than 90% bone marrow stromal cells death on the 3rd day was observed in
bioprinted Pluronic hydrogels [95]. To overcome this limitation, encapsulation of bioactive compounds into

hydrogels has been used [86, 96].

According to the Table 1, synthetic-based polymers lack bioactivity and are less cell friendly than natural

polymers, limiting their applications as bioinks.
Natural-based hydrogels

Natural-based polymers are materials that widely occur in nature or are extracted from plants or animals.

Naturally derived polymers are often used to form hydrogel bioinks, since they generally show excellent
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biocompatibility for cells growth and proliferation, low toxicity, and good bioactivity. Moreover, they are
generally biodegradable. Natural polymers have also some limitations such as batch to batch variability and

uncontrolled degradations.

Table 2 presents the most common natural hydrogels used as bioinks in bioprinting, with their main
advantages and drawbacks. The most commonly-used is alginate. Alginate has the interesting property to
be quickly (almost instantaneously) physically gelled by divalent cations like as Ca?* at ambient
temperature, and maintains the initially biofabricated structure’s shape [97]. Biocompatibility, minimal
toxicity, and low cost are other advantages of this physical hydrogel. It however has strong limitations in
bioprinting. Alginate hydrogels that are physically crosslinked have a short lifespan and can lose their initial
mechanical strength in the physiological condition within a relatively short period of time, due to calcium
(Ca) ion replacement by other ions. This necessitates additional crosslinking mechanisms to further stiffen
the network structures [98]. Moreover, alginate chains are not biodegradable. In addition, alginate has a
limited capacity to adhere to and interact with mammalian cells, thus the inclusion of cell adhesion peptide
motifs is often performed to improve cell functions [98]. One other option to optimize the alginate bioink,

is to mix alginate with other biomaterials, such as chitosan, gelatin, collagen or ECM compounds [99].
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Table 2. Summary of natural based biomaterials mostly used in 3D bioprinting: properties, and applications.

Polymers Advantages Drawbacks Application Bioprinting Ref.
system
Alginate & | *Rapid physical crosslinking *Physically cross-linked Cartilage, Bone, Extrusion-based [64, 98,
derivatives using divalent cations in room | alginate shows short term Retina, Skin, Liver, bioprinting  [100, | 101, 112-
temperature stability Cell encapsulation & 101], 116]
*Controllable viscosity *Low mechanical strength delivery Droplet-based
*Low toxicity *Low cell adhesion bioprinting  [102-
*Good biocompatibility *Non-degradable in 108],
*Good support growth of physiological condition Laser-assisted
chondrocytes & osteocytes *Variability & reproductivity bioprinting  [109-
111]
Hyaluronic | *Good biocompatibility *Chondrocytes inflammation | Cartilage, Skin Extrusion-based [80, 121-
acid & | *Controllable biodegradation involvement bioprinting  [117- | 124]
derivatives *Excellent response to *Low mechanical properties 119],
chondrocytes *Slow gelation Laser-assisted
*Low stability in bioprinting [120]
physiological condition
Gellan gum | *Thermally reversible hydrogel | *High gelation temperature Bone, Cartilage, Brain | Droplet-based [45, 125,
& *Good biocompatibility *Low Young modulus of like tissue bioprinting [125], 127]
derivatives | *Inexpensive physically cross-linked gellan Extrusion-based
*Good processability gum bioprinting [126]
*Loss stability & mechanical
strength in vivo
*Long term biodegradation
Collagen & | *Thermosensitive hydrogel *Low mechanical properties Cartilage, Skin, Bone Droplet-based [129-135]
derivatives | *Immunoisolation effect on the | *Low viscosity of pure bioprinting  [128-
encapsulated cells collagen 130],
*Cellular adhesion * immunogenicity & risk of Extrusion-based
virus and prions transmission bioprinting [131],
Laser-assisted
bioprinting [132]
Chitosan & | *Good biocompatibility *Not soluble in water under Cartilage, Skin, Bone Extrusion-based [136-139,
derivatives *Good biodegradability physiological condition bioprinting  [136- | 142-145]
*Hemostasis *Low cell adhesion 141]

*Wound healing acceleration
* Antimicrobial
*Similarity to

glycosaminoglycans

*Low mechanical properties
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Gelatin & *Promote cell adhesion & *Lack of stability in 37 °C for | Bone, Cartilage, Liver, | Extrusion-based [150-156]
derivatives | remodeling physically cross-linked Cardiac tissue bioprinting [97],
*Gelation in low temperatures | gelatin Laser-assisted
*Biocompatible *Toxicity for chemically bioprinting [146,
*Biodegradable cross-linked gelatin 147],
*Non-immunogenic *Low stress shielding Droplet-based
bioprinting [148,
149]
Agarose & *Thermally reversible physical | *Inert biomaterial Cartilage, Bone, Nerve | Extrusion-based [44, 82,
derivatives | hydrogels at 17-40 °C *Highly viscous hydrogel graft bioprinting [82], 157, 158]
*Biocompatible Laser-assisted
*Good stress shielding bioprinting [157],
Droplet-based
bioprinting [158]
Dextran & *Bio & cytocompatible *Inert biomaterial Skin, Cartilage, Cancer | Droplet-based [159-161]
derivatives *Enzymatically degradable tissue model bioprinting [159],
*Able to be modified through Extrusion-based
variety of methods bioprinting [160]
Matrigel & | *Promote cell growth and *Expensive Bone, Cardiac tissue, Extrusion-based [95, 162-
derivatives | differentiation *Immunogenic Skin, Bladder, Kidney, | bioprinting [162- 165]
*Promote faster vascularization | ¥*Non-reversible Drug discovery 164],
*Good cell viability thermosensitive polymer platforms/Microfluidic | Laser-assisted
*Have bioactive compounds bioprinting [165]

Other commonly used natural polymers are hyaluronic acid, collagen, gelatin etc. Hyaluronic acid (HA) is
a main component of ECM. HA-based hydrogels are one of the most appealing biomaterials because HA is
the most abundant polysaccharide in the human body and is biocompatible [166]. However, its interest in
bioprinting is limited due to its poor mechanical properties which results in poor shape fidelity [167]. It also

undergoes fast hydrolysis at physiological environment because of its hydrophilicity.

Collagen is the most plentiful structural protein of the ECM containing arginine-glycine-aspartic acid
(RGD) domains which provide cell binding support [88]. Collagen has the potential to safeguard
encapsulated cells during bioprinting over 85% of cell viability [84]. However, pure collagen bioink printing
is challenging due to its low viscosity, resulting in poor shape fidelity (spreading on surface and thick width
filaments which is much larger than needle inner diameter). Physical crosslinking of collagen can increase
shape fidelity. Physically crosslinked collagen hydrogel; however, presents low mechanical properties,
rapid degradation and shrinkage in the presence of cells, leading to the loss of the bioprinted structure.

Another limitation of collagen is its possible immunogenicity and risk of transmission of virus and prions
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responsible for neural degenerative diseases such as Creuzfeld Jacob [168, 169]. In this regard, gelatin is

recommended.

Gelatin is a hydrolysis product from collagen. It contains a number of RGD sequences promoting cell
adhesion, and facilitating cell remodeling [170]. Although gelatin bioink is a cell friendly and supportive,
its stress shielding properties to safeguard cells from bioprinting stress are low [86]. In addition, gelatin is
rarely 3D bioprinted as native pure hydrogel because of poor mechanical properties, poor resolution and

shape fidelity, because it liquifies at body temperature.

Gellan gum, a water-soluble anionic polysaccharide is another natural polymer which is produced by
bacteria. Its interest in bioprinting comes from its thermally reversible gelation processes similar to gelatin.
However, three key issues may limit their clinical applications: 1) the gelation temperature is higher than
42 °C, which may impact adversely the cell viability during the gelation process [125]. 2) the physically
crosslinked gellan gum hydrogels showed Young’s modulus of <5 kPa, which is much lower than the native
cartilage tissues (>60 kPa) [125]. 3) Gellan gum hydrogels loss their stability and initial mechanical
properties in vivo due to exchange of divalent cations with monovalent ions presenting in physiological

solutions [125].

Agarose is a polysaccharide, isolated from red algae and seaweed. It lacks native ligands which allow cell-
material interactions. Therefore, cells could not spread within the pure agarose scaffold due to no cell

adhesion and retaining to a round shape, but they showed good cell viability [82].

Dextran is also used frequently in bioprinting. Dextran is non-toxic, highly water soluble, with Newtonian
fluidic behaviour. However, dextran is an inert biomaterial often used to prevent protein adsorption and

coagulation [171].

Other natural bioink used in extrusion-based bioprinting is Matrigel. Matrigel is a gelatin like protein
mixture produced by mouse Engelbreth-Holm-Swarm sarcoma cells. Matrigel degrade in lower rate in
physiological condition. It has showed high cell viability thanks to its bioactive compounds. However, it is
an expensive bioink [172]. The major limitation of matrigel is its obtained source which is murine sarcoma

cells, hence, it cannot be used for in vivo implantation due to immunological response [173].

Although most natural hydrogels explained above suffer from non-biodegradability and poor mechanical

properties. Chitosan (CH) has been also proposed by several teams as an injectable cell-laden hydrogel,
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especially for cartilage tissue engineering due to its good biocompatibility, biodegradability, as well as
antimicrobial properties [67, 174-176]. Moreover, this polysaccharide shows similarity to the main
component of the cartilage chemical structure, GAGs and promote the survival and growth of chondrocytes
for up to 3 weeks [177-179]. The chitosan positive charges interact electrostatically with ECM molecules
negative charges like glycosaminoglycans, which consequently links with growth factors and cytokines in
order to balance the cellular fate procedures [67]. But chitosan has a poor cellular adhesiveness for adhesion,
proliferation, and the development of the ECM [180]. Several modifications can be proposed to tune the
mechanical properties, water solubility, gelation properties, cellular activity, and particular biological
behavior for articular tissue defects repair [181-183]. It can form bioinks in combination to other materials
to form polyelectrolytic complex [184]. More interestingly, as will be discussed in further details later, it is
also able to create strong thermosensitive hydrogels, which form solution with physiological pH at room

temperature and gel at body temperature.

2.6 Chitosan hydrogels

Chitosan is a polysaccharide composed of randomly distributed N-acetyl-glucosamine and N-glucosamine
units, produced by the deacetylation of chitin, which is found in shrimp and crab shells. It is considered as
chitosan when the number of deacetylated (N-glucosamine) units are higher than 50% (Figure 8). In addition
to its molecular weight, the percentage of deacetylated groups (DDA) is an important parameter. Among
other things, the DDA can be changed to tune its biodegradation rate. Chitosan is not expensive since it

derived from chitin, the second most abundant natural biopolymer.
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Figure 8. Chemical structure of chitosan, deacetylated form of chitin (Image Reprinted from

https://en.wikipedia.org/wiki/Chitosan).

However, chitosan has a pK, around 6.5 and is therefore not soluble in water under physiological conditions
[185] which would be required for cells. It can be dissolved in acidic conditions and form hydrogels when
mixed with a basis such as NaOH. But cell addition is then difficult. In early 2000, Chenite proposed a way
to form neutral chitosan solutions that present thermosensitive properties and gel at body temperature, by
mixing it with weak basis such as beta-glycerophosphate (BGP) [186, 187]. These unique properties make
these materials very interesting candidates as cell-loaded injectable scaffolds and potential candidates for
bioprinting, despite some limitations. The thermosensitive chitosan-based hydrogels will be explained

comprehensively in the following section.

2.7 Thermosensitive chitosan-based hydrogels

2.7.1 CH-BGP hydrogels

As explained before, chitosan is a semi-crystalline biopolymer with no solubility in water. Solubility in
acidic solutions can occur because of free amino groups protonation. Briefly, chitosan is dissolved in acidic
solvent such as hydrogen chloride (HCI) because of its cationic chemical structure which is protonated in
pH lower than its pk, ~ 6.5, produce repulsion between polymer chains, thus can solubilize. Chenite el al.

proposed to mix chitosan acidic solution with a weak base such as BGP with similar pk, to chitosan (pka
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=6.34), to form thermosensitive hydrogels (Figure 9) [186]. BGP screens the protonated amino groups,
enabling to form a solution of neutral pH while preventing precipitation. When temperature increases,
protons from CH to glycerol phosphate are transferred by heat, which lowers the repulsive interactions
between amino groups and enables CH chains to connect through hydrophobic interaction and hydrogen

bonding [188]. They can therefore form gel at body temperature and higher as presented in Figure 9B.
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Figure 9. A) Chitosan gelation with beta-glycerophosphate with temperature increase to 37°C (Reprinted
from [189]; An open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY)); B) Thermogelation with temperature increase of CH-BGP hydrogel (Reprint and
Copyright (2021) with permission from Elsevier Inc. [187]).

CH-BGP gels have been employed in a variety of applications, including as drug and cell-loading hydrogels
[190, 191]. However, their poor mechanical characteristics and slow rate of gelation make them undesirable
for many applications. The gelation process may be sped by increasing the BGP concentration, however
this drastically reduces the hydrogel's cytocompatibility and does not enhance its mechanical strength [192,

193]. This strongly limits their potential as a cell-laden hydrogel.

A few studies have been performed to evaluate the potential of CH-BGP hydrogels as bioink [141, 194].

CH-BGP bioinks with low viscosity provide excellent cell viability, but the slow gelation and the poor
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mechanical properties after printing and even after gelation resulting in very poor shape fidelity and post-
printed mechanical properties [141, 170]. To solve the problem, methylcellulose and cellulose nanocrystals
(CNC) were added to the gel, leading to better resolution but the mechanical properties were only slightly
increased (storage modulus increasing from 100 to 250 Pa) [140]. Thus, despite their evident advantage,
there is still no adequate thermosensitive chitosan hydrogel bioink. Further studies are needed to

assess their bioprintability and optimize them for extrusion-based bioprinting.

2.7.2 New chitosan thermosensitive hydrogels

To address above-mentioned issues, Lerouge lab's proposed to use a new mixture of gelling agents such as
sodium hydrogen carbonate (SHC) with phosphate buffer (PB) or beta-glycerophosphate (BGP) with same
pK. as chitosan at room temperature [ 188]. Their mixture with chitosan solution can neutralize the pH, and
increasing mechanical properties of chitosan hydrogel through physical crosslinking at 37°C [67, 195]
(Figure 10). For example, the pk, of sodium hydrogen carbonate (SHC) is 6.33 independent of temperature
[196], at room temperature, chitosan's ammonium cation (NH3") is screened by SHC. Chitosan's pk,
decreases as the temperature rises, causing SHC to react with NH3" and release carbon dioxide (CO.)
(Equation 1). A strong 3D network is formed by a more complete neutralization of chitosan chains due to
the small size of SHC molecule and stronger interactions due to its decomposition into CO,. While this
physical gelation mainly takes place at a temperature close to body temperature because of the chitosan pk,

change, it initiates at room temperature with some ionic crosslinking [197].

ChitosanNH; + HCO~ — chitosanNH, + H,0 + CO, Equation 1

The CH-SHC enhance the mechanical properties of the hydrogels, while ensuring physiological osmolality
and rapid gelation at 37 °C [67, 68]. These gels show excellent cell survival and growth and were presented
as very promising candidates for injectable cell-loaded scaffolds for cell therapy and tissue engineering

[68].
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Figure 10. Thermogelation mechanism of the chitosan-based hydrogels prepared in Lerouge lab (prepared

using www.biorender.com).

2.7.3 Chitosan bioinks and injectable hydrogels for mineralized tissues bioprinting

As mentioned in the introduction, bioprinting cartilage requires to bioprint its interface with bone tissues to
ensure fixation. It is also explained that chitosan is a particularly appealing biomaterial for cartilage tissue
engineering. Chitosan hydrogels lack inherent osteoconductivity and osteointegration with surrounding
bone tissue, but it is possible to add bioceramics e.g., hydroxyapatite or bioactive glass, to enhance

osteoblasts growth and promote bone formation [198-200].

Bioactive glass

Among the inorganic ceramics, bioactive glass (BG) is one that has received extensive attention, because
of particularly its ability to bond with living tissues [201]. Hench et al. termed certain silicate-based glass
compositions as “bioactive” for their ability to bond chemically to rat bone. Hench made a degradable glass
in the Na,O-Ca0O-Si0,-P,0s system. The composition of first FDA-approved in 1985 contains a silicate
network 45 wt% SiO,, incorporated with 24.5 wt% Ca0, 24.5 wt% Na,O, and 6.0 wt% P,Os, that was later
termed 45S5 Bioglass. This bioglass bonded so strongly to the bone that it could not be removed without
breaking the bone [202, 203]. It showed faster proliferation of osteoblasts and bone formation than

hydroxyapatite particles. Moreover, higher bioactivity was reported due to ion release and rich silica layer
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formation in comparison with hydroxyapatite. Growth factors and cell proliferation may be stimulated by

BG degradation products. The gene expression of osteoblast can also be activated by these molecules [204].

CH-BGP-BG

In CH-BGP hydrogels, extracellular-related kinase phosphorylation promotes mineral deposition and
osteogenic activity [205]. However, the osteoconductivity and osteointegration properties can be solved by
combination of bioactive glass. Osteoconductive biomaterials allow bone growth on the scaffold’s surface
and down into pores and channels [206]. They assist in the adhesion and multiplication of osteoblast cells;
leading to in vitro development of mineralized bone matrix in chitosan-based biomaterials [207, 208]. CH-
BGP hydrogel mechanical characteristics were enhanced by adding 2% BG from storage modulus (G”) of
6.56+0.12Pat09.11 +0.15 Paat 37 °C, corresponding to a 39% increase in stiftness [209, 210]. However,
mechanical properties are still far from ideal. An in-situ injectable thermosensitive chitosan-collagen-BGP
hydrogel in combination with BG (0-2%w/v) was reported for bone tissue engineering with promoted
bioactivity [210]. Later, by combining chitosan-gelatin-BGP with nano-BG, a thermosensitive hydrogel
with enhanced elastic modulus and improved viscoelastic properties was developed [209]. The hydrogel
promoted proliferation of osteoblasts and angiogenesis gene expressions, resulting in bone regeneration
after in vivo injection [211]. However, low BG concentration is used since higher BG concentration affects
the mechanical property adversely, meaning no proper gelation is taken place. Consequently, it negatively
impacts the cell survival. This limits engineering of bioactive cell-laden structure, requiring further studies

and new approaches. Therefore, an osteoconductive bioink with adequate mechanical properties is still

missing.
2.8 Printability (resolution, fidelity, mechanical properties, cytocompatibility)

Among the design criteria of a bioink, an important one is printability. Printability is defined as the ability
of a bioink to form a reproducible 3D scaffold without any clogging during the injection, resulting in
printing an accurate, fine and high-quality pattern [20, 212]. Design parameters (such as filament width,
orientation and layer thickness), bioink rheological behaviour, and printing procedure are three main classes

that influence printability [212].

One way to assess printability is by looking at the shape and uniformity of the extruded filaments as shown

in Figure 11. Using non-uniform bioinks results in deviated extrusion lines from the desired structure or
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even curling up and adhering to the dispensing nozzle that decreases the resolution. Thus, only small and

simple structures can be printed, rather than complex and large scaffolds.
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Figure 11. Quantitative study of filaments uniformity during extrusion; Reprint and Copyright (2021) with
permission from IOP Publishing [213].

When discussing bioink printability, the term "shape fidelity" is the key one. Shape fidelity is the capacity
of a bioink to keep its shape after it has been printed and covered with new layers. Bioinks with poor shape
fidelity result in spreaded filaments with very limited thickness or height. As additional layers are added,
geometries may collapse as a result of their own weight [75]. The shape fidelity of bioink has been measured
using the printed filament itself (width, height or thickness using a single layer (Figure 12). A narrower
filament width (and hence less spreading) was shown to be the most significant element in these analyses.
Printability was evaluated based on which bioink formed the thinnest filaments [184, 214-216]. Other
features commonly used to assess shape fidelity include circularity of pores in printed structures. Low pore
circularity shows higher printability, as the pores are similar to the computer-aided design (CAD) shape

[213].

In addition to bioinks properties, width and thickness of the printed filaments directly correlate to the
printing parameters including pressure [214, 217], flow rate [218], feed rate [218], nozzle height [218, 219],
and nozzle diameter [214]. Similar to shape fidelity, the width and height can also define the resolution, in
a way that refers to the thinnest printed filaments. Shape fidelity and resolution affect the printed scaffold’s

mechanical properties and performance.
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Figure 12. A) filament width, and thickness using a single layer assessment (Reprint and Copyright (2021)
with permission from Elsevier Inc. [215]); B) improved printability resulting from different extruded
bioinks (Reprinted from [220]; An open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY)).

Cell viability is also related to printability. Indeed, cell viability in a hydrogel is affected by the bioink’s
concentration and type, temperature, and time of culturing, but also by the printing process itself [221]. The
use of very viscous hydrogels is common to achieve structures with excellent shape fidelity. But extruding
them may require the use of high applied shear stress, which may harm cells encapsulated in the hydrogels.
The relationship between cell viability and shear stress will be discussed more later, but it highlights the
importance of shear thinning properties of the bioink. More generally, for extrusion-based bioprinting, the
rheological parameters of a bioink candidate are critical [222]. The next section presents the important

rheological concepts related to bioprinting.

2.9 Rheological concepts

2.9.1 Theory

Rheology is the study of the flow and deformation of a material under the influence of an external force.
Rheometry is the measuring technology used to determine rheological properties. The rheological properties

of a bioink will not only control their printability, but also the survival of the cells encapsulated within them.
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Indeed, as stated before, the bioink should reduce as much as possible the effect of shear stresses on
encapsulated cells during extrusion through the nozzle. Blaeser et al. pointed out that the shear stress applied
during the extrusion procedure should be taken into consideration for improving printing resolution and cell
viability [223]. The rheological properties, the size of the nozzle and the applied stress used for bioprinting

of the hydrogels [223] are the main factors determining the shear stress exerted on the cell-laden hydrogels.

It is also possible to employ rheometry to characterize the mechanical behaviour of viscoelastic materials
such as hydrogel bioinks and to investigate how temperature or exposure to a crosslinking agent affects the
gelation of the bioink. In the case of chitosan thermosensitive hydrogels, for instance, the gelation kinetics
at room temperature and 37°C could be studied using time sweep [67, 68, 195]. Although all the previous

investigations have shown most common rheological studies of a candidate bioink to control and predict

the printability, the rheological characterization of time- and temperature-dependent hydrogels such

as thermosensitive chitosan-based hydrogels are still not clear, leading us to the first objective of this

Ph.D. Here, the important and basic rheological parameters that may have remarkable effect on the bioink’s

printability are summarized here.

Bioinks present viscoelastic behaviour (displaying both solid-like and fluid-like characteristics), which can
be characterized by rheometry using oscillatory testing, where the complex modulus (G*) can be
decomposed in a storage and loss modulus. The storage modulus (G”) is representative of solid-like behavior
and shows that how much energy is required in order to distort it. In contrast, fluid-like behavior is
represented by loss modulus (G”) measuring energy lost during stress or strain sweep. It is important when
measuring the viscoelastic characteristics, that the measurements are made in the material’s linear
viscoelastic region (LVR), where stress and strain are proportional. In the LVR, applied stresses are
insufficient to cause damage of the structure. When applied stresses exceed the yield stress, non-linearities

appear and material breaks. LVR is illustrated by dotted line in Figure 13.
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Figure 13. Schematic image showing linear viscoelastic region for both gel-like and solid structure using

vertical dotted lines (Image Reprinted from https://wiki.anton-paar.com/ca-en/amplitude-sweeps/).

Both oscillatory and rotational modalities are used to study rheological behavior of the biomaterials. Here,

we will present the basic rheological concepts.
Viscosity

Viscosity is the resistance of a fluid to flow under an applied stress. It relates the shear rate to the shear
stress (Equation 2).
n=" /\'/ Equation 2

Where the 1 is shear stress (Pa) and y is shear rate (s'). Biomaterial’s flow behavior can be categorized as
either Newtonian or non-Newtonian. Newtonian biomaterials present linear relationships between shear rate
and shear stress (Figure 14), the viscosity being independent of the shear rate. Non-Newtonian materials
show either shear thinning i.e. their viscosity is decreasing with the shear rate, or more rarely shear
thickening behavior, i.e. the viscosity enhances with the shear rate [224] (Figure 14). It is generally
recognized that good bioinks should present a reduction in viscosity during flow (shear-thinning behaviour)
[225, 226] to therefore reduce the shear stress during printing. More shear thinning behavior results in less

applied stress to the encapsulated cells.
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Figure 14. Schematic flow behavior (viscosity) curves of Newtonian, and non-Newtonian (shear thinning,

shear thickening materials) (Image Reprinted from https://knowledge.ulprospector.com/9796/pc-better-

performance-through-rheology/).

It is the composition and bonds between the macromolecular chains of hydrogels that define its viscosity.
To keep a 3D printed construct in its intended form, the hydrogel must present sufficient viscosity in static
condition. However, hydrogels with high concentrations have been shown to inhibit cell growth [227, 228].
Thus, to retain the geometry of a 3D printed construct, it is essential to utilise a hydrogel with low

concentrations but high viscosity [229].

Shear stress

The hydrogel is subjected to shear stress throughout the extrusion process. The shear stress imposed on the
bioink and embedded cells is determined by printing factors including printing pressure, nozzle diameter,

and bioink viscosity [230, 231], which relates the shear rate to the shear stress.

Shear stress plays a crucial role in cell performance [232]. The more force needed to print a bioink, the more
shear stress the encapsulated cells within the bioink will experience and the more cell death and damage
will be caused during bioprinting [213, 218]. Several studies have demonstrated the relationship between

the viability of cells and the applied shear stress, as seen in Figure 15 [231, 233].
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Figure 15. The relation of applied shear stress and cell viability (Reprinted from [233]; An open-access

article distributed under the terms of the Creative Commons Attribution License (CC BY)).

To evaluate the shear stress encountered, it is important to know (1) the shear rate during extrusion, and (2)
the viscosity of the material at this shear rate. Non-Newtonian bioinks passing through a needle during

extrusion are exposed to a shear rate (v,,) described by Equation 3 [234]:

_ 4Q 3n+1 Equation 3
" mR3 4n

Yo

where Q (mm? s™!) is the flow rate; R (mm) is the inner radius of the needle; and (n—1) is the slope of the
log-log graph of viscosity versus shear rate rate, n is also known as the power low index. Then, using

Equation 2, shear stress can be calculated.

When the rheological characteristics of hydrogels are time dependent, however, rheological
evaluation might be complicated. It is not suitable to use a simple shear rate sweep (viscosity as a function
of changing shear rate) [234]. Because the viscosity varies with time in these circumstances, the tests must
be adjusted accordingly. Whilst most groups use temperature sweep and time sweep to study the gelation
kinetics at room and body temperature, there has been to date lack of appropriate rheological methods

to characterize and optimize time- and temperature-dependent bioink’s printability.

Yield stress

Another critical parameter for bioprinting is the yield stress. In rheology, yield stress defines as a critical

stress below which a biomaterial behaves like solid, and above which it starts to flow and show liquid-like
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behavior [235]. This feature is important to avoid uncontrolled extrusion of inks and bioinks from the needle
under simple gravity. A minimum value is thus required. A high yield stress may however impact cell

viability adversely [236].

Determining a yield stress as an actual material constant may be challenging due to the measuring method
and condition used. Consequently, there is no universal approach to assess yield stress and there exist a
number of methods. Continuous shear stress or shear rate sweep, from low to high stress or rate, is perhaps

the most widely used technique for assessing yield stress.

Herschel-Bulkley models are often used to calculate the yield stress from the stress/rate curves [59]. Bioinks
generally follow the Herschel-Bulkley model, describing Non-Newtonian materials, where the shear stress

(7) relates to the shear rate (y) as follows:
T=1y+Ky" Equation 4

where 1o is the yield stress, below that the biomaterial behaves as a solid, K is the consistency index and
representative of viscosity, and n is the flow behavior index. For n<1 the material is shear-thinning, whereas

for n>1 it is shear-thickening. If n=1, the model equates to the Bingham plastic fluid (Figure 16).
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Figure 16. Schematic typical rheological behavior of fluids with Herschel-Bulkley, Bingham model, plot

of shear stress vs shear rate (prepared using www.biorender.com).
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In addition to bioinks, FRESH support baths also must show yield stress [237] which can be studied using

Herschel-Bulkley model (detail information is presented in section 2.10).

Figure 17(a-c) presents other methods to evaluate the yield point. The stress curve is often manually
extrapolated to zero shear rate in order to study a yield stress. A double logarithmic plot of viscosity against
stress may be used to measure the yield stress in a shear stress or rate ramp (Figure 17 b). Another approach
to determining yield behaviour is to use the oscillation stress/strain sweep test. Graphing the storage
modulus (G") versus oscillation stress in a double logarithmic fashion shows the yield point when G’ crosses

G’’ value (Figure 17 ¢).
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Figure 17. Common rheological tests for bioinks. (a) Shear rate sweep, (b) stress ramp, (c¢) oscillatory stress
ramp (amplitude sweep), (d) frequency sweep of different biomaterials: solid-like gels (gray) and
viscoelastic liquids (black), (e) rotational recovery (varying shear rate), (f) oscillatory recovery (varying
oscillatory strain) (Reprinted from [238]; An open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY)).

Recovery

The extruded bioink filament should be strong enough to maintain its shape after bioprinting. Therefore,

following the extrusion process, the bioink’ network which is shear thinned must be able to self-heal and
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recover to its primary phase (solid or gel-like state) [229]. The viscosity should recover fast after the shear
stress is removed. Two main methods used to evaluate the recovering ability of a candidate bioink after
shear removal are described in Figure 17 e & f. One consists in studying storage and loss modulus during
and after shear removal using an oscillatory test (Figure 17 f). The other is evaluating shear viscosity during
and after removal of applied stress or shear rate using a rotational test as shown in Figure 17 e. These tests
appear particularly interesting for the study of bioinks since it also allows us to monitor shear thinning

behavior of the hydrogel during applied shear stress.

Gelation Kinetics

As mentioned above, the use of temperature-dependant hydrogels such as chitosan thermosensitive hydrogel
raise special difficulties when assessing the printability of bioink since their properties will evolve with
time. Moreover, hydrogel gelation plays an important role in post-printing mechanical stability. It is
therefore very important to evaluate the gelation kinetics of the gel at various temperatures used during the
printing process. Oscillatory test is usually used to study gelation kinetics, gelation time and temperature
by following storage (G’) and loss modulus (G”). When G’>G”, the hydrogel shows gel-like behaviour and

the G’=G” point is considered as gelation point or sol-gel transition point as shown in Figure 18 [239].
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Figure 18. Rheometric evaluation of bioinks, with time- and temperature-dependent sol—gel transition. G"
> @', viscous behavior; G" = G', gel point; G' > G”, elastic solid behavior (Reprint and Copyright (2021)

with permission from Elsevier Inc. [240]).
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2.9.2 Summary of useful rheological tests for printability

The most useful rheological tests used to study printability of biomaterials were schematically shown in
Figure 17 and discussed above. We can deduce that, in the case of a thermosensitive hydrogel, the following
tests are required:

1) LVR must be determined using the stress sweep or/and frequency sweep tests to make sure that tests are
done in the LVR region.

2) Time sweep and temperature sweep are the primarily rheological test to study thermosensitive hydrogels
e.g., chitosan-based hydrogels to determine the sol-gel transition and gelation behaviour over time and by
varying temperature.

3) Then, to evaluate viscosity and shear thinning behavior, shear rate sweep test can be applied, but adapted
to get into account the time dependence of the viscosity at a given temperature.

4) To obtain the yield point and study flow behaviour under applied shear, the stress sweep test can be used
through either oscillatory mode or rotational. Oscillatory mode gives information about storage and loss
moduli, while with rotational mode, viscosity can be studied.

5) Finally, recovery test in oscillatory or rotational mode should be applied to evaluate the bioink potential
of self-healing or recovery after shear removal, mimicking pre-printing, under shear and post-printing

conditions. The use of those tests in different studies in the literature is summarized in the Table 3.
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Table 3. Useful rheological tests to study the printability of thermosensitive hydrogels.

Test name

Rheological

mode

Detail info.

Ref.

Time sweep

Oscillatory

*Study elastic moduli or complex viscosity over time e.g.,
gelation behavior over time, gelation time, etc.
*Frequently used to study thermosensitive biomaterials

Figure 17. h

[67]

Temperature sweep

Both rotational

and oscillatory

*Used for thermosensitive bioinks e.g., chitosan, gelatin or
Pluronic
*Measuring viscosity or elastic moduli

Figure 17. g

[238]

Shear rate sweep

Rotational

*Study non-Newtonian behavior

*Calculate the viscosity

*Study the flow properties of the bioink during extrusion
Figure 17.a &b

[238]

Stress ramp/sweep

Both oscillatory

and rotational

*Determine the yield stress of a non-Newtonian fluid
*Stress or strain-controlled

*Study viscosity or storage and loss modulus changes
*Determine LVR

Can be used to determine both the yield point, and the flow
point at the critical stress

Figure 17.b & ¢

[241]

Frequency sweep

Oscillatory

*Measuring storage and loss modulus
*Determine if the bioink is viscoelastic liquid or gel

Figure 17.d

[242]

Recovery

Both rotational

and oscillatory

*The first step: at a low shear rate (or low oscillatory strain),
the second step: at a high shear rate, and the third step: the
primary shear rate.

*Measuring viscosity or shear moduli

*Bioinks should show recovery of 80%-90% of the original
viscosity or storage moduli

Figure 17. e & f

[238]
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2.10 Rheology of FRESH support bath

As mentioned in section 2.4, the FRESH bioprinting method has been proposed for low viscosity hydrogels
to provide both resolution and cell viability. The FRESH support bath requires some important rheological
properties as mentioned before, including shear thinning during needle movement [243] and yield stress.
Briefly, FRESH support bath must fit Bingham fluid or Herschel-Bulkley model. The most common
support bath, made of gelatin microparticles (slurry) was found to fit the Bingham model: it presents a yield
point or initial stress to flow, but then the flow behavior is linear [244] (Figure 16). Hydrogels usually rather
fit Herschel—-Bulkley model, which is a complementary model of Bingham: after it starts to flow, it shows
non-linear shear thinning behaviour as shown in Figure 16 [245]. More information will be given in the

paper in Chapter 4.

Yield stress of the bath can be controlled through molecular weight of material forming the bath,
concentration, viscosity and storage modulus. It was shown that increasing yield stress led to smaller and
finer regularly circular printed filaments [246]. However, at very stiff support bath with high concentration
e.g., 8% (w/v) nanoclay-based bath, in which the bath yield stress was higher than the bioink, the rectangular

shape and compression were observed on side of the printed filaments [247].

After needle passing and stress removal, the support bath must be self-healable/self-recoverable. It must
recover quickly to its primary viscosity or shear moduli and demonstrate gel-like behavior. This property
helps to entrap and support the deposited bioink prior to its gelation or crosslinking. The extent of
fluidization of the support bath affects the resolution and shape fidelity of the printed bioink [248].
Therefore, maintaining high resolution and shape fidelity when using FRESH bioprinting technique is

challenging and require comprehensive optimization.

The most common support bath consists of small gelatin microparticles slurry [249]. However, this material
is not suitable for bioink that gel at 37°C since the gelatin slurry liquefies at this temperature. Several other

materials have been proposed as FRESH support bath as summarized in Table 4.
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Table 4. Most commonly used biomaterials as a FRESH bioprinting support bath

Materials Rheological properties | How gel/solidify How get removed Detail info.
after printing
Gelatin Thermosensitive Low temperature | Liquify by increasing Liquid at body
microparticles | material (<25°C) the temperature 37°C temperature
Provide fast gel [249] Not suitable for thermo
retention during nozzle crosslinking
movement within the Not suitable for gelatin
bath. contained bioinks
Act like a Bingham
plastic [53]
Carbopol Anionic Dissolve in NaOH | Wash with PBS Not recommended for
microgels Require basic solvents Monovalent cationic cationic hydrogels [251]
(commercial Printed outcome buffer solution causes

polymer with

exhibits poor surface

the Carbopol microgels

polyacrylic acid | quality [250]. to shrink and lose their
chains) bulk plastic behavior.
Nanoclay e.g., | Like slurry Dissolve in water | Wash with NaCl Not suit for cationic
Laponite Has plenty side OH in vigorous hydrogels because
groups stirring possible positive charges
Positive core groups dissolve the bath
Thermal stability Amine groups can cause
ultraviolet transparency the formation of small
[252,253] flocculated particles,
often described as
“seeds” [254]
Pluronic F127 | Poor mechanical Gel at temperature | Decreasing temperature | Gel at 37°C and liquify at
(Pure & in strength at low range of 25°C— to 22°C or lower 22°C
combination with | concentrations (e.g., 7- | 40°C (tunable by Tunable gelation
salts) 12% w/v) concentration temperature
Dissolve in aqueous variation) Tunable storage modulus

solutions [255-259].

by concentration
variation
Recovery even at high

concentrations e.g. 23%
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Composition of
Pluronic and

additives

Addressing
abovementioned issues
of pure Pluronic (with
low concentration)
Laponite, is used as
rheology modifier
[255],increasing bath
stiffness while
decreasing gelation

temperature.

Gel at temperature
range of 25°C—
40°C (tunable by
concentration

variation)

Decreasing temperature

to 22°C or lower

It is gel at 37°C and
liquify at 22°C

Tunable gelation
temperature

Tunable storage modulus
by concentration
variation and additive

addition
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Chapter 3 - Hypotheses and Objectives

In the literature review presented in the previous chapter, we have shown that bioprinting has much potential
in tissue engineering, including articular tissue engineering, but there is still a lack of biodegradable bioink

that address all the design criteria.

Chitosan-based thermosensitive hydrogels have been shown to be very interesting hydrogels for cell therapy
and regenerative medicine, especially when they are formed with a mixture of SHC and BGP or PB as
gelling agents [67, 68]. They are injectable, gel in situ, have physiological pH and osmolality, and support
the survival of loaded cells. However, their potential for bioprinting has not been assessed yet. The general
objective of this Ph.D. thesis is to study and optimize the potential of thermosensitive chitosan-based

hydrogels for extrusion-based bioprinting and injectable scaffold for articular tissue engineering.

3.1.1 Hypothesis and objective 1

The main and first hypothesis of this project was that thermosensitive chitosan-based hydrogels are
interesting candidates for bioprinting. The first step of the project, therefore, consisted in studying their
potential for extrusion-based bioprinting. It is a challenge since their rheological properties evolve with time
and temperature. For this reason, a new rheological approach was proposed that considers time and

temperature.

The general aims of the first paper were to propose a rheological approach to study the printability
of time- and temperature-dependant hydrogels and to specifically assess the potential of the chitosan-
based thermosensitive hydrogels as bioinks. More specifically, the rheological properties of chitosan
hydrogels were studied as a function of their composition, chitosan concentration, and the type and
concentration of gelling agents. Post-printed resolution, integrity, and mechanical properties were also
characterized. This work has been published in Journal of Biomedical Materials; DOI: 10.1088/1748-
605X/abb2d8.

3.1.2 Hypothesis and objective 2

We have shown in objective 1 that the thermosensitive chitosan hydrogel can print a structure with adequate
fidelity and handability. However, a high concentration of chitosan (3%w/v) was required, leading to a high

mortality rate of encapsulated cells due to the high viscosity of the solution in which cells are mixed and
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the low porosity of the final hydrogel. Decreasing the viscosity resulted in a poor shape fidelity of structures
formed with more than 5 layers due to the low mechanical properties of the printed filaments. Furthermore,
maintaining the substrate and environment uniformly at 37°C is quite challenging and can lead to

evaporation.

Therefore, the second hypothesis of this project was that using the FRESH technique with a warm bath
could increase the fidelity of the printed structures while keeping chitosan at a low concentration compatible
with cell encapsulation. Indeed, printing in a warm bath brings mechanical support to the bioprinted
structures and enhances chitosan thermogelation or thermo-crosslinking during printing. Objective 2 was

therefore to study and optimize FRESH bioprinting of chitosan thermosensitive hydrogels.

More specifically, we first designed an adequate support bath, mainly based on its rheological properties.
Pluronic was chosen and further optimized by the addition of salts e.g., sodium chloride (NaCl). Then, we
studied the printability of chitosan hydrogel, alone and in combination with gelatin when printed within the
warm support bath, as well as shape fidelity, mechanical properties, and cell viability. This work has been

accepted for publication in Bioprinting journal; DOI: 10.1016/j.bprint.2022.e00209.

3.1.3 Hypothesis and objective 3

To engineer or repair tissues that are mineralized or contain gradient or mineralization (as it is the case for
articular tissue), the injectable or printable material needs to be osteoconductive. This is not the case with
chitosan hydrogels but can be achieved by adding bioactive materials such as hydroxyapatite or bioglass.
The third objective of this work was therefore to create bioactive osteoconductive thermosensitive
chitosan-based hydrogels compatible with cell encapsulation, by the addition of sintered bioglass

(BG).

We hypothesized that concentrating bioglass in small microbeads instead of their homogenous distribution
in the gel could improve mechanical properties due to less interference with the gelation mechanism
resulting from a slowdown rate of ions release. By reducing the rate of ion release, such a composite

hydrogel could also improve the survival and growth of encapsulated cells.

This work led to development of hybrid hydrogel containing BG microbeads that might form a promising
injectable cell-laden bioactive biomaterial for treatment of bone defects at non-loading sites. This work is

submitted to journal of Journal of Biomedical Materials Research Part A.
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Chapter 4 - A Rheological Approach to Assess the Printability of

Thermosensitive Chitosan-based Biomaterial Inks

This paper has been published in the “Journal of Biomedical Materials, Volume 16, Number 1; DOI:
https://doi.org/10.1088/1748-605X/abb2d8”.
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4.1 Abstract

For extrusion-based bioprinting, the inks must be printable and rapidly present sufficient mechanical
properties to support additional layers and provide a cohesive, manipulable structure. Thermosensitive
hydrogels may therefore be interesting candidates. However, the use of these materials is particularly
challenging since their rheological properties evolve with time and temperature. In this work, a rheological
approach to characterize the printability of chitosan-based thermosensitive inks was developed. The method
consists of evaluating: 1) the gelation kinetic at room temperature and at 37C; 2) shear thinning behavior to
estimate the shear rate applied during printing as a function of printing parameters ; 3) the viscosity after
shear removal (recovery test) to simulate behaviour after biomaterial deposition. Hydrogels containing 2
and 3%w/vol chitosan, combined with different gelling agents (Sodium-hydrogen-carbonate (SHC),
Phosphate-bufter, Beta-glycerophosphate (BGP)) were tested, and compared with alginate/Gelatin bioink
as controls. To correlate the rheological studies with real printing conditions, 3D-Discovery bioprinter was
used to print hydrogels and the visual aspect of the printed structure was observed. Unconfined compressive
tests were carried out to study the impact of applied shear rate during printing on the mechanical properties
of printed structures. All pre-hydrogel solutions presented shear thinning properties. The recovery of
viscosity was found to depend on the hydrogel formulation, as well as the level of shear rate and the state

of gelation at the time of printing. Formulations made with SHC and phosphate buffer presented too rapid
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gelation and phase separation,leading to poor printing results. One particularly promising formulation
composed of SHC and BGP, when printed at a shear rate of 140s™!, before its gelation time (t,<15min),
resulted in good printability and 3D structures with rigidity comparable with the Alginate/Gelatin bioink.
The methodology introduced in this paper could be used to evaluate the printability of other time- and

temperature dependent biomaterial inks in the future.

Keywords: biomaterial inks, chitosan thermosensitive hydrogel, printability, extrusion-based bioprinting,

rheology

4.2 Introduction

Among the various challenges of extrusion-based bioprinting, one is to design biomaterial inks and bioinks
that fulfill the numerous requirements. The ink must be extrudable e.g. injectable through a small needle to
reach high resolution but rapidly possess sufficient mechanical properties to keep the structure intact,
support additional layers and provide a cohesive, manipulable structure [260]. Moreover, for bioinks, the
material and the printing process must be cell friendly [261, 262]. It should ideally also be biodegradable to
be gradually replaced by extracellular matrix. All these requirements explain why the search for ideal
biomaterials is still ongoing. Moreover, standard methods to characterize and optimize biomaterial inks and

bioinks have yet to be developed [24, 263-265].

Among the biomaterials that could be used for bioprinting, chitosan-based hydrogels are attractive
candidates due to their biocompatibility, biodegradability, low cost and thermosensitive properties.
Chitosan, a natural biopolymer derived from chitin, can be dissolved in acidic solution. When combined
with a weak base such as beta-glycerophosphate (BGP), it can form a solution with physiological pH that
rapidly gels with increasing temperature [187, 266, 267]. However, the mechanical properties of such gel
are quite poor. Our team showed that using new combinations of gelling agents (namely a mixture of sodium
hydrogen carbonate (SHC) with phosphate buffer (PB) or BGP), we can strongly enhance the mechanical
properties of the hydrogels, while ensuring physiological osmolality and rapid gelation at 37°C [67, 195].
These gels allow excellent cell survival and growth and were demonstrated as very interesting candidates

for injectable cell-loaded scaffolds for cell therapy and tissue engineering [195, 268].
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Chitosan thermosensitive properties also make them potential candidates for bioprinting, as the gel is in the
form of a viscous solution at room temperature prior to its gelation through increasing temperature, which
can be achieved using a warm substrate or incubator. Rapid physical crosslinking can help to keep the post-
printed structure mechanically intact and prevent hydrogel dispersion, without the addition of a crosslinker
or photopolymerization step; A few teams have already shown the potential of such thermosensitive
hydrogels for bioprinting, alone or mixed with gelatin or hydroxyapatite [194, 218]. However, the use of
these materials for bioprinting is particularly challenging since their rheological properties evolve with time
and temperature. While most teams perform temperature ramps and time sweep to follow the gelation
kinetics at body temperature, there has been to date no complete rheological study to characterize and
optimize their printability. More generally, there is presently a lack of appropriate methods to study the

printability of time- and temperature evolving materials like those.

The general aim of the present work is to propose a rheological approach to study the printability of
thermosensitive hydrogels, which takes into account the time and temperature-induced gelation process.
We then used this methodology to assess the potential of the chitosan thermosensitive hydrogels as
biomaterial inks, in comparison with alginate/gelatin bioink which has been already demonstrated for its

excellent printability [6].

In order to be used in extrusion-based deposition process a biomaterial ink must present a viscosity that
allows its extrusion. It also must present shear recovery (rapid recovery of the initial viscosity once shear
has stopped). An important parameter to calculate is therefore the shear rate applied during extrusion.
During extrusion, the ink flows through a capillary and is subjected to a shear rate (yw) given by Equation

3 [269].

Indeed, most materials are shear thinning, i.e., their viscosity decreases with increasing shear rate.
Therefore, to evaluate the shear rate a bioink undergoes during bioprinting, it is first necessary to measure
the viscosity as a function of shear rate [22, 74, 270]. However, carrying out rheological characterization of
hydrogels can be difficult when their rheological properties are time-dependent. A simple shear rate ramp
(viscosity as a function of varying shear rate) [269] is not appropriate. In those cases, since the viscosity

also changes with time, the tests must be adapted in consequence.
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Once a layer is printed, it needs to rapidly reach enough mechanical properties to support gravity and keep
its form as well as to support other layers. In some cases, such as alginate-based bioinks, ionic crosslinking
can be performed by immersion in a calcium ion rich solution after printing. Other materials can be
photopolymerized layer by layer. In the case of thermosensitive hydrogels such as chitosan, rapid shear

recovery is particularly important since no rapid crosslinking method can be applied between layers.

These characteristics can be evaluated using rheological tests, consisting of evaluating the biomaterial ink
viscosity as a function of time once the shear rate encountered by the ink during extrusion has been applied
and removed. This test is called the recovery test [74]. Performing recovery tests at different shear rates
allows to estimate the maximum shear rate that should be applied during printing, i.e. at which the hydrogels
return rapidly to their primary viscosity after shear removal without breakage. A potential advantage of
thermosensitive hydrogels is that after printing the hydrogel continues to gel at 37°C. The recovery test

must therefore be adapted to take this behaviour into account.

The hydrogel gelation kinetic is also an important parameter that determines the suitability of the hydrogel
for extrusion-based bioprinting [271]. Indeed, whether gelation has been initiated at the time of printing
probably has an impact on recovery after shear removal, uniformity and resolution, as well as mechanical
properties. The gelation kinetics of chitosan hydrogels therefore need to be assessed at various temperatures
reproducing the steps of the bioprinting process, in particular at room (storage in the cartridge and extrusion)

and body temperature (substrate warming or incubator).

In this work, we show how this rheological approach can be applied to assess the printability and the time
frame optimal for bioprinting thermosensitive hydrogel. In particular, we apply this approach on chitosan
hydrogels of various composition, in terms of chitosan concentration and the type and concentration of
gelling agents. Post-printed resolution, integrity and mechanical properties were also characterized and

compared with values obtained for a previously published bioink composed of alginate and gelatin [99].

4.3 Materials and methodology

4.3.1 Materials

Shrimp shell chitosan (ChitoClear, HQG110, Mw: 155 kDa, DDA 83%) was purchased from Primex
(Iceland). B-Glycerol phosphate disodium salt pentahydrate (C3H7Na>OgP-5H>0, hereafter BGP), sodium
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phosphate monobasic NaH,PO4 (SPM) and sodium phosphate dibasic Na,HPO4 (SPD) were purchased from
Sigma-Aldrich (Oakville, ON, Canada). Sodium hydrogen carbonate NaHCOs; (sodium bicarbonate,
hereafter SHC) was purchased from MP Biomedicals (Solon, OH, USA). Sodium alginate salt from brown
algae, Type B gelatin from bovine skin (G9391) and calcium chloride (CaCl,) were purchased from Sigma-

Aldrich. Other chemicals were of reagent grade, and were used without further purification.

4.4 Preparation of chitosan thermosensitive hydrogels

Chitosan solution

Chitosan powder was solubilized in hydrochloric acid (HCI) (0.09 M and 0.013M) at 3.33% w/v (for final
concentration 2%) or 5%w/v chitosan (final 3%), respectively, with mechanical stirring for 2 hours. The

solution was sterilized by autoclaving (20 min, 121°C) and stored at 4°C.
Gelling agent (GA) solutions

Three different GAs were used in this study, namely BGP, SHC, and PB at pH = 8. PB was prepared with
a mixture of sodium phosphate dibasic and sodium phosphate monobasic at ratio of ratios of 0.047/0.540

w/w in milli-Q water. SHC was combined with either PB or BGP as previously published [67].

4.4.1 Preparation of pre-hydrogel solutions for rheological characterization

Chitosan pre-hydrogel solutions were prepared by mixing CH solution with one of the GA solutions at a
volume ratio of 3:2, respectively. The two solutions were introduced in separate syringes, joined by a Luer
lock connector. The content of the GA syringe was pushed into the CH syringe and the mixture was pushed
from side to side for 15 repeats immediately prior to use. Pre-hydrogel solutions were then centrifuged to
remove air bubbles and used immediately. Table 5 summarizes all formulations tested. Hydrogels formed
with a mixture of SHC and BGP as gelling agents are identified as A, and those formed with SHC and PB
as B. Hydrogels had a final chitosan concentration of 2% (w/v) or 3% (w/v). All had a physiological pH.
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Table 5. Concentration of chitosan and gelling agents of the various tested hydrogels (CH: Chitosan, BGP:
Beta-glycerophosphate, SHC: Sodium hydrogen carbonate, PB: Phosphate buffer at pH=S).

[GA  component] | Final
Hydrogel

(M) concentration
name

SHC | BGP | PB | of CH% (W/v)
A2 0.075 | 0.10 | - 2
A3 0.113 | 0.15 | - 3
B2 0.075 | - 0.02 |2
B3 0.113 | - 0.03 |3

4.4.2 Preparation of alginate/gelatin hydrogel (control group)

Sodium alginate and Type B gelatin powders were dissolved in milli-Q water, and stirred using a magnetic
hotplate for 1 hour at 60°C and 2 hours at room temperature to achieve a homogeneous composite precursor
comprised of 3 w/v% alginate and 7 w/v% gelatin as explained in detail by Kinsella’s group [99]. The
Alginate/Gelatin solution was then kept 2 hours at room temperature to remove air bubbles and later stored
at 4°C. Before use, the solution was warmed at 22°C for 30 min [99] and centrifuged to remove air bubbles.
A 1%w/v CaCl; solution for crosslinking the alginate was also prepared by dissolving CaCl, into milli-Q

water.

4.4.3 Rheological tests

Rheological properties were carried out using an Anton Paar instrument (Physica MCR 301, Germany) with
a cylinder geometry (CC10/T200), (Imm gap) or plate-plate geometry (PP25) of 25 mm diameter. Linear
viscoelastic (LVE) range was first determined through amplitude sweep test using PP25. The following

tests were then performed:

1) Time sweeps at 22 & 37°C for 1 hour were performed using the oscillatory mode in the LVE range, at a
constant shear strain (1%) and constant frequency (1Hz). They allowed the study of gelation kinetic at both
temperatures, as a function of gel composition, by following values of complex viscosity, the storage and

loss modulus (G’ and G””) and loss factor tan 6 = G"/ G’ as a function of time.

47



2) Viscosity behavior of the pre-hydrogel solutions at 22°C was assessed using rotational rheometry tests.
In contrast to conventional shear thinning tests, where the viscosity change is reported with varying shear
rate, here the viscosity was studied as a function of time at different shear rates (0.01, 0.1, 1, 10, 100 s™).
This was done to take into account the possible variation of pre-hydrogel properties with time. To express
the shear thinning behavior, the viscosity values at one particular time point were then plotted as a function
of shear rate. A time point of 10 min was chosen assuming this corresponds to the time required for hydrogel
preparation and printing (including mixing of chitosan solution and gelling agent, centrifugation of the

solution and loading on the print head).

3) Shear recovery after different levels of shear rate (low to high-10 to 1000 s™) was evaluated using
rotational rheometry. The viscosity was measured during consecutive steps which mimic the printing
process: (1) Pre-printing (shear rate of 0.001 s™! for 10 min at 22°C); (2) Printing (sudden increase of shear
rate at 10, 100, 500 or 1000 s™! for 1 min at 22°C); (3) Post printing (shear rate of 0.001 s™! for 10 min at 22°
C and then increasing the temperature to 37°C to take advantage of the hydrogel thermosensitivity) (Figure
19).
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Figure 19. Schematic of the applied shear rates and temperature as a function of time during recovery

tests.

4.4.4 Printing procedure

A 3D-Discovery (RegenHU) bioprinter was used to print the hydrogels via a plunger dispenser which
enables to keep the dispensing rate constant during printing (volume/min) even if the hydrogel properties

change with time. The cartridge was kept at room temperature, while the heated substrate temperature was
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kept constant at 37° C. Different steel needles (sizes 22G/25G, length: 0.25 inch) were used to print
hydrogels. Printing parameters are presented in Table 2. The flow rate of the bioink, the layer thickness (h)
and the translational speed of the printing head (feed rate) (V) were chosen to ensure that we have proper
and continuous filament formation and were kept constant throughout the study. The shear rate applied
during printing was calculated according to Equation 3, using the slope of the viscosity versus shear rate

graph (n-1) on a log log plot, and reported in Table 6.

4.4.5 Printing resolution, hydrogel uniformity and structural integrity

Each biomaterial ink formulation was printed using two different needle sizes (22G/25G) according to the
conditions in Table 2. Images were taken from each print and analyzed using the freeware ImageJ (Fiji.sc)
according to the approach studied by Gillispie et al. [272] and Webb et al. [214]. The average width of
printed filaments was determined, for each printing setting, by manually selecting 6 random points. We also
evaluated the quality of the angle printed (sharp (1) versus curvy (0)) and the continuity of the lines ((1)
versus (0) if more than one break observed). The width of the line was also compared to the internal
diameter of the needle (width/diameter). A high ratio means that the gel spreads a lot after printing,

decreasing the printing resolution.

Table 6. Printing parameters used on the 3D Discovery bioprinter: needle size, n-1 slope according to
viscosity vs shear rate graph and corresponding shear rate as a function of needle size according to equation

1. Constant parameters were: Flow rate = 1.25 pL/s (mm3/s); feed rate = 6 mm/s; layer thickness = 0.3 mm.

Needle size Slope of viscosity
Shear
Pre-hydrogel Inner vs shear rate
rate
solutions Gauge diameter (see Equation 3) )
_
(mm) (n-1)
22 0.41 203
A2 -0.3
25 0.25 897
22 0.41 230
A3 -0.5
25 0.25 1017
22 0.41 250
B2 -0.6
25 0.25 1101
B3 Not printable (lack of homogeneity and continuity)
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To assess structural integrity, the best printable formulation was printed in 10-layer and 20-layer honeycomb
structures and the theoretical height (layer thickness multiplied by number of layers) was compared to real

height after 1hour incubation at 37°C (to assure solidification).

4.4.6 Post-printed mechanical properties

Unconfined compression tests were performed on 5-layer printed honeycomb structures using the MACH-
1 testing device (Biomomentum, Canada). A velocity equal to 100% of the sample’s height/min was used.
The compressive strength and the secant Young modulus at 15% and 30% of deformation were calculated
from the stress-strain curves. ImagelJ software was used to calculate the real surface area of the printed
structure (without the holes in the structure) for measurement of applied stress. Mechanical properties were
compared with those of structures fabricated with Alginate/Gelatin bioink. Tests were performed at room

temperature after 24 hours of sample gelation at 37°C.

4.4.7 Statistical analyses

All experiments were performed at least in triplicate. Results were expressed as mean + SD. Statistical
analysis was performed using GraphPad Prism 7.04 software. One-way ANOVA and Tukey’s multiple
comparison tests were used to compare multiple groups. P<0.05 was considered to be statistically

significant.

4.5 Results

4.5.1 Time sweep at 22 and 37°C

Time sweeps were performed in the LVE region, first at room temperature (22°C) to estimate the stability
of the pre-hydrogel solutions in the printing cartridge as a function of their composition (Figure 20a) but
also at 37°C to estimate their kinetic of gelation (solidification) once on the heated substrate (Figure 20b).
Both figures present the evolution of the storage (G’) and loss (G’’) moduli. The viscous pre-hydrogel
solution is considered to become a viscoelastic gel when G’>G’’. According to the approach of Winter and
Chambon [273], we considered the gelation time as the time where G' = G”, or the loss factor

tand=G"’/G’=1. Figure 20(c) summarizes the mean G’ value after 10 min at 22°C (considered as the printing
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time) and after 1 hour at 37°C (to mimic 1 hour after printing). At 22 °C (Figure 20(a)), the gelation time is
less than 15 s (G’>G”’ already at the first measurement) and 30 s for B2 and B3 hydrogels respectively. For
A2 and A3, it takes several minutes to begin gelation (teer = 5+3.4 and 154£7.5 min respectively). B
formulations also show higher values of storage modulus compared to A formulations. As expected, A3 gel
(CH3%) presents higher storage moduli right after preparation than its A2 counterpart (CH2%). In contrast,

B2 and B3 show similar storage modulus as a function of time.

a

CH2% CH3%
1000 1000
100 G'A2 __ 100
g 10 -=-G"A2 :tm' 10
g 1 S R S8 Sshinddabd - 6 B2 ; L
v 01 -=-G"B2 LI
0.01 0.01
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min) Time (min)

b CH2% CH3%

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min) Time (min)
C Storage modulus at t = 10 min (10 min after preparation) Storage modulus 1 h after thermogelation
at 22°C at 37°C
e o
1001 ki 10000

1000 .

100

G' (Pa)
G' (Pa)

L4 ¥ L &

Figure 20. Gelation kinetics of A and B chitosan-based hydrogels: a) Evolution of the storage (G’) and loss
(G”’) moduli of hydrogels as a function of time at 22°C (mean +/-SD; n>3). b) Evolution of the storage (G’)
and loss (G’”) moduli as a function of time at 37°C. c) G’ value after 10 min at 22°C and 1h at 37°C,
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respectively (mean +/-SD; n>3); (** p<0.01, *** p<0.001, **** p<0.0001). Gels were made with
SHC+BGP as gelling agents, while B gels were prepared with SHC+PB, as described in Table 5.

The evolution of the storage (G’) and loss (G’”) moduli at 37°C as a function of time is presented in Figure
20(b). Drastic increase of G’ value during isotherms at 37°C is indicative of the gel thermosensitivity.
Thermosensitivity is more evident with CH 2% formulations rather than 3%. While A2 and B2 present the
lowest modulus at 22°C, they rapidly increase at 37°C, leading to the highest values after 1hour gelation,
B2 being significantly higher than all others (p<0.001, Figure 20(c)). In contrast, A3 and B3 present higher
initial viscosity (not shown here) and slowly gel at 37°C. Their properties after 1-hour gelation are relatively

similar.

At printing time (after 10 min at 22°C), B3 formulation presents the highest storage modulus values
(p<0.0001), while the difference among the three other formulations is not significant (Figure 20(c), left

panel). As will be discussed later, this leads to difficult control of printing and reproducibility.
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4.5.2 Shear thinning behavior

The shear thinning property of the solution is a critical property for bioprinting. Figure 21 presents the shear
thinning behavior of A2 and A3 formulations. Results of B formulations and Alginate/Gelatin are shown in
supporting information (Figure S 2). As explained in the materials and methods section, since the viscosity
is changing as a function of time, shear thinning properties were evaluated by measuring the viscosity over
time at 5 different applied shear rates (from 0.01 to 100 s™'). Figure 21(a) presents the 5 viscosity curves as
a function of time for sample A3. Then, the values at one particular time point (here 10 min) were plotted
to form the curve of viscosity versus shear (Figure 21(b)). Results showed that both chitosan A2 and A3
pre-hydrogel solutions present shear thinning properties, characterised by a sharp decrease in viscosity value
with increasing shear rate, with some differences between the gel formulations. Shear thinning was also
observed for B formulations, as well as for the alginate/ gelatin (control group), although to a lesser extent

(viscosity decrease from 10000 to 100 Pa.s only) (Supplemental data Figure S 2).
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Figure 21. Shear thinning behavior of: a) viscosity of A3 formulations at various shear rates (0.01, 0.1, 1,

10 and 100 s-1) as a function of time at 22°C; b) Viscosity as a function of shear rate for both A2 and A3
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formulations after 10 min at 22°C (mean; n>3). The slope between 10 and 100 s-1 was used to evaluate the

shear stress during printing using Equation 3.

Surprisingly, a variation of the viscosity as a function of time was seen only at the lowest shear rate (0.01
sh) (Figure 21(a)). Since the solutions are not completely stable at room temperature (as just shown), we
were expecting the viscosity to increase with time at all shear rates. This suggests that shear rates equal or
above 0.1 s™ prevent the physical gelation of the chitosan bioinks and demonstrates the importance of testing

conditions on rheological results.

We used the slope of the shear thinning test at shear rate between 10 and 100 s™! to calculate the shear stress

during printing using equation 1 as presented in the introduction and reported on Table 6.

4.5.3 Shear recovery

We concentrated on A formulations due to their slower gelation kinetics at room temperature and more
homogenous fiber formation at extrusion (shown later in the manuscript). In accordance to the schematic
presented in Figure 19, shear recovery tests followed the evolution of the viscosity during rest (shear rate =
0.001 s™), followed by applying shear for 1 min and let recover after shear removal at 22°C (to simulate the
printing procedure), followed by temperature increase from 22 to 37°C. To study the influence of the extent

of shear rate on recovery, four different applied shear rates were compared, from 10 to 1000 s

Figure 22(a) and (c) present the results for A2 and A3 formulations respectively. In accordance with the
previous results, the viscosity increased with time at rest, followed by sudden drop during shear due to shear
thinning. Viscosity recovery immediately after shear removal was only partial, especially for high shear
rates, but curves show that viscosity continues to recover with time, and further increased when the
temperature was increased to 37°C. For A2, the immediate recovery was much better for shear rate of 10 s-
1 compared to 100 and 1000 s-1 (501 + 127 Pa.s versus 66 = 15 Pa.s and 2 + 1 Pa.s respectively (see the
complete data in Supplemental materials section Table S 1 and Table S 2). The difference was less drastic
for A3 (10 and 100 s-1 curves are superposed, and viscosity at shear removal decreased from ~ 600 to 130
Pa.s depending on the shear rate value). Thus the viscosity values immediately after 100 s™' shear removal

was about 10 fold higher for A3 compared with A2 hydrogels (663 £+ 95 Pa.s and 66 £15 Pa.s, respectively).
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Similar tests were performed on A3 solutions left for 20 min (instead of 10 min) at 22°C to mimic longer
pre-printing times (Figure 22d). At these time points, even at 22°C, the solution has already begun to gel (t
> ts). However, no drastic impact was observed on recovery properties. Immediate recovery is slightly

reduced, but viscosity then increases with time, reaching similar final values.

To confirm the importance of printing before gelation, we also performed recovery tests after 20 min
gelation at 37°C. Results for A2 are presented in Figure 22(b), results for A3 in the supporting information
(Figure S 3). As expected, viscosity increased more during the rest period, due to hydrogel gelation at 37°C.
Following shear, only partial immediate recovery was observed, without any further increase of the viscosity
with time for A2 (Figure 22(b)), some increase for A3. The difference between A2 and A3 can be explained
by the fact that A3 gelation is much slower than A2 gelation, as shown in Figure 20.

As a comparison, shear recovery tests were also performed on the control bioink consisting of 3%w/v
alginate with 7% w/v gelatin [99] (Figure 23). Alginate/gelatin present a different behavior compared to
chitosan hydrogels, with better immediate recovery of the viscosity, but no further increase with time. As
for chitosan hydrogels, the extent of recovery decreased with increasing shear rates. Interestingly, the
viscosity at rest, prior to shear, was found to increase with time. This could be explained by the change of
temperature of the solution (which was poured in the rheometer at 25°C since it is not liquid enough at 22°C
due to the presence of gelatin). Another possible explanation is alginate-gelatin interactions after mixing
the solution. In contrast, similar tests performed on pure alginate didn’t show any variation of the viscosity

at rest (data not shown).
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Figure 22. Shear viscosity recovery under 4 different applied shear rates (10, 100, 500, 1000 s-1). The

graphs present the complete cycle, namely at-rest state (shear at 0.001 s-1, generally for 10 min), printing

step (shear rate at one of the 4 different tested shear rates for 1 min), post printed rest state at 22°C and post-
printed rest at 37°C (shear back at 0.001 s-1): a) A2, b) Pre-gelled A2 (shear after gelation for 20 min at
37C); ¢) A3, d) A3 with 20min at rest instead of 10 min. The change of the shear rate is indicated with the

vertical lines; Temperature 37°C is highlighted, otherwise 22°C) (mean +/-SD; n>3).
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Figure 23. Shear recovery tests of Alginate/gelatin hydrogels after 1- or 10-min rest times (mimicking
time in the cartridge before printing. Four different shear rates (10, 100, 500, 1000 s-1) were applied

(mean; n=6).
4.5.4 3D printing of pre-hydrogel solutions

To confirm the correlation between rheological data and printability in real printing conditions, the
biomaterial inks were also printed using a 3D Discovery printer as described in the experimental section
and in Table 6. The size of the needle (22G needle) and the flow rate (1.25 mm?/min) were chosen in order
to keep the shear rate applied on the gel during the extrusion close to 100 s™!, according to Equation 3. This
value was chosen based on the results of the recovery tests, showing better recovery at such a low shear rate
(Figure 22). The printing resolution was studied as a function of the feed rate (speed of needle above the
substrate during deposition) and gel formulation. We analysed the width of the filaments after extrusion,
the uniformity of the printed lines, their continuity and their integrity, which can be defined as the

comparison of the theoretical and measured height of the printed filaments [214, 272].
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B2 and B3 showed phase separation after centrifuge, even before printing (Figure S 1(a)). Printing led to a
heterogeneous mix of gel and liquid regions, with non-repeatable and broken filaments. In particular, B2
led to non-uniform filaments, broken lines and curvy angles (see the example in Figure S 1(b)), which made
it impossible to print multiple layer structures. Double phasing was even clearer for B3, leading to needle

clogging and preventing good extrusion. Therefore, we do not present the complete data for B2 and B3 here.

Figure 24 presents data and typical images of printed lines for A2 and A3 formulations at various feed rates.
Both formulations led to uniform filaments. As shown in Figure 24(a), A2 was able to print continuous lines
with relatively sharp angles, but the filament width was large (1.2-1.5 mm) compared to the needle internal

diameter (ratio of width/diameter = 3.5). This leads to low resolution.

A3 led to uniform, sharp angled and thinner filaments (minimum width of 0.57 mm # 0.04 mm (ratio=1.4)
at a feed rate of 11 mm/s (Figure 24b). However, at this feed rate, the lines were easily breaking, making it
challenging to print multiple layer structures. Reducing the feed rate to 10 mm/s led to continuous lines with

a mean width of 0.75 mm + 0.07, making it a better option.

Printing multiple layer structures with A3 led to smooth integration between layers and cohesive structures.
To observe the structural integrity of the gel, we analysed the difference between the theoretical and the real
height of 5- or 10-layer structures. The average height of the layers was found to be between 0.33 and 0.27
mm, which is a variation of £ 10% from the theoretical height (0.3 mm). This shows that the structure isn’t

collapsing under the weight of the multiple layers.

Interestingly, structures printed at higher shear rates (higher flow rates or similar flow rate but smaller
needle diameter) led to poor resolution and structural integrity, as shown in Figure 25(a). This is in

agreement with recovery tests which show better recovery at low shear rates.

Filament width with A3 was quite similar to that of alginate/gelatin (0.68 #0.06 um) which showed very
uniform fiber formation (Figure 24 (b), (c)) and ability to print in a cohesive layer-by-layer structure before

post-crosslinking (Figure 25a).
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Alginate/gelatin filaments as comparison (mean +/-SD; n>3).; d) 3D CAD honeycomb design model; e)
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4.5.5 Post printed mechanical strength

A good ink should provide tissue-mimicking rigidity and enough strength after printing. The mechanical
properties of printed structures were therefore tested in compression, after 24 h gelation at 37°C (Figure
25). A3 formulation was chosen since it presented the best rheological properties in terms of adequate
gelation kinetic and recovery, and printing behavior. Recovery tests suggested that A3 formulation presents
better recovery when the shear rate stays at or below 100 s (see Figure 22I). We hypothesized that the
resolution and mechanical properties would thus be increased when printing the structure at low/medium
shear rate (e.g. 230 s, see Table 6) compared to high shear rate e.g. 507 s, (generated by increasing the
flow rate to 2.75 mm?®/s). Compression tests were performed on 5-layer structures since it is the best we

could obtain when printing A3 at high flow rate.

Pictures, compression curves and secant Young moduli at 15 and 30% deformation are reported in Figure
25 for structures extruded at low and high shear, in comparison with structures printed with the
alginate/gelatin bioink at 200 s (flow rate of 1.25 mm?®.s!), soaked in CaCl, for 15 min to ensure that the
structure is completely crosslinked, then incubated at 37°C for 24 hours [242].
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Figure 25. Behavior under unconfined compression of chitosan-based hydrogel and Alginate/Gelatin: a)
secant Young modulus of A3 printed with high (507 s-1)/medium (230 s-1) shear rate and alginate/gelatin
bioinks; pictures of the 5-layer honeycomb structures tested are also shown; b) stress-strain curve in

unconfined compression (mean = SD; n>3).

When printed at a low/medium shear rate (230 s-1), the secant Young modulus of A3 chitosan structures at
15 and 30% deformation was 12.3 + 0.5 kPa and 24.4 + 0.7 kPa respectively. This is similar to or even more
rigid than alginate/gelatin bioink (6.3+ 0.2 kPa and 25.9 + 0.9 kPa at 15% and 30% deformation
respectively). Both structures presented good integrity and were easily handable, even if alginate/gelatin
structures presented significantly higher resistance to rupture (329 + 27 kPa vs 48 &+ 4 kPa for A3; Figure
7b).

As expected, the mechanical properties of A3 chitosan gel printed at high shear rate (e.g. 507 s!) were
lower. The secant Young modulus at 15% and 30% deformation was 2.6 £ 0.02 kPa and 4.3+ 0.1 kPa,
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respectively. The printed structure had a poor resolution. It was flattened and its poor structural integrity

prevent it from being removed from the glass slide after printing.

4.6 Discussion

Inks for bioprinting must fulfil a number of key requirements, including printability and mechanical
cohesion after printing [22]. Chitosan thermosensitive hydrogels formed with BGP, alone or combined with
gelatin or hydroxyapatite have be previously shown to present interesting characteristics for bioprinting

[194, 274] but they face particular challenges since they are time- and temperature-evolving materials.

While CH is normally soluble only in acidic media, the addition of a weak base such as BGP allow to form
a solution with neutral pH at room temperature. The negatively charged molecules screen the chitosan
positively charged ammonium groups and prevents repulsive forces between chitosan chains. When
increasing temperature, heat-induced transfer of protons from CH to glycerol phosphate takes place,
allowing strong interaction of CH chains, mainly through hydrophobic and hydrogen bonds [188, 197]. In
the case of SHC+BGP or SC+PB, the higher mechanical properties observed could be explained by a more
complete neutralization of chitosan chains due to the small size of SHC molecule and stronger interactions
due to its decomposition into CO» [275]. While this physical gelation mainly takes place at temperature
close to body temperature (due to the change of chitosan pKa), it initiates at lower temperatures. Some ionic
crosslinking can also take place [197]. The lack of complete stability of the solution at room temperature is
a possible limitation of these gels for bioprinting applications and must be taken into account by a rigorous

rheological approach.

Yet to date, only limited rheological characterization has been performed [194, 218], which doesn’t take
time into account and doesn’t allow to understand the benefits and limitations and optimize the printing
process. In this work, we adapted rheological tests to assess and predict the printability of chitosan

thermosensitive hydrogels, whose rheological properties evolve with temperature but also with time.

Gelation kinetics: We first performed time sweeps at 22°C to compare the various gel formulations in
terms of stability at room temperature, i.e. how fast does the gelation start when the solution is kept in a
cartridge at room temperature. This information is important since the time required to prepare the set-up
and print can change the bioink properties. Crosslinking of the solution prior to extrusion could lead to

needle clogging [74, 213] or to decreased shear thinning or poor recovery after shear removal.
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Formulations made with a mixture of SHC+BGP (A) presented better stability at room temperature than
their SHC+PB (B) counterparts, the latter presenting a gelation time of less than 30 s according to the
approach of Winter and Chambon. This is in accordance with our previous data [67]. It is however important

to mention that this approach (assessing gelation time by G” and G’ crossover) has limitations.

The fast gelation of SHC-PB formulations (especially B3) at room temperature can be correlated with the
precipitation and phase separation observed during the centrifugation process prior to cartridge loading, as
well as to the heterogeneous and non-continuous structures at printing (Figure S 1) at even room

temperature. These formulations were therefore rapidly discarded.

Time sweeps at 37°C allowed us to evaluate the ability of the material to rapidly gel at 37°C. One advantage
of thermosensitive hydrogels for bioprinting is the increase of their mechanical properties once incubated
at 37°C, without the need of a crosslinker. Results confirmed that increasing the temperature to 37°C
accelerates the gelation process in all chitosan-based bioinks, but the effect was more pronounced for
CH2%w/v formulations (A2). The lower thermosensitivity of CH3% compared to CH2% hydrogel is in
accordance with literature data [191, 276] and could be explained by decreased diffusion of bicarbonate

molecules (SHC) and reduced movement of chitosan chains, leading to less chain interactions.

The more pronounced thermosensitivity of CH2% formulations could be an advantage for bioprinting.
However, CH2% formulations also present lower viscosity before and after shear removal, which was later

shown to be a more decisive property.

Shear thinning: In addition to adequate gelation time, shear-thinning behavior, characterized by viscosity
decrease when the shear rate increases, is advantageous for bioprinting. This property makes it possible to
reduce the pressure needed to extrude the material and therefore the potential damage to the cells
encapsulated in the hydrogel via plug flow behavior [223, 277, 278]. More shear-thinning hydrogels present
fewer cell damages during extrusion. Our results showed that all pre-hydrogel solutions tested were non-
Newtonian, and presented shear thinning behavior (Figure 21). At a shear rate of 100 s, the dynamic

viscosity of A3 formulation was about 10° mPa.s, which corresponds to shear stresses of 100 Pa.

Alginate-gelatin control hydrogels also presented shear thinning properties but to a lower extent (viscosity
around 10° mPa.s at 100 s'; Figure S 2). It suggests that applied shear stress will be 10000 Pa on cells at

e.g., shear rate of 100 s'. Impact of shear stress on cell viability was studied by other researchers [223, 278].
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It was reported that shear stress above 5000 Pa influences cell survival adversely in both the short- and long
term [223, 278]. However, further studies are required to prove chitosan hydrogel’s advantages over

alginate/gelatin as bioink for cell encapsulation.

The information extracted from the shear viscosity results can assist in gaining a better understanding of a
biomaterial ink or bioink’s extrudability in printing. Moreover, its slope allows to evaluate the shear stress
during printing as a function of flow rate and needle diameter. This approach can be applied to any
extrusion-based system. However, printability cannot be concluded from these results alone [22, 279]. Shear

recovery was therefore performed as a next test.

Shear recovery and printability: Since shear during printing can alter the material’s properties, it is
important to verify that the biomaterial ink rapidly recovers after shear, to maintain the printed structure.
Therefore, shear recovery tests were performed on formulations made with SHC+BGP (A2, A3). An
additional step was added to common recovery tests, i.e. temperature increase at 37°C to mimic sample

heating after printing to take advantage of the gel thermosensitive properties.

Data showed that the ability to recover after shear depends on the formulation (A3 better than A2), the
extent of shear rate (better recovery for shear rate of 100 s or less), and the extent of gelification of the
hydrogel prior to shear. As expected, shear recovery was very limited for the pre-gelled inks. These results
show the importance of the stability of the solution at room temperature, when the solution is in the printing
cartridge, and to control the time during which the solution is kept in the cartridge before printing. Change
of viscosity and beginning of gelation is a limitation of chitosan thermogels compared to other bioinks. We
therefore suggest controlling of the flow rate using a plunger dispenser in contrast to pressure-driven
extrusion, as we did in our study, to avoid flow variability during printing. However, recovery after printing
can still vary as a function of time between hydrogel mixing and printing. It is therefore important to

evaluate the acceptable time frame for extrusion.

Chitosan 3% (A3) presented better recovery compared to chitosan 2% formulation (A2), especially at low
and medium shear rates. This suggests that A3 filaments present a better ability to support upper layers, as

it was indeed observed later during printability tests.

It is also important to note that in the case of A2, the filament width was significantly larger than for A3,

the filament width/needle diameter ratio reaching up to 3.5, compared to 1.4 (Figure 24 (a) & (b)). This
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indicates that the gel is taking expansion after extrusion, and could be related to the normal force that impact

extruded filament during extrusion process [234].

These two reasons could explain the difficulty of bioprinting solid 3D structures with A2 hydrogels, despite

their more interesting thermosensitive character.

In contrast, A3 presented high initial viscosity, good shear thinning and good recovery when printed at a
low shear rate, leading to 3D structures with good integrity and a rigidity comparable to alginate/gelatin at
the low deformation rate generally encountered in biological tissues (<30%). Variation between the
theoretical and real height of the printed structure was less than 10%. This shows that there is no significant
spreading of the printed filaments and that they support the weight of the additional layers. Moreover, the
printed structure showed excellent cohesion between layers and was easy to handle. This is an important
result since mechanical properties are key to ensure the fidelity of the structure during printing, but also
later to ensure cohesion during maturation, handling and potential in vivo stresses. It also influence cell

response [77, 277].

Recovery tests however emphasize the importance of the shear rate during printing. Indeed, recovery was
poorer after high shear rates. Inability to return to the reference viscosity implies loss of chain interactions
in the physical hydrogel. This was reflected by the appearance and the mechanical properties of the printed
structures, which were much poorer for the 3D structure printed at a shear rate of 507 s than at 230 s™!
(Figure 25(a)). Evaluating the shear stress using shear thinning tests and Equation 3, and performing
recovery test at the corresponding shear stress would therefore be an important step to assess the printability

or optimize the printing process of biomaterial inks.

The cytocompatibility of chitosan-based hydrogels for cell encapsulation has been already proven, by our
team among others [67, 195, 218, 280, 281]. But for their use as bioinks, further work is of course needed
to study the influence of gel formulation and shear rates on the survival of encapsulated cells. Further
optimization could also be performed by the addition of gelatin or collagen, which have been shown to
improve cell adhesion, survival and migration and could also influence [218, 280-282] and improve their

printability.

Another limitation of this work is that while the substrate was heated at 37°C, temperature can be lower on

top layers. Further work will be required to better assess the effect of the substrate’s temperature and
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possible variability of the temperature among the various layers to determine the importance of a well-
controlled print bed to create homogenous structures. However, it is important to mention that we didn’t

observe heterogeneity in the structures created by 10 or 20 layers after 24 hour gelation in an incubator.

As expected, alginate/gelatin hydrogels presented interesting recovery properties, despite also dependant of
the shear rate. Such behavior is similar than for pure alginate bioink, according to the literature data [74,
283]. In this study, alginate/gelatin was studied as considered as a stable solution since we kept the
temperature constant at 22°C. We however noted that the viscosity at rest increased with time. This is
probably due to the slight decrease of the temperature between the moment the material was poured in the
rheometer (at 25°C) and the time it stabilizes at 22°C. Indeed, the viscosity of gelatin is strongly dependant
on the temperature. It might also be due to interactions between alginate and gelatin after mixing. This
emphasizes the importance of evaluating the effect of time and temperature during printability studies. Thus,

the present approach could be applied to other temperature or time-evolving materials.

4.7 Conclusion

In this work, we propose a rheological approach to evaluate the printability of biomaterials inks, in particular
for the case of time- and temperature-evolving materials such as chitosan thermosensitive hydrogels. The
method to calculate the shear stress can be universally applied for any type of extrusion-based system. We
showed that gelation kinetic, shear thinning and shear recovery tests where time and temperature is taken

into account, are essential to evaluate the printability of time-evolving bioinks.

The gelation kinetics and the level of shear rate had a critical effect on shear recovery. It strongly influenced
the ability to support layer-by-layer build-up, the fidelity of the printed structure and its post-printing

mechanical properties.

One formulation made with sodium bicarbonate and beta-glycerophosphate as gelling agent (A3) appears a
promising bioink. After 24 hours gelation at 37°C, it presents similar rigidity in compression at the low
deformation (<30%, generally encountered in biological tissues) than alginate/gelatin bioink after
crosslinking by calcium ions. However, its mechanical resistance is lower. Its biodegradability is a clear
advantage over alginate-based bioinks which degradation is depending of many parameters and is difficult
to control [284]. However, further work is needed to confirm cell viability and proliferation in these new

chitosan-based bioinks.
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4.8 Supplemental Information
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Table S 1. Main shear recovery data from chitosan (mean, SD and SD%), as a function of shear rate (10,

100, 500 nd 1000 s-1).

Chitosan pre-hydrogels recovery tests

Formulation Viscosity (Pa.s) +SD SD%

Under shear 0,8 0,0 5%
o A2 Instantrecovery at 22°C 501,5 127,1 21%
:', Post-priting 37°C 6170,0 2616,3 30%
E Under shear 8,9 0,7 6%
§ A3 Instant recovery at 22°C 586,3 27,2 4%
& Post-priting 37°C 17204  490,6 23%

Under shear 0,2 0,0 11%
S A2 Instant recovery at 22°C 65,6 15,4 19%
: Post-priting 37°C 2063,3 883,0 35%
E Under shear 1,5 0,0 2%
§ A3 Instant recovery at 22°C 663,3 94,6 12%
& Post-priting 37°C 4616,7  973,0 17%

Under shear 0,1 0,0 3%
S A2 Instant recovery at 22°C 111,0 31,1 20%
o Post-priting 37°C 9610,0 1965,8 14%
E Under shear 0,6 0,1 7%
& A3 Instantrecovery at 22°C 957 199  17%
& Post-priting 37°C 3100,0 678,8 15%

Under shear 0,1 0,0 5%
§ A2 Instant recovery at 22°C 1,8 0,9 40%
> Post-priting 37°C 613,7 1421 19%
E Under shear 04 0,1 12%
§ A3 Instantrecovery at 22°C 127,4 79,4 51%
& Post-priting 37°C 2640,0 9180,5 25%
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Table S 2. Main shear recovery data from alginate-gelatin (mean, SD and SD%), as a function of shear

rate (10, 100, 500 nd 1000 s-1). Recovery test were performed after 1 and 10 min rest (mimicking the time

in the printing cartridge).

Shear rate (s'l)

10

100

500

1000

10

100

500

1000

ALG/GEL recovery tests
Viscosity (Pa.s) *SD

1 min rest at 22°C prior to shear

Under shear 96,2 17,7
Instant recovery 83440,0 28858,7
Under shear 11,8 2,0
Instant recovery 30875,0 5687,0
Under shear 2,4 0,8
Instant recovery 9482,0 1935,6
Under shear 0,9 0,2
Instant recovery 4648,1 510,7

10 min rest at 22°C prior to shear

Under shear 139,2 23,5
Instant recovery 196523,4 19517,3
Under shear 18,3 2,5
Instant recovery 37916,2 3825,4
Under shear 3,6 0,2
Instant recovery 10171,7 830,9
Under shear 1,4 0,3
Instant recovery 5631,7 1810,8

SD (%)

15%
28%
15%
16%
31%
18%
19%

9%

17%
10%
12%
9%
5%
7%
21%
29%
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4.9 Summary of paper 1 and introduction of objective 2

In the first paper, we studied whether rheological properties could predict printability of chitosan hydrogel.
We propose a rheological approach to assess and optimize the printability of time-dependent hydrogels,
such as thermosensitive chitosan-based hydrogels, as bioinks for bioprinting. We also demonstrated that the
thermosensitive physical chitosan hydrogel made of combination of Beta-glycerophosphate (BGP) and
Sodium-hydrogen-carbonate (SHC) [68], can print a structure with proper shape fidelity, and manipulability
[285]. However, a high concentration of chitosan (3%w/v) was needed. We also show that the gelation
kinetics and the level of shear rate had a critical effect on recovery and post-printing mechanical properties
of the hydrogels. The viscosity of the solution also strongly influenced the resolution and the ability to
support layer-by-layer build-up. After 24 hours gelation at 37°C, the chitosan bioink presents a compressive
modulus similar to alginate/gelatin bioink after crosslinking by calcium ions. However, further work is
needed to confirm cell viability and proliferation in these new chitosan-based bioinks. The methodology
introduced in this paper could be used to evaluate the printability of other time-dependent bioinks in the

future.

Later work, not included in paper 1, showed that cell encapsulation in CH 3% led to a high mortality
rate of encapsulated cells due to the high viscosity of the cell-laden solution and the low porosity of the
final hydrogel. Decreasing chitosan concentration to 2% (w/v), a concentration previously shown
adequate for cell encapsulation, resulted in a poor shape fidelity of structures formed with more than
5 layers due to the low mechanical properties of the printed filaments immediately after printing. The

printed filaments spread under the weight of the following layers.

Moreover, maintaining the substrate and environment uniformly at 37°C is an issue, leading to evaporation.
Therefore, in the paper 2, we hypothesized that a freeform reversible embedding of suspended hydrogels
(FRESH) technique with a warm support bath, could support and hold bioprinted structures and
enhance chitosan therrmo-crosslinking during bioprinting and thus increase the shape fidelity of the
printed structures while keeping chitosan at a low concentration (e.g., 2% w/v) compatible with cell
encapsulation. This work has been accepted for publication in Journal of Bioprinting; DOI:

10.1016/j.bprint.2022.e00209.
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5.1 Abstract

Thermosensitive chitosan (CH)-based hydrogels prepared with a mix of sodium bicarbonate and f-
glycerophosphate as gelling agents rapidly pass from a liquid at room temperature to a mechanically strong
solid at body temperature without any crosslinker. They show excellent potential for tissue engineering
applications and could be interesting candidates for bioprinting. Unfortunately, since gelation is not
instantaneous, formulations compatible with cell encapsulation (chitosan concentrations around 2% or
lower) lead to very poor resolution and fidelity due to filament spreading. Here, we investigate the FRESH
bioprinting approach with a warm sacrificial support bath, to overcome these limitations and enhance their
bioprintability. First, a support bath, made of Pluronic including sodium chloride salt as a rheology modifier
agent, was designed to meet the specific physical state requirements (solid at 37 °C and liquid at room
temperature) and rheological properties appropriate for bioprinting. This support bath presented yield stress
of over 100 Pa, a shear thinning behavior, and fast self-healing during cyclic recovery tests. Three different
chitosan hydrogels (CH2%w/v, CH3%w/v, and a mixture of CH and gelatin) were tested for their ability to
form filament and 3D structures, with and without a support bath. Both the resolution and mechanical
properties of the printed structure were drastically enhanced using the FRESH method, with an approximate
four-fold decrease of the filament diameter which is close to the needle diameter. The printed structures
were easily harvested without altering their shape by cooling down the support bath, and do not swell when
immersed in PBS. Live/dead assays confirmed that the viability of encapsulated mesenchymal stem cells

was highest in CH2% and that the support bath-assisted bioprinting process did not adversely impact cell
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viability. This study demonstrates that using a warm FRESH-like approach drastically enhances the
potential for bio- printing of the thermosensitive biodegradable chitosan hydrogels and opens up a wide

range of applications for 3D models and tissue engineering.

Keywords: bioink, thermosensitive chitosan-based hydrogel, support bath, FRESH bioprinting
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5.2 Introduction

Despite the huge recent progress in bioprinting, the quest for better biodegradable bioinks is still ongoing.
Chitosan hydrogels are particularly attractive candidates due to chitosan biocompatibility and
biodegradation, which can be tuned by changing the degree of deacetylation (DDA) and molecular weight
[68]; a significant advantage over other biopolymers such as alginate. Chitosan thermosensitive physical
hydrogels, that are liquid at room temperature, but rapidly gel at body temperature, present interesting
features as bioinks [67, 68, 187]. In particular, it has been shown that when an acidic chitosan solution is
mixed with a combination of Beta-glycerophosphate (BGP) and Sodium-hydrogen-carbonate (SHC), it
forms a solution of physiological pH and osmolarity where cells and bioactive factors can easily be mixed.
Once at 37°C, it rapidly gels into a strong porous hydrogel without the use of a chemical crosslinker [68].
Excellent survival of cells, such as mesenchymal stem cells, intervertebral disk cells, or T lymphocytes, to
name just a few examples, was demonstrated and thanks to their good mechanical properties, these
hydrogels have been already proposed for several cell therapy and tissue-engineering applications [268,

275].

However, the few attempts to print cell-loaded thermosensitive chitosan hydrogels [184, 218, 286], have
led to disappointing results, with bioprinted structures presenting either very poor resolution and low
mechanical properties, or poor cell viability. For example, Rahimnejad et al. showed that chitosan
concentration around 3%w/v was necessary to result in structures with good resolution and handleability
[285]. This however led to a high mortality rate of encapsulated cells due to the high viscosity of the solution
in which the cells were mixed and to the low porosity of the final hydrogel. Decreasing chitosan to
concentrations more suitable for cells (2% or below) resulted in poor shape-fidelity structures due to the
low mechanical properties of the printed filaments (spreading under the weight of the overlying layers) as
also shown by other teams [140, 141, 285]. The main reason for this is that the gelation process of chitosan
hydrogel is not instantaneous. Moreover, to take advantage of the thermosensitivity of these hydrogels, it is
important to maintain the environment at 37 °C. But keeping a simple warm substrate at 37 °C is quite

challenging and can lead to water evaporation from the sample.

In this paper, we show how combining 2% chitosan hydrogels with the freeform reversible embedding of

suspended hydrogels (FRESH) approach, modified to include a warm support bath, can overcome the
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limitations observed when using other processes and allow to print pure chitosan 3D structures combining

good mechanical properties, fidelity, and cell viability under gentle conditions.

The FRESH method was initially proposed by Feinberg’s team in 2015 [53] to maintain the intended
structure during the print process and improve print fidelity. It is now largely used in the bioprinting field,
with some amazing results, such as printing a full-size model of the heart [54, 249]. This method has been
applied with several biopolymers such as alginate, collagen, and fibrin, but to the best of our knowledge, it

has never been applied with chitosan.

The first objective of this work was to design a support bath that presents the key features required to print
chitosan hydrogels. For that the support bath should present adequate rheological properties when warmed
around 37 °C, to take advantage of the thermosensitivity of these hydrogels. It must be cytocompatible, and
its removal after bioprinting should not impart any mechanical or biological shock to the cells. In terms of
rheological properties, three main properties are desirable. First, the support bath should behave as a rigid
body when subjected to low stresses but flow as a viscous fluid when subjected to high stresses [56]. The
rheological properties of such materials are generally described by the Herschel-Bulkley model [57, 58],

where the shear stress 7 relates to the shear rate y as presented in Equation 4 [287].

For n<1 the material is shear-thinning, whereas for n>1 it is shear-thickening. If n=1, the model reduces to
Bingham plastic fluid. It has been reported in the literature that the yield stress of the FRESH support should
be equal to or higher than 100 Pa [58, 59].

Second, once the bioink is in place, the FRESH support should stop flowing and recover, to prevent the
bioink to disperse. Furthermore, the recovery should be rapid to ensure no crevasses or air pockets are
trailing from the moving nozzle [59]. Third, it has also been shown that the stiffness of the support bath,
which can be accessed by its storage modulus G’, is of paramount importance to the process. Storage moduli
of FRESH support should vary between 5,000 Pa to 10,000 Pa, to provide adequate support for a low
viscosity ink and yet allow its penetration [54, 58, 245, 256].

Different materials have been proposed as a FRESH support bath, such as gelatin microparticles, Carbopol
microgels and nanoclays (e.g., Laponite), and Pluronic. Gelatin microparticles (slurry) is the most
commonly used material [53]. However, gelatin slurry is liquid at body temperature [249], which it is not
suitable for chitosan bioinks that gel at 37 °C. Carbopol microgels are anionic [250] and not recommended

for use with cationic hydrogels such as chitosan [251]. Nanoclays also are not suitable for cationic
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hydrogels, because possible positive charges dissolve the bath, and amine groups of chitosan can lead to the
formation of small, flocculated particles, often described as “seeds” [253, 254, 288]. Another possible
material for the FRESH method is Pluronic (F-127), a block copolymer, PEO-PPO-PEO, used alone or with
additives [255-259]. Pluronic is generally in the gel form at 37 °C, while liquid at lower temperatures, thus
enabling its gentle removal by decreasing the temperature. Moreover, its gelation temperature and modulus
can be tuned by varying its concentration and by the addition of salts, such as NaCl or CaCl, [58, 257, 289].
Thus, Pluronic is a promising FRESH support bath for this chitosan thermosensitive hydrogel.

In this work, we first optimized a Pluronic-based support bath and then demonstrated how we can use this
approach to very significantly increase the printability of chitosan and chitosan-gelatin hydrogels and
fabricate biodegradable 3D structures with good resolution, good mechanical properties and

cytocompatibility, opening for many applications in tissue engineering and 3D tissue models.

5.3 Materials and Methods

5.3.1 Materials

Shrimp shell chitosan (ChitoClear, HQG110, Mw: 155 kDa, DDA 83%) was purchased from Primex
(Iceland). B-Glycerol phosphate disodium salt pentahydrate (C3H7Na2O6P-5H20, hereafter BGP) was
purchased from Sigma-Aldrich (Oakville, ON, Canada). Sodium hydrogen carbonate NaHCO3 (sodium
bicarbonate, hereafter SHC) was obtained from MP Biomedicals (Solon, OH, USA). Type A gelatin from
porcine skin (G1890), Pluronic F-127 (Mw=12,600 g/mol), and sodium chloride (NaCl) were purchased

from Sigma-Aldrich. Other chemicals were of reagent grade and were used without further purification.

5.3.2 Chitosan and chitosan-gelatin bioinks preparation

Chitosan (CH) and chitosan-gelatin (CH-Gel) hydrogels were prepared by mixing an acidic CH or CH-Gel
solution with a gelling agent solution at a volume ratio of 3:2, respectively. Chitosan (CH) powder was first
solubilized in hydrochloric acid (HCI) (0.1 M) at 3.33% w/v (final concentration 2%), by way of mechanical
stirring for 3 hours. For the chitosan-gelatin (CH-Gel) solution (final concentration 2% w/v for each
component), gelatin powder was added to 0.1M HCI solution, heated to 37 °C for 30 min, then chitosan

powder was added, and the solution was stirred for 4 hours. Chitosan solution at 5% w/v chitosan (in
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0.015 M HCI; final CH 3% hydrogel) was also prepared as a control substance. The solutions were sterilized
by autoclaving (20 min, 121 °C) and stored at 4 °C.

The gelling agent used in this study was a mixture of BGP and SHC, hereafter called BGP/SHC, at a final
concentration in the hydrogel of 0.1 M/0.075 M and 0.15 M/0.113 M for 2% and 3% chitosan-based
hydrogels, respectively, as previously published [67].

The two solutions were introduced in separate syringes, joined by a Luer lock connector. The content of the
gelling agent syringe was pushed into the CH syringe, and the mixture was transferred back and forth from
one syringe to another 15 times. Hydrogel solutions were then centrifuged to remove air bubbles and used
immediately. Hydrogels had a final chitosan concentration of 2% (w/v) or 3% (w/v). All had a physiological
pH.

5.3.3 FRESH bath preparation

Pluronic powder was solubilized under stirring in distilled water at concentrations of 17 to 23% w/v with
and without 1% and 5% w/v NacCl salt for 6 hours at 4 °C. The pH and osmolality of the various solutions
were measured using a Horiba LAQUAtwin pH-22 Compact and Portable pH Meter (Horiba, country), and
Advanced® Micro 3300 Osmometer respectively.

5.3.4 Rheological characterization

Rheological characterization of the support bath and the bioinks were carried out using an Anton Paar
instrument (Physica MCR 301, Germany) with a concentric cylinders type geometry (CC10/T200), 1 mm
gap, or a cone-plate geometry (CP25) 25 mm in diameter. The linear viscoelastic (LVE) range was first
determined using a plate-plate geometry (PP25) and an amplitude sweep test. The following tests were then

performed, either on the support bath, the bioinks, or both:

1) Temperature sweep from 10°C to 45°C at arate of 1 °C/min was first performed on various compositions
of support bath, using the oscillatory mode in the LVE range, at a constant shear strain (1%) and constant
frequency (1 Hz) to determine the formulations with adequate gelation temperature (temperature where
the storage modulus G’ was equal to the loss modulus G*’).

2) Time sweeps at 37 °C were then performed to assess the stability and viscoelastic properties of the

support bath. In addition, the gelation kinetics of the chitosan bioinks was studied using time sweep tests

78



for 10 min at 22 °C (to assess their stability at room temperature in the printing cartridge) followed by
10 min at 37 °C (to assess their gelation kinetics once printed in the support bath).

3) Amplitude sweeps with strain-controlled mode (1% to 100% strain) were performed using oscillatory
rheometry at a constant frequency (1Hz) to evaluate the yield stress of the hydrogels and support bath at
22 °C and 37 °C, respectively. The yield stress was considered as the stress value where G’ dropped by
>10% of the deformation.

4) Shear thinning viscosity behavior of the bioinks at 22 °C was assessed using rotational rheometry tests
as previously reported [285].

5) Recovery tests at 37 °C were also performed using oscillatory rheometry, to verify the self-healing
properties of the support bath after printing. The storage modulus of the bath was measured during
various cycles mimicking the printing process: (1) Pre-printing (rest) (2 min at 1% strain); (2) Printing
(sudden increase to 100% strain for 1 min) (3) Post printing (back to 1% strain). The hydrogels’ recovery
behavior was also evaluated with a slightly different protocol to factor in temperature after printing and
take advantage of the hydrogel’s thermosensitivity: (1) Pre-printing (1% strain for 10 min at 22°C); (2)
Printing (100% strain for 1 min at 22°C); (3) Post-printing (1% strain for 10 min at 37°C).

5.3.5 Printing procedure

A 3D-Discovery bioprinter (RegenHU, Villaz-St-Pierre, Switzerland) was used to print the hydrogels via a
plunger dispenser, which is able to maintain a constant dispensing rate (volume/min) during printing even
if the hydrogel properties change with time. The cartridge was kept at room temperature, while the heated
substrate (warm glass or warm FRESH bath) temperature was kept constant at 37°C. A long stainless steel
25G needle (length: 25.4 mm; internal diameter = 0.26 mm) was used to print the hydrogels. The effect of
the feed rate (3, 5, 7, 9, 11 mm/s) and flow rate (0.5, 1.0, 1.5 mm?/s) on filament width and continuity were
first studied on glass (Figure S 4 in supplemental data); then the optimal flow rate (0.5 mm?/s) was used to

print within the bath.

5.3.6 Resolution and shape fidelity

Images of printed filaments were analyzed using the freeware ImageJ (Fiji.sc), according to the approach
proposed by Gillispie et al. The average width [272] and the spreading ratio (printed filament width/ needle

inner diameter) [213] were determined.
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The best printing parameters (flow rate 0.5 mm3/s and feed rate 9 mm/s) were then used to print hydrogels
on glass and within the FRESH bath in 10-layer and 20-layer gridded structures. The FRESH bath was
removed 30 min after printing by putting samples at 4 °C for 10 min. Then, the printed structures were
incubated once more for 24 hours at 37 °C. Their structural resolution and fidelity were assessed visually
and quantified by two parameters: 1) the height of the printed structure was compared with its theoretical
value (based on the layer-to-layer distance corresponding to 80% of the needle’s internal diameter); 2) the

printability (Pr) based on square shape as proposed by Ouyang et al. [213] using the following equation:

L? Equation 5

Pr=—o
"= 164

where, L is the perimeter and A is the area of the printed squares in the gridded structure. For the ideal
bioink, the Pr is close to 1, indicative of sharp angles and absence of filament spreading. The range of 0.9

<Pr< 1.1 is considered as good printability [290].

We also verified the stability and absence of swelling of the printed structure by taking images and

measuring their weight before and after immersion in PBS for 24 h.

5.3.7 Mechanical properties characterization

Unconfined compression tests were performed on 20-layer printed gridded structures using the MACH-1
testing device (Biomomentum, Canada). A velocity equal to 100% of the sample’s height/min was used.
The compressive strength and secant Young’s modulus at 10% and 30% of deformation were calculated
from the stress-strain curves. ImageJ software was used to calculate the actual surface area of the printed
structure (without the holes in the structure) to determine the applied stress. Tests were performed at room

temperature after 24 hours of sample incubation at 37 °C.

5.3.8 Bioprinting of stem cell loaded hydrogels

Human bone marrow mesenchymal stems cells (MSCs) (PT-2501, Lonza Inc., ON, Canada) were cultured
in NutriStem XF (#cat 05-200-1A, Biological Industry, USA) supplemented with 0.6% NutriStem XF
Supplement (#cat 05-201-1U, Biological Industry, USA). They were used at passage 6.
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MSC were encapsulated in the hydrogels as follows: 1.2 mL of CH or CH-Gel solutions were first mixed
with 0.4 mL gelling agent solution using two syringes (3 mL) connected with a Luer Lock. The obtained
mixture was then mixed with 0.4 mL cell suspension (5x10° cells/mL). After mixing, the cell density was
10° cells/mL in a solution of 2% w/v chitosan with or without 2% w/v gelatin, 100 mM BGP and 75 mM
SHC. A volume of 200 uL of the solution was placed in a 48-well plate to be used as a control and to
evaluate the effect of the printing process on cell viability. The solution remaining in the syringe was
centrifuged at 1000 rpm for 1 min and used to bioprint different structures. Our bioprinter is stored in a
biosafety cabinet and used in routine cell culture. All surfaces within the biosafety cabinet were disinfected
with 70% ethanol and irradiated with the UV lamp overnight. Structures were bioprinted on the 6-well plate
filled with a 1 ml 37°C support bath. After bioprinting, the bath was removed for a 5 min incubation at 4 °C
with a cold PBS buffer. Then, MEM o media (#cat 12561056, Gibco) supplemented with 10% FBS, and
1% penicillin/streptomycin was added to the surface and left to incubate 24 h at 37 °C, 5% CO,. As a second
control to evaluate the effect of the bath on cell viability, 200 pul of the solution remaining in the cartridge
after the bioprinting process was injected through the needle into an empty 48-well plate and treated

similarly.

Cell viability was assessed after 24h. In short, the wells were washed twice with PBS and incubated for
45 min at 37 °C with serum-free medium supplemented with 2 uM ethidium homodimer-3 and 1 uM
calcein AM (LIVE/DEAD Cell imaging kit reagents, R37601, Life Technologies, Carlsbad, USA). The
samples were then washed again with PBS and immediately observed using an inverted fluorescent
microscope (Leica DM IRB, Feasterville, USA). Cell viability was calculated as the ratio of live cells
(green) to total number of cells (green and red). The tally was obtained using the Analyze Particles function

in ImageJ (National Institute of Health, USA).

5.3.9 Statistical analyses

All experiments were performed in triplicate. Results were expressed as mean + SD. Statistical analysis was
performed using GraphPad Prism 7.04 software. One-way ANOVA and Tukey’s multiple comparison tests

were used to compare multiple groups. P<0.05 was deemed statistically significant.
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5.4 Results and Discussion

5.4.1 FRESH bath optimization and characterization

As explained in the introduction, the support bath was first designed to suit the specific needs of chitosan
thermosensitive hydrogels, i.e. it must be a shear thinning solid at 37 °C (to provide support during the
printing and rapid gelation of the chitosan hydrogel), heal well (recovery after strain), and then liquefy at a

temperature that permits the easy removal of the cells.

Temperature sweeps and time sweep at 37°C confirmed that the gelation temperature and storage modulus
(G’) could be fine-tuned by changing the concentration of Pluronic [291-294] and NaCl [58, 257, 295].
Main data are shown in Figure S 5. Pluronic19%+1% NaCl was chosen as a support bath for further studies
since it is completely liquid at 22 °C but forms a completely gelled and stable structure at temperatures
above 32 °C with a storage modulus around 5 kPa (Figure 26). This allows for a safety margin in case the
temperature of the support bath slightly decreases below 37°C, due to contact with ambient air. Moreover,
NaCl 1% effectively provides osmolality to the support bath to a level similar to that of the printed material
(physiological level) (323 + 17 mOsm/kg H20 (physiological level is deemed around 330 mOsm/kg)), in

order to avoid osmotic exchange between the two. The support bath also had a physiological pH.
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Figure 26. Rheological properties of Pluronic support bath A) Temperature ramps (10-45 °C) of Pluronic
19% (w/v) +1% (w/v) NaCl (dotted line=37°C); B) Recovery tests: Storage modulus of Pluronic 19% + 1%
NaCl (black curve) during various cycles of strain at 37 °C (2 min rest at 1% strain, 1 min under shear at

100% strain, red curve) (mean; n>3).
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The support bath in the FRESH approach should also present sufficient yield stress to firmly hold the printed
bioink after deposition while maintaining a shear-thinning behavior (so that it will not hinder the movement
of the printing needle) and rapid recovery to a solid state after printing. Therefore, the support bath
material’s yield stress values, shear-thinning behavior, and self-healing were investigated. The optimized
FRESH bath presents a yield stress of over 100 Pa (147 + 3 Pa) (Figure S 6). The Herschel-Bulkley model
(Equation 4) was used to fit the data and estimate the consistency index K and flow behavior index n
(n=0.15; K=147; Figure S 7). The recovery properties of the FRESH bath at 37°C was demonstrated
throughout cyclic deformation (1 min under shear at 100% strain followed by 2 min rest) (Figure 26B).
Even after various cycles, the material showed complete recovery (storage modulus coming immediately
back to its previous value). Such rapid recovery to a solid state ensures that the extruded bioink is soundly

embedded [58, 218].

5.4.2 Rheological behavior of chitosan-based hydrogel bioinks

Prior to bioprinting, the rheological properties of the chitosan-based bioinks were assessed to confirm their
thermosensitivity, as well as their shear thinning and recovery behavior. Figure 27 shows the evolution of
the storage modulus during time sweeps, first at room temperature (22 °C) for 10 min to estimate the
stability of the hydrogel solutions in the printer cartridge, and then at a temperature varying to 37 °C to

assess their gelation kinetics once on the heated glass or in the warm FRESH bath.

As previously published, CH2 shows a drastic increase of G’ when the temperature increases to 37 °C,
indicative of the gel’s thermosensitivity. This suggests that a warm FRESH bath can help ensure rapid
gelation during printing. When gelatin was added to chitosan (CH-Gel), the behavior was quite similar,
except for the sudden drop of the storage modulus when the temperature was increased to 37 °C, probably
due to the gelatin melting. In contrast, CH3 showed a different trend, with a continuous increase of G’ value

as a function of time, with only a minor influence due to the temperature rise to 37 °C.
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Figure 27. Rheological properties of chitosan hydrogels ; A) Evolution of the storage (G”) and loss (G”)
moduli of hydrogels as a function of time and following the sudden increase of the temperature from 22 to
37 °C (the dotted black line represents the temperature as a function of time).; CH2: chitosan 2% w/v
hydrogel; CH3 : chitosan 3% w/v hydrogel; CH-Gel: chitosan 2% w/v gelatin hydrogel); B) Yield stress of
each formulation (strain controlled, 0.01-500%) (mean +/-SD; n>3); C) viscosity as a function of shear rate
after 10 min at 22 °C (mean; n>3); D) Recovery test, showing the evolution of the storage modulus during
a complete cycle, namely at-rest state at 22 °C (1% strain for 10 min), printing step at 22 °C (100% strain
for 1 min), post printed rest state at 37 °C (1% strain for 5 min) (n>3)(the red zone shows increase of

temperature from 22 °C to 37 °C).

Yield stress, shear rate sweep, and recovery tests performed to evaluate the printability of chitosan hydrogels
are presented in Figure 27B-C respectively. All hydrogels present a yield stress over 100 Pa, CH-Gel
exhibiting the lowest and CH3 the highest value (Figure 27B). The yield stress can be considered as a critical
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stress above which the hydrogel starts to flow, showing the injectability of the material (initial force required
to generate flow) [59]. Bioinks that exhibit a large yield stress will also naturally resist deformation and

maintain the printed structure, a major advantage for 3D bioprinting [59].

Figure 27C shows the evolution of the storage modulus during recovery tests for each formulation. To
mimic the specific recovery conditions of the warm FRESH method, the temperature was increased to 37 °C
at the time of shear removal. All hydrogels showed shear thinning under applied stress. For CH2, immediate
recovery is observed, with G’ reaching similar and rapidly even higher values after shear removal, probably
due the fact that gelation occurs at 37°C. In contrast, CH-Gel recovered only after some time, which could
be explained by the melting of the gelatin in the hydrogel. CH3 shows an intermediate behaviour, a few

seconds being necessary to reach back the original storage modulus after shear removal.

5.4.3 Optimization of printing parameters

The hydrogels were printed using a 3D Discovery printer with a 25G needle. Preliminary printing assays
were performed on glass substrate to evaluate the influence of the flow rate (varied from 0.5 to 1.5 mm?/s)
and feed rate (speed of the printing nozzle (3-11 mm/s)) on the resolution, in terms of the thickness and
continuity of the filaments (Figure S 4 in Supplemental data). The flow rate that resulted in the best
resolution (0.5 mm?/min) was then chosen to print on glass (Figure 28 A-C) and within the Pluronic19%+1%

NaCl FRESH bath) (Figure 28D-F).
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Figure 28. Illustration of how the FRESH method greatly reduces the diameter of printed filaments. Images
of filaments printed with a 25G needle (0.26 mm inner diameter) with feed rates changing from 3 to 11
mm/s: A-C: on glass and D-F: within the support bath (mean +/-SD; n>3; flow rate=0.5 mm3/s; G)
Spreading ratio of the printed filaments at optimized printing condition (flow rate of 0.5 mm3/min and feed

rate of 9 mm/s)(mean = SD; n>3; **** p<0.0001); H) Width of printed filaments (mean = SD; n>3).

As can be seen on Figure 28, printing within the support bath drastically enhances the resolution. The
diameter of the printed filament decreased 4, 4, and 3-fold for CH2, CH-GEL, CH3 hydrogels, respectively
(Figure 28H), reaching values around 0.2 to 0.3 pum, close to the needle diameter (25G=0.26 pm). Data can
also be expressed as the spreading ratio (filament width on needle diameter) which was very significantly
reduced with the FRESH approach (Figure 28G) (**** p<0.0001), in accordance with previous studies
using the FRESH approach [296].
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5.4.4 Printed structures on glass and within the FRESH bath

We then evaluated the feasibility of printing a complex multi-layer structure. The gridded structure shown
in Figure 29G was printed at 10 layers, both on warm glass and within the warm FRESH bath. Figure 29

presents the resolution and handability of the printed structures after 24 h incubation at 37 °C.

CAD Design

On glass
10 layers

[

Pr = Not printable Pr = Not printable Pr=12%01

ns

4.0+

In bath
10 layers

3.51

3.0 @

Pr=09+0.1

Printed structure thickness (mm)

< | .
35
c > " 2 N M
= © 2.5 > " o -
™o & & & F F &
I« S & 0¥ e 4
(%) & & o 9‘0\’ 27 &

O X <

Figure 29. The FRESH method strongly enhances the resolution and feasibility of creating 3D structures
with chitosan hydrogels. Pictures of gridded structures after 24 h gelation at 37 °C; A-C) printed on warm
glass substrate (10-layers); D-F) printed in the Pluronic support bath (10-layers); G) Illustration of
handability of CH2 10-layer printed structure; H) CAD design of the gridded structure (scale 1 cm); I)
Thickness of 20-layers printed structures after 24 h gelation at 37 °C, in comparison to the theoretical height
(control *) (mean £+ SD; n>3; * p<0.5, ** p<0.01, *** p<0.001, **** p<0.0001); J) Pictures of gridded,
and cylindrical CH2 structures printed in the Pluronic support bath (20-layers).

Printing more than 5 layers on warm glass resulted in a scrambled structure with bad resolution. The layers
tended to collapse, especially with CH2 and CH-Gel hydrogels. These limitations are in accordance with

previous work published by our team and a few others, which showed very poor resolution of the
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printed structures [184, 285, 297]. Moreover, structures were very difficult to retrieve from the support.
Using the FRESH bath, hydrogels were printable at least up to 20 layers, easy to remove from the substrate,
and presented good cohesion, handability and relatively good correspondence to the theoretical CAD design
(Figure 29D-F). CH3 showed the best printability, followed by CH2. The resolution of the CH-Gel hydrogel
structure was lower, probably due to diffusion of the gelatin when increasing the temperature to 37 °C,

which lead to a temporary decrease of the rheological properties as shown in Figure 27A.

All hydrogels printed in support bath showed improved printability in range of 0.9<Pr<I1.1. In addition, the
thickness of the structures was increased and close to the theoretical value when printed in the bath (Figure
29]). The difference was significant for CH2 (3.7 = 0.1 vs 3.1 £ 0.3 mm; p<0.001), whose values were
similar to those of CH3 thanks to the support bath. These results confirm that the support bath helped to
prevent the filament from spreading out during printing, as well as from collapsing under the weight of the
multiple layers. In contrast, CH-Gel structures remain far from the ideal (thickness of 3.1 + 0.1 vs 4.2 mm

for the theoretical value; p<0.0001).

Interestingly, immersion of CH structures in PBS did not induce significant swelling and loss of resolution
of CH2 printed structures (Figure S 7). This is in agreement with our previous work [68] and was confirmed
by the absence of weight change as a function of time (Figure S 7 A). In contrast, when printing on glass,
the weight of the structure was small and increased when immersed in PBS. This indicates that significant
water loss had taken place during printing due to the dry and warm conditions. Preventing evaporation is a

further advantage of the FRESH technique.

No swelling was observed with FRESH-printed CH-Gel as well but we noted that the weight of the printed
structure was only 74% of its theoretical value (compared to 98% for CH). This confirms that some gelatin
was lost during printing in the support bath, due to gelatin melting at 37°C. Moreover, immersion led to

some deterioration of the structure (Figure S 7 B).

5.4.5 Post-printed mechanical properties

A good bioink should provide tissue-mimicking rigidity and good mechanical strength after printing. The
mechanical properties of 20-layer gridded structures, printed either on glass or within the warm FRESH

bath, were therefore tested in compression, after 24 h gelation at 37 °C. Figure 30A presents typical curves
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up to 80% deformation. Since hydrogels present a non-linear behavior, the rigidity is expressed by the secant

modulus at 30% deformation on Figure 30B.

The hydrogels printed within the bath were found to have greater rigidity than those printed on the glass.
The difference was significant for all hydrogels (Figure 30B). The difference was particularly notable for
CH2, which passed from 1.0 + 0.2 kPa when printed on glass to 16.3 + 3.1 kPa when printed in the support
bath at 30% deformation. The reason for these enhanced mechanical properties is unclear. According to
FTIR analysis, the increase of mechanical properties can’t be related to Pluronic residues, as no trace is
observed in the structure (Figure S 8). We believe this is rather due to a better cohesion between the layers,

proper thermogelation, and prevention of evaporation during printing.
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Figure 30. Mechanical properties of 20-layer structures printed on glass and within the FRESH bath: A)
stress-strain curve in unconfined compression; B) secant Young’s Modulus at 30% deformation (CH2: 2%
w/v chitosan, CH3: 3% w/v chitosan; CH-Gel: 2% w/v chitosan-2% w/v gelatin) (mean = SD; n>3; *
p<0.05, ** p<0.01, **** p<0.0001).

More importantly, these results confirm the strong mechanical properties of these chitosan hydrogels. Their
secant modulus at 30% deformation reached 16 + 3 kPa, 28 + 7 kPa and 70 + 10 kPa for CH2, CH-Gel and
CH3 respectively (Figure 30B), and all sustained deformations up to 80% without breakage (Figure 30A).

Such high values can be explained by the presence of SHC in the gelling agent solution. Indeed, it was
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previously shown that CH gel made with SHC+BGP were drastically stronger that the conventional CH-
BGP hydrogels [67, 188, 197]. Replacing part of the BGP with SHC is thought to lead to stronger
interactions between the chitosan chains due to the SHC’s decomposition into CO, during gelation [67]
(Equation 1). SHC+BGP hydrogels also make it possible to attain rapid gelation at reduced BGP

concentrations, to the benefit of cell survival (more physiological osmolality).

5.4.6 Cell viability

Preliminary assessment of the compatibility for cell encapsulation showed that CH3 resulted in high cell
mortality when cells were encapsulated in this hydrogel (Figure S 9), probably because of its high density,
as observed by SEM (see Figure S 10). For this reason, bioprinting was performed only with CH2 and CH-
Gel hydrogels. Figure 31 presents typical live/dead images and cell viability of MSC in bioprinted hydrogels
after 24 h, in comparison with hydrogels not submitted to extrusion (control 1) and submitted to the

complete process except the FRESH bath and its removal (control 2).

Results show homogeneous cell distribution in the hydrogels, with good cell viability in CH bioprinted
structures (76%), but significantly lower in CH-Gel (52%; p<0.001). In both cases the viability was lower
than in the non-printed control (85% and 76% for CH and CH-Gel, respectively), possibly due to the shear
stress applied during bioprinting. According to the literature, dead cells and cell damage increase as the
pressure and needle length increase [223, 298, 299]. Another reason for decreased cell viability is probably
the time the cells spend at temperatures <37 °C and the manipulation prior to the bioprinting process e.g.,
centrifugation. Short term cell viability is a key indicator for judging the processing properties of the
extruded bioinks [286]. Here we used stem cells since they are more fragile than specialized cells, and long
needle (25¢cm) with very small needle diameter (25G =260 pum internal diameter) to maximize the risks of

cell death due to shear during printing. Better cell survival can be expected if increasing needle diameter.
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Figure 31. Viability of encapsulated MSCs loaded in CH2 and CH-Gel hydrogels, printed within the support
bath A) Live-dead images (Live cells appear in green, dead cells in red); B) percentage of live cells (mean
+SD; n>4). Controls correspond to hydrogel solutions simply injected in a well before and after the
bioprinting process (*p<0.05, **p<0.01, ****p<0.0001 compared to the control before bioprinting; ($
p<0.05; $$$ p<0.001, compared to CH-Gel sample) (CH2: chitosan 2% w/v; CH-Gel: chitosan 2% w/v —
gelatin 2% w/v) (Live/dead assays).

The cell viability in bioprinted CH2 was similar to that of the second control, which differed only by the
presence of the FRESH bath and the bath removal procedure. This suggests that the Pluronic support bath,
as well as the few minutes at low temperature required to retrieve it, were not harmful to the encapsulated
cells with this formulation. There was a slight difference, however, in the case of CH-Gel. The slightly

lower short-term cell viability in CH-Gel compared to CH2 can be explained by the higher viscosity of the
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solution during printing (as shown in Figure 27C). Ouyang et al. also observed a reduction of stem cells

viability when increase gelatin concentration in a bioprinted alginate-gelatin structure [213].

Long-term cell viability and growth in both CH and CH-gel hydrogels have already been demonstrated over
more than 2 weeks, with a number of cell types such as mesenchymal stem/stromal cells, T lymphocytes,
intervertebral disk cells, fibroblasts and motor neuron-like NSC-34 cells [68, 275, 300-303]. Various
applications can therefore be overseen with this warm FRESH bioprinting approach, thanks due to the
numerous advantages of these chitosan bioinks (biocompatibility, strong mechanical properties, porosity,
absence of swelling, tuneable biodegradation rate, antibacterial properties, absence of chemical
modification or crosslinking etc.), the gentle physiological conditions during fabrication and the unpreceded

resolution obtained compared to previous work [184, 218, 286].

This approach can be used to create complex and personalized geometries with various cell types to form
3D in vitro models to study diseases and treatments, such as the efficacy of T cell delivery system for cancer
immunotherapy [268], study cell interactions or the mechanism underlying motor neuron diseases [303], to
name just a few. As the viscoelastic properties of the gel can be tuned by changing the concentration of the
gelling agents [68, 304], the printed constructs can be customized for specific applications or to study the
impact of viscoelastic properties on stem cell behavior, under static and cyclic loading conditions, without
any limitations in terms of nutrient and O2 diffusion [305]. Moreover, other components such as growth
factors and bioactive agents can be easily added [194, 306] to optimize cell fate and extend their potential

for tissue engineering applications.

5.5 Conclusion

In this work, we demonstrate how using the FRESH approach with a warm support bath at 37 °C, combined
to a thermosensitive chitosan hydrogel with strong mechanical properties, drastically enhancesthe potential
of chitosan hydrogel as bioinks for 3D bioprinting. The FRESH method provides mechanical support and
assists in adequate thermo-crosslinking during printing, while preventing evaporation and easing sample
removal. Printing in the support bath led to marked improvement of the resolution of the printed 3D
structures for all chitosan hydrogels tested (Chitosan 2%w/v, 3% w/v and chitosan-gelatin (2-2%), but more
particularly for CH2 hydrogels, without swelling after immersion in PBS. Structures had good cohesion and
handability. They presented strong mechanical properties thanks to the use of a mix of sodium bicarbonate

and beta-glycerophosphate as gelling agents.
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CH2 presented better rheological properties, printing behavior and MSC survival than CH-gelatin hydrogel,
probably because gelatin escapes from the gel into the support bath at 37 °C. Other compounds and bioactive
factors could be added to optimize the hydrogel as a function of the target application. While further study
is required to optimize the fabrication process, these results show how the FRESH method can overcome
the main limitation of the thermosensitive chitosan-based hydrogels as bioinks. This opens the path to
exciting applications for 3D in vitro models and tissue engineering applications since these biodegradable
chitosan hydrogels have been already reported as excellent scaffold for many cell types and do not need any

chemical modification or crosslinker.
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5.6 Supporting Information
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Figure S 4. Mean diameter and images of filaments printed with a 25G needle (0.26 mm inner diameter)

with feed rates changing from 3 to 11 mm/s: A-C: on glass with flow rate of 0.5, 1, 1.5 mm?®/s and D-F:

within the support bath with flow rate of 0.5 mm?®s for three formulations: 2% chitosan (CH), B)
2%chitosan-2% (w/v) gelatin (CH-Gel), and C) 3% chitosan-based hydrogel (mean +/-SD; n>3).
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Figure S 5. Rheological properties of Pluronic support bath A-B) Effects of added NaCl on temperature
ramps (10-45 °C) of Pluronic 17% and 19% (w/v) (dotted line=37°C); C-D) Time sweep of Pluronic bath

at 37 °C; (mean; n>3).
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Figure S 6. Rheological properties of Pluronic + 1% NaCl FRESH support bath A) Amplitude sweep, with
controlled-shear deformation (0.01%-100%) of Pluronic19% + 1% NaCl at 37 °C; (mean; n>3); B) Herschel
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Bulkley model of the Pluronic + 1% NaCl FRESH support bath (the straight line crossing the Y axis shows

the yield stress).
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Figure S 7. FRESH-bioprinted structures do not swell once immersed in saline, in contrast to those printed
on glass: A) weight of the printed structure (expressed in % of weight of the equivalent volume of extruded
filament), immediately after printing, after 1 h and 24 h soaking in PBS; B) images of the corresponding

structures.
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Figure S 8. FTIR analysis show absence of Pluronic in FRESH-printed CH structures. Some trace of
Pluronic could however be present in CH-Gel hydrogels due to gelatin-Pluronic interactions (peaks

attributed to the Pluronic are showed by dotted red lines).

Figure S 9. Live-dead assay of L292 fibroblast cells encapsulated in 3% (w/v) chitosan-based hydrogel
after 24 h (live cells were stained with Calcein (green) and dead cells were stained with EthD-1 (red)).
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Figure S 10. SEM images of CH2%, CH-GEL and CH3% hydrogels.
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5.7 Summary of paper 2 and introduction to the next objective

Paper 1 and 2, as well as previous publications of the lab, have demonstrated the potential of chitosan
thermosensitive hydrogel as bioink and/or injectable scaffold for tissue engineering purposes. Chitosan has
many advantages but lacks bioactivity that is necessary for mineralized tissues. To meet the general
objective of this Ph.D., namely articular tissue engineering, injectable bioactive bone filler in combination
with cells, could be applied in a minimally invasive manner to fulfill irregular cavities in non-load bearing
sites, which do not require high mechanical strength [307-309]. Injectable chitosan-based thermosensitive
hydrogels developed previously in the Lerouge lab showed drastically increased mechanical properties at
body temperature and good cell cytocompatibility due to the reduced osmolality [67, 68]. This property
could be interesting to fill irregular bone and mineralized tissue defects [210, 310]. However, it is not
osteoconductive. Osteoconductive property can be applied in combination with inorganic ceramics e.g.,

bioglass (BG) [311, 312].

To date, no proper gelation was reported when the chitosan hydrogels combine with BG [210].
Additionally, preliminary trials showed that the gelation of hydrogels could not be obtained with a high
loading of BG particles due to pH increase resulted from fast ion release. This impaired gelation impacts
adversely the mechanical properties [313]. To address the limitation, we therefore aimed to study
concentrating bioglass in small microbeads instead of their homogenous distribution in the gel could
improve mechanical properties due to less interference with the gelation mechanism resulting from a
slowdown rate of ions release as presented in Chapter 6. By reducing the rate of ion release, such a
composite hydrogel could also improve the survival and growth of encapsulated cells. This work has been

submitted to the Journal of Biomedical Research Part A.
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Chapter 6 - Injectable Cell-laden Hybrid Bioactive Scaffold Containing
Bioactive Glass Microspheres
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"Biomedical Engineering Institute, Université de Montreal
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6.1 Abstract

The rising incidence of bone disorders has resulted in the need for minimally invasive therapies. Injectable
bioactive bone filler, alone or in combination with cells, could be applied in a minimally invasive manner
to fulfill irregular cavities in non-load bearing sites, which do not require high mechanical properties.
Thermosensitive chitosan hydrogels that transition from a liquid to a mechanically stable solid at body
temperature can provide interesting features as an in-situ injectable cytocompatible biomaterial, but it is not
osteoconductive. Osteoconductive and osteointegrative properties can be obtained by combining chitosan
with bioactive ceramics e.g., 45S5 Bioglass® (BG). The interest in using BG comes from the ability of the
material to dissolve and release dissolution products that stimulate bone regeneration. However, BG
addition in chitosan hydrogels results in pH elevation, due to rapid release of ions, which adversely affects
gel formation, mechanical properties and encapsulated cell survival. To address this, we proposed to
concentrate BG in small microbeads instead of their homogenous distribution in the gel. Herein, we studied
the feasibility of forming BG-rich microbeads and compared the properties of such hybrid hydrogel to
homogenous BG-containing hydrogel in terms of mechanical properties. BG incorporation in the form of
microbeads improved the compressive modulus of hydrogels in comparison to BG powder. It also led to
lower osmolality in extract medium compared to hydrogels homogeneously made with BG powder,
suggesting that microbeads play a barrier role to reduce the rate of ions release, consequently resulting in
proper hydrogel formation. This feature increased cell survival and metabolic activities when encapsulated
within the hydrogels. The increase of calcium/phosphate on BG microbeads suggests hydroxyapatite

formation. The small diameter of the microbeads could be suitable for non-invasive injections through small
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needles. The feasibility of freezing and thawing of microbeads provides the possibility of long-term storage
and potential for clinical applications. These data indicate that hybrid hydrogel containing BG microbeads

might form a promising injectable cell-laden bioactive biomaterial for the treatment of bone defects.
Keywords: Bone defect, Chitosan-based hydrogels, Bioglass, Microbeads
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6.2 Introduction

The rising incidence of bone disorders mainly due to the aging of the population has resulted in the need
for more effective treatments. Critical-size bone tissue defects (>2-2.5 cm) cannot regenerate via normal
physiological processes and usually require bone grafting interventions, which are considered invasive and

complex surgical methods [314].

Several materials have been proposed for the treatment of large defects, including hydroxyapatite (HA),
calcium sulfate, calcium phosphate families such as calcium phosphate, biphasic calcium phosphates (the
composition of HA and B-tricalcium phosphate (B-TCP) ceramics), f-tricalcium phosphate ceramics, and
bioactive glass powder or particulates in forms of foam and injectable cements [315]. Despite interesting
clinical outcomes, several challenges remain, such as incomplete osteointegration and fibrosis [316], as well

as poor injectability. Several studies suggest that for most large bone defects, cells and/or bioactive agents
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are necessary to achieve an appropriate bone repair [180]. However, finding an appropriate injectable
scaffold ensuring viability of encapsulated cells, osteointegration and some mechanical support is very

challenging [180, 317].

Hydrogels are interesting candidates for cell encapsulation, since they can provide friendly suitable 3D
aqueous environment for cells and mimic extracellular matrix. In situ forming hydrogels are particularly
suited since they can be applied in a minimally invasive manner and fulfill irregular cavities perfectly.
Among them, chitosan thermosensitive hydrogel is particularly interesting and has been widely reported for
orthopedic applications [211, 318-320]. Chitosan (CH) is biocompatible, antibacterial and biodegradable.
It can form thermosensitive hydrogels when made with weak bases such as beta-glycerophsophate (BGP),
i.e., they are liquid and injectable at room temperature, and gel at body temperature, without significant
shrinkage [321, 322]. Thermosensitive chitosan hydrogels can be interesting platforms used to fill the bone
defects in non-load bearing sites, which do not require high mechanical strength. However it has been shown
that the hydrogel must exhibit adequate stiffness e.g., >30 kPa to induce stem cell differentiation leading to
osteocalcin secretion and bone-like ECM formation [323-325], and CH-BGP gels are generally very weak
[307-309]. However, recent work showed that mechanical properties can be drastically enhanced using a
specific mixture of two weak bases (phosphate buffer and sodium bicarbonate, hereafter called PB and SHC
respectively). This also make the gel more cell friendly due to their reduced osmolality [67, 68]. They could
therefore be very interesting candidates for this application. However, they do not have inherent

osteoconductivity [307].

Osteoconductive and osteointegrative properties can be promoted by the addition of inorganic ceramics
such as hydroxyapatite (HA) and bioactive glass [201, 206]. Bioactive glass, created by Hench in the late
60s, include a variety of silicate-based glass compositions qualified as “bioactive” for their ability to bond
chemically to tissues. In particular 45S5 Bioglass® (BG) (which composition is 45 wt% SiO,, 24.5 wt%
Ca0, 24.5 wt% Na,O, and 6.0 wt% P»0s) is well known to form strong bonds with bone and has been
already used in various FDA-approved medical devices since 1985 [311, 312]. Both HA and BG support
the attachment and proliferation of bone-forming osteoblast cells. Moreover, in some cases, they can also
boost the rigidity and mechanical strength of the scaffolds [326, 327]. In addition, they assist in formation
of mineralized bone matrix in vitro [207, 208]. Several studies suggest BG superiority over HA because of
the following reasons [328-330]: 1) The faster proliferation of osteoblasts and bone formation; 2) Better

adhesion and bonding to surrounding soft tissues elements e.g., collagen without induction of fibrous
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capsule in vivo; 3) Higher bioactivity due to ion release and rich silica layer; 4) Anti-microbial properties;
5) Finally bioglass’ degradation products could induce the growth factors production and cell proliferation;

6) They could also trigger the gene expression of osteoblasts [204].

However, dissolution of BG is known to lead to rapid exchange of Na*, Ca", H", and H3O" that is leading
to fast pH increase in static in vitro condition [331]. Based on our previous knowledge, this may prevent
adequate chitosan hydrogel formation (precipitation) and strongly decrease the mechanical properties of the
gel [210, 313]. It may also lead to non physiological pH with negative impact on encapsulated cells. The
rapid release of ions and the fast pH increase in vitro partly explain why only very few work have been
published about cells and BG particles co-encapsulation in the hydrogel and in vitro assays [211]. The
presence of cells within the hydrogel is desirable because it promotes highly controlled cell-based
regeneration and mineralization of bone-mineralized tissue particularly for large bone defects. In one
interesting study, rat bone marrow mesenchymal stem cells' response with thermosensitive
chitosan/gelatin/BGP hydrogel containing nanoBG particles was assessed in vitro and in vivo [209, 211].
High encapsulated cell viability and bone formation were achieved. However, very poor mechanical
properties were reported, far from the stiffness required for cells migration and new bone growth (~10 Pa
vs >30 kPa) [209]. Therefore, there is a need for injectable bioactive cell-laden biomaterials (hybrid
biomaterial) with adequate mechanical properties to fill large irregular shaped defects in non-loading bones
and mineralized tissues using minimally invasive procedures. The general objective of this work is to create

BG-loaded injectable hydrogels compatible with cell encapsulation.

BG can be sintered to initiate crystallisation of this amorphous material leading to enhanced bioactivity and
decreasing the rate of dissolution [332]. Two main approaches using sintered BG were studied as
schematically illustrated in Figure 32. We first studied the impact of adding sintered BG powder on the
physiochemical and mechanical properties of chitosan thermosensitive hydrogels. Since BG releases ions
that interfere with the physical gelation process and decrease cell survival, we then created hybrid hydrogels
where the BG is concentrated within small microbeads prepared by stirred emulsification. We hypothesize
that concentrating BG in small microbeads, instead of their homogenous distribution in the gel, will slow
down the ion release and therefore improve the gel mechanical properties as well as its compatibility with

cell encapsulation.
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Figure 32. Schematic illustration of two main approaches studied: 1) Homogenous BG-chitosan hydrogel:

and 2) Hybrid BG-chitosan hydrogel.

6.3 Materials and Methods
6.3.1 Materials

Shrimp shell chitosan (ChitoClear, HQG110, Mw: 155 kDa, DDA 83%) was purchased from Primex
(Iceland). B-Glycerol phosphate disodium salt pentahydrate (C3H7Na>O¢P-5H>0, hereafter BGP), sodium
phosphate monobasic NaH,PO4, and sodium phosphate dibasic Na;HPO,4 were purchased from Sigma-
Aldrich (Oakville, ON, Canada). Sodium hydrogen carbonate NaHCO; (sodium bicarbonate, hereafter
SHC) was purchased from MP Biomedicals (Solon, OH, USA). Other chemicals were of reagent grade and
were used without further purification. Vitryxx® bioactive glass (BG) particles—45S5 Bioglass®,
(24.5Nay0-24.5Ca0-6P,05-45S10; in wt.%) was purchased from SCHOTT AG company, Mainz,

Germany. Before use, the particles were sintered by heat-treatment for 4 hours at 600 °C, then ramp up to
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approximately 1020 °C for another hour. The sintered BG was ground in a mortar and pestle and then sieved

to retain granules with a particle size lower than 45um.

6.3.2 Preparation of chitosan thermosensitive macrogel with and without Bioglass

Chitosan-BG hydrogels were prepared by mixing a chitosan acidic solution with a gelling agent solution

(GA) containing BG particles at a volume ratio of 3:2.

The chitosan solution was prepared as follows: chitosan powder was solubilized in hydrochloric acid (HCI)
(0.1 M) at 3.33% w/v (for final concentration 2%), with mechanical stirring for 4 hours. The solution was
sterilized by autoclaving (20 min, 121°C) and stored at 4°C. Two GA solutions were compared during this
study: 1) a mixture of SHC+PB, as developed by ourteam, and 2) the commonly used BGP alone as a
control. PB at pH 8 was prepared with a mixture of Na,HPO4 and NaH,PO, at the ratio of 0.540/0.047 w/w
in milli-Q water. SHC was then combined with PB as previously published [67]. When required, sintered
BG particles were added directly to the gelling agents. The pH of these GA solutions was adjusted within
the range of 8-8.5 using HCI prior to mixing with CH immediately for approach 1a and after 5 days for
approach 1b.

The chitosan and gelling agent solutions were stored in separate syringes, joined by a Luer lock connector.
To mix them, the content of the GA syringe was pushed into the CH syringe and the mixture was pushed
from side to side for 15 repeats immediately before use, was poured into wells and left be incubate at 37°C
for at least 24 hours. Hydrogels without BG particles were prepared as controls. Table 7 summarizes all

formulations tested.

Table 7. Concentration of chitosan and gelling agents in the studied hydrogels (CH: Chitosan, BGP: Beta-
glycerophosphate, SHC: Sodium hydrogen carbonate, PB: Phosphate buffer). BG was added to reach final

concentration of 1-6% w/v for macrogels.

|GA component] (M) CH% | BG %
Hydrogel name

SHC BGP PB (w/v) w/v
PB0.01 SHCO0.075 0.075 | - 0.01 2 0-6
BGPO(.1 (control group) - 0.1 - 2 0-6
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6.3.3 Characterization of chitosan-BG hydrogels

pH and osmolarity

The pH of the chitosan solution, gelling agents with and without BG particles, and hydrogels was measured
with a LAQUA twin pH-22 Compact and Portable pH Meter (Horiba, country). As an indirect mean to
assess the ion release rate, the osmolarity of media incubated with hydrogels was measured with an
Advanced® Micro 3300 Osmometer (company name, country). To do so, 1 mL of macrogel (hydrogel
with/without BG) was poured in 12-well plate with 2 mL of media containing 10% v/v bovine serum and
incubated at 37°C for different time points: 24h, 48h, and 72h. At each time point, the extract was removed,

analyzed and replaced with fresh media.

Gelation Kinetic

Rheological properties were studied using an Anton Paar instrument (Physica MCR 301, Germany) with a
coaxial cylinder geometry (CC10/T200). Time sweeps at 22 & 37°C for 1 hour were performed using the
oscillatory mode in the linear viscoelastic (LVE) range, at a constant shear strain (1%) and constant
frequency (1Hz). They allowed the study of gelation kinetics at both room and body temperatures, as a
function of the gel composition, by following values of storage and loss modulus (G’ and G’’) as a function

of time.
6.3.4 Fabrication and characterization of microbeads for hybrid hydrogels

Stirred emulsification process

To form hybrid hydrogels, CH-BG were also processed in the form of microbeads. A 50 mL spinner flask
(Bellco, Vineland, NJ) containing 20 mL of light mineral oil (Fisher Chemical™) pre-warmed to 37 °C was
placed in a water bath at 37°C. Two different stirring speeds were tested (550 and 1200 rpms) to study the
impact on microbeads diameter. Chitosan pre-hydrogel solution including 2, 4, 6, 8% w/v BG, prepared as
previously described, was added dropwise using a 18G needle. After 15 min, the stirring speed was reduced
to 200 rpm, and 10 min later, HEPES-buffered saline solution pre-warmed to 37 °C was added to the flask.
After 1 min, spinning was stopped and the emulsion was centrifuged (1500 rpm, 5 min, RT) followed by

oil-layer removal by suction and filtration using a 100-um nylon cell strainer (BD Biosciences, USA). The
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microbeads were washed three times with HEPES-buffered saline solution to remove any remaining oil and

transferred into the desired solution with a spatula.

Microbeads size distribution and morphology

A volume of 1 mL of the beads was transferred into 4 mL HEPES-buffered saline solution and stained by
adding 100 pL of 5 g/L toluidine blue O and Eosine solution for BG-laden microbeads and chitosan
microbeads, respectively. Pictures were taken with a dual 12 MP camera. Image processing was performed
using the CellProfiler (cellprofiler.org) [333] to determine the microbead diameter distribution and

circularity (defined by the equation: 47 x area/perimeter?).
Injectability

The injectability of BG-rich microbeads was tested through 18G needles (internal diameter: 838 pum), when
in suspension in simulated body fluid (SBF) and when mixed to the chitosan-prehydrogel solution (hybrid
gel with 20% v/v microbeads). The structural integrity of the beads was studied by light microscopy
(OLYMPUS SZX10/Color 5 camera) before and after injection and was compared qualitatively with non-

injected BG-laden microbeads.

Freezing and thawing

To show the feasibility of long-term storage of BG-rich microbeads, a volume of 1 mL of the beads was
transferred into 4 mL HEPES-buffered saline solution, then stored at -20°C. After 14 days, the solutions
were thawed at room temperature and studied by light microscopy to compare with original, non-frozen

microbeads.
Bioactivity

Apatite formation was assessed after soaking microbeads with and without BG in SBF for 0, 1, and 7 days
at room temperature. SBF solution was prepared as previously reported based on ISO/FDIS 23317 [334].
Then, the microbeads were rinsed with deionized water, recovered, frozen at -20 °C for 48h, and lyophilized
before their characterization by Fourier-transform infrared spectroscopy (FTIR, PerkinElmer, USA) and
scanning electron microscopy (SEM, HITACHI S3600 secondary electron microscopy with energy
dispersive X ray analysis (EDX) (INCA, Oxford instruments, UK) after sputter coating with gold.
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Mechanical properties of hydrogels

Unconfined compression tests were performed on 2 ml molded hydrogels (¢=14 mm, height: 10 mm) after
24h incubation at 37 °C using the MACH-1 testing device (Biomomentum, Canada). A velocity equal to
100% of the sample’s height/min was used. The compressive strength and the secant Young modulus at
30% of deformation and stress at breakage were calculated from the stress-strain curves. To evaluate hybrid
hydrogels (hydrogel containing BG microbeads at 20% and 50% volume ratio), microbeads were added

accordingly to the 3ml syringe and then mixed using a connector with the chitosan hydrogel.

Cytocompatibility characterization

L929 mouse fibroblasts (Lonza) were encapsulated in chitosan hydrogels containing 20% v/v microbeads
W and W/O BG (hybrid hydrogels) at 1x10° cells/ml. A volume of 300 pl of the hydrogel was left to gel for
a few minutes in 48 well plates before adding 700 pl media (DMEM +1% v/v P/S+10% v/v foetal bovine
serum (FBS). Cell viability was investigated by live/dead staining after 0, 1, and 7 days using 1 uM calcein
AM and 2 pM ethidium homodimer-3 in culture media without serum to stain dead cells in red and live
cells in green (Life Technologies, USA). Stained cells were observed under fluorescent microscopy (Leica
DM IRB) at 5x magnification. Cell metabolic activity was evaluated using the Alamar Blue assay

(Resazurin Cell Viability Assay Kit, Biotium, USA, 10 % v/v) after 0, 1, and 7 days.
6.3.5 Statistical analyses

All experiments were performed at least in triplicate. Results were expressed as mean + SD. Statistical
analysis was performed using GraphPad Prism 7.04 software. One-way ANOVA and Tukey’s multiple
comparison tests were used to compare multiple groups. P<0.05 was considered to be statistically

significant.

6.4 Results

6.4.1 Effect of BG addition on CH hydrogels

As expected, the addition of BG in the GA led to an immediate dose-dependent increase of the pH of the
gelling agent solution, with values between 9.5 and 11 instead of 8 for the control solution (Figure S 11 A-
C in supplemental data) and further increased over 10 days, reaching up to 13 for BG concentrations > 3%

when BGP was used as a gelling agent [335]. This pH increase can be explained by cations exchange, in
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particular Na+ and H+, which subsequently leads to severing of Si-O-Si BG surface bonds and ultimately
the deposition of Ca2* and PO4* ions from the BG and carbonate ions from the gelling agent solution [336,
337]. The pH increase was less drastic for gels made with SHC+PB. This could be explained by the better
buffering capacity of this gelling agent solution.

Since the pH is known to strongly influence the gelation of chitosan thermosensitive hydrogels [187], we
tried to adjust the pH of the GA solution to 8-8.5 prior to mixing with the chitosan solution, but further
immediate pH increase was observable immediately after HCI addition (due to BG further dissolution [338]
(Figure S 13). The gelation kinetic of the hydrogels was therefore strongly modified (Figure 33A). While
hydrogels without BG present a clear rapid increase of the storage modulus when the temperature is raised
to 37°C (dotted line), this effect is strongly reduced in the presence of BG (Figure S 11). Moreover,
precipitation was clearly observed visually (Figure 32, first line) and the mechanical properties of the gels
were so poor that they could not be tested under compression. Moreover, the formed hydrogels presented

non-physiological pH values (above 9), making same unsuitable for cell encapsulation (Figure S 12).

We therefore also tested hydrogels prepared 5 days after mixing BG in the GA solution, when the BG
reaction in the GA seems to be stabilized. This allowed to reach a pH close to 8-8-5 when adding HCI, and
to get hydrogels with pH close to physiological values, at least for BG1% formulations (Figure S10), In
these conditions, PB-SHC gels thermosensitivity is still visible for BG1%, the storage modulus increasing
rapidly when the temperature rises to 37°C. The hydrogels presented better shapes (Figure 32, line2) and
stronger mechanical properties, which could be measured by unconfined compression. Figure 33B presents

the secant modulus at 30% deformation for each formulation, after 24h gelation at 37°C.
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Figure 33. (A) Time sweep at 22°C followed by 37°C for CH/PB-SHC-BG hydrogels, when prepared 5 days
after mixing BG and gelling agents (mean +/-SD; N>3, n>6); (B) Unconfined compression tests: secant
modulus at 30% deformation; (blue zone, and red zone are for PB0.01 SHCO0.075, and BGPO0.1 hydrogels
with 0, 1, 3 and 6% BG (mean +/-SD; N=2, n>3); **** p<(0.0001).

Mechanical properties are strongly influenced by the type of gelling agent. Results show that hydrogels
made with PB-SHC are much more rigid (18.9 + 3.1 kPa) than those made with BGP (0.6 £ 0.1 kPa; ****
p<0.0001), in agreement with our previous work [67]. But BG addition strongly reduced their secant
modulus in a dose-dependent manner. SHC-PB gel with 1% BG still presented interesting mechanical
properties (around 8 kPa). It must be noted, however, that the BG content indicated in this figure is
overestimated since part of the BG was already dissolved in the GA solution at the time of gel preparation
(5 days). To evaluate partial dissolution, we measured the weight of BG particles recovered from the GA

solutions at day 5. It was only around 40% of the initial weight.

Altogether, these data suggest that the addition of BG in chitosan hydrogel influences pH, thermosensitivity,
mechanical properties and cytocompatibility adversely. Therefore, to further enhance the mechanical
properties, increase BG concentration and possibly increase the compatibility of the PB-SHC gel for cell
encapsulation, we proposed to concentrate BG in small microbeads instead of their homogenous distribution

in the gel.
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6.4.2 BG-rich microbeads size and morphology

Chitosan microbeads with and without BG were created using a stirred emulsification process in mineral
oil. Microbead size was optimized by changing stirring speed from 550 rpm to 1200 rpm. Higher stirring
rate allowed forming smaller and homogenous microbeads, in comparison to 550 rpm (data not shown).

Results of 1200 rpm stirring speed are presented in Figure 34.
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Figure 34. Beads morphology and size distribution: A-C) Light microscope images of PB-SHC microbeads
containing 0, 2 and 4% (w/v) BG, respectively (Bar corresponds to 1 cm) (0%BG stained with Eosine, 2%
and 4%BG stained with Toluidine blue); D) average circularity of microbeads (l1=perfectly circular
microbeads); E) Size distribution; and (F) mean diameter of chitosan microbeads with and without BG,
quantified by the CellProfiler image analysis software (mean, N=3, n>1000), (** p<0.01, *** p<0.001,
Ak p<0.0001).

The mean diameter of the microbeads was around 340 um, with slight differences between the 0, 2 and 4 %
BG formulations (respectively 358 £ 128 pm, 327 + 115 and 347 + 110 um, with 2% and 4%BG, with
p<0.0001 and p<0.05, respectively). Beads with 0% and 2%BG showed a more homogeneous size
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distribution, and higher circularity than the 4%BG (0.74 £0.13,0.70+ 0.11, 0.60 £ 0.11 for 0, 2 and 4%BG
respectively (**** p<0.0001)). Higher BG concentrations were also tested but did not form homogenous

beads (data not shown).

6.4.3 Mechanical properties of hybrid hydrogels

Hybrid hydrogels (Hyb) were created using microbeads containing 0, 2, and 4%BG embedded in a PB-SHC
chitosan matrix, at microbeads/matrix volume ratios of 20/80 and 50/50% respectively. In contrast to
homogenous BG gels, hybrid gels presented good gelation without precipitation (Figure 32, line 3). Their
mechanical properties were compared with hydrogels of theoretical equivalent global BG content (BG

content added in the GA solution), but evenly distributed in the hydrogel (from 0.4 to 2%) (Figure 35).
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Figure 35. Unconfined compressive properties of hybrid hydrogels (Hyb), in comparison to hydrogels with
similar concentration of BG but homogenously dispersed: secant modulus at 30% deformation (mean +/-
SD; N=2, n=6) (** p<0.01, **** p<0.0001, ns=not significant) All hydrogels were prepared using
PB0.01SHCO0.075 gelling agent. For hybrid gels, since both the volumic bead content (20 or 50%) and the

BG content in the beads vary, the global concentration of BG is indicated first in their name.
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Concentrating BG in the microbeads instead of its uniform distribution in the hydrogel improved the secant
modulus of the hydrogel. Thus, for a final composition of 2% BG, the hydrogel with homogeneously
distributed BG had a modulus of 3.7 + 1.5 kPa only, significantly lower than that for the Hyb 2% made with
4% BG microbeads in 50/50 volume ratio, which had a modulus of 11.5 £ 1.7 kPa. Similarly, for a global
BG content of 1%, a hydrogel with homogeneously distributed BG had a modulus of 8.0 + 1.2 kPa versus
13.1 £ 1.8 kPa for the hybrid gel formed with 50% volume of microbeads (* p<0.05). It must be noted that
the differences are underestimated since the real concentration of BG in the homogenous gel is lower then
indicated, as a significant part of the BG has dissolved in the GA during the 5 days prior to chitosan mixing.
In contrast, in microbeads, BG concentrations indicated are real.

The enhancement of the mechanical properties is likely not due to the presence of the microbeads
themselves. Indeed, in the absence of BG, hybrid hydrogels with microbeads showed lower rigidity
compared to homogenous chitosan hydrogels (18.9 + 3.1 kPa for the homogenous gel compared to 8.7 +
0.6 for 20% v/v beads and 4.1 + 0.8 kPa for 50% v/v beads (Figure 35). It could be rather explained by the
fact that, as initially hypothesized, BG, when concentrated in the microbeads does not interact with proper

gelation of the chitosan thermosensitive hydrogel embedding the microbeads.
6.4.4 Bioactivity:
The bioactivity of BG-loaded hydrogel was studied using FTIR, SEM and EDX analysis.

FTIR

To confirm whether BG addition in the gel results in apatite formation, FTIR analysis was carried out on
4%BG-loaded microbeads and 0%BG microbeads as a control, after 7 days immersion in SBF at 37°C
(Figure 36).
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Figure 36. FTIR spectra of chitosan microbeads with and without BG after 7 days soaking in SFB (black
lines correspond to BG-loaded microbeads and the grey line corresponds to the 0%BG).

The chemical groups in the FTIR spectrum of PO4*, OH', CO.*, as well as HPO4* are characteristic of
hydroxyapatite [339]. The FTIR spectrum of the BG beads (Figure 36) exhibits broadband ranging from
1200-1000 cm ™! associated with the asymmetric stretching of Si—O-Si groups. The peaks became sharper
in BG microbeads. The vibrations increase at 1175-1170 ¢cm™ and 1100-950 cm™ are related to Si-O-P
stretching and P-O symmetric stretching from the PO4>group. Additional bands related to silicate network
vibrations and PO4>"group can be observed at 510-480 cm™ and 760-730 ¢cm™!, which is sharper in 4%BG
than 0%BG microbeads. The -OH stretching absorption could be seen in 800-700, 3000-2850, and 3300-
3100 cm’!'. The absorption at 1644 cm™ could be ascribed to the carbonyl (CO:) stretching, causing
CaO-P,0s crystallization. This layer is called a mixed carbonated hydroxyl apatite (HCA). These two
absorptions are sharper in BG microbeads than nonBG microbeads.The main bands appearing in those

spectra are summarized in Table 8.
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Table 8. Main FTIR vibrational bands associated with 0% and 4%BG microbeads over 7 days soaking at
SBF.

Wavelength (cm™) Group assignment Ref.
3100-3300 -OH stretching [339]
2850-3000 -OH stretching [339]
1644 COs%stretching [340]
1000-1200 Asymmetric stretching Si—O-Si [209, 341]
1170-1175 stretching Si—O—-P [339]
950-1100 P-O stretching (PO43-) [340, 341]
800-820 Stretching Si—-O-Si [209]
730-760 PO4>group [209]
600-610 P-O bending (PO43-) [340]
550-560 P-O bending (amorphous) [342]
480-510 PO4*group & Si-O-Si bending [342]
SEM and EDX

The morphology and composition of BG microbeads was investigated by SEM coupled to EDX analysis,
to observe possible calcium phosphate deposition after soaking microbeads in SBF. Representative SEM
images are shown in Figure 37. Aggregates of spherical shaped particles were observed on the surface of

microbeads containing BG after day 1 and day 7.

EDX analysis showed that the relative concentration of Si and Ca (Figure 37 D-F) evolved with time, with
a clear decrease in sodium and increase in Ca, and Si (Table 9). It should be mentioned that since P and Au
have similar bonding energy around 2 kV, the P peak was not identified in EDX results. Although, the
increase of calcium peak intensity and the peak at 2 kV with soaking time in microbeads with BG suggests
the presence of calcium phosphate (apatite layer formation). In contrast, no change was observed in the
control group (0%BG) after 7 days soaking in SBF, in terms of surface morphology (Figure 37 G, H) or

composition (I, J). The surface was smooth, even after 7 days, with no detectable peaks for Si and Ca.
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Figure 37. SEM images and EDX spectra of microbeads with and without BG after 0, 1, or 7 days soaking
in simulated body fluid (SBF). A-C): SEM of 4% w/v BG at day 0, 1 and 7; D-F): corresponding EDX
analysis; G, H, I, J): SEM and EDX of 0%BG control after 0 and 7 days in SFB.
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Table 9. EDX analysis: elemental composition (relative atomic concentration) of chitosan microbeads

containing 0, 2 and 4% BG, over 7 days soaking in SBF (NA: Not available; ND: Not detectable).

Elements

(Weight %) DO D1 D7
2% BG

Na 28.4 16.5 1.5

Ca 8.0 19.1 24.5

Si 0.9 6.3 10.9

(0] 44.7 56.0 59.2
4% BG

Na 15.6 10.2 1.7

Ca 8.8 11.9 253

Si 2.7 10.0 11.9

o 22.1 47.9 59.0
0% BG

Na 1.4 NA 1.4

Ca ND NA ND

Si ND NA ND

(0] 31.0 NA 35.0

Similar observations were made on bulk hydrogels containing BG (Figure S 15).

6.4.5 Cytocompatibility (Cell viability and Rate of ion release)

Using 1929 fibroblasts as a model cell line, we evaluated whether the hybrid hydrogels could be compatible
for cell encapsulation. For this purpose, the osmolality of the hydrogels extract was first measured as an
indirect way to study the rate of ion release from the hydrogels over 72 hours after soaking the hydrogels in
culture media (DMEM) (Figure 38 A). Then the viability (Figure 38 C) and metabolic activity (Figure 38
B) of encapsulated cells were studied over 7 days and compared to chitosan hydrogels with homogenously
distributed BG prepared with GA mixed immediately with BG (1% w/v). Chitosan hydrogel without BG

was studied as a positive control.
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Figure 38. Viability of L929 fibroblasts encapsulated in chitosan hydrogels with either BG homogenous

distribution or with BG microbeads. A) Osmolality of extracts; B) Metabolic activity (Alamar blue) and C)

Viability (Live/dead) of encapsulated cells after 7 days (positive control=0%BG) (mean +/-SD; N=3, n>6);

(**** p<0.0001).; D) High cell mortality is already observed at day 1 in homogenous BG-rich hydrogels.
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Hybrid hydrogels showed physiological osmolality (260-300 mOsm/kg), while extracts from hydrogels
with homogenous BG distribution were hyperosmolar at day3 (Figure 38 A) (p<0.0001).

Live/dead images showed that, as expected, BG homogenous distribution in the hydrogel led to toxic effect
on the encapsulated L.929 cells, as demonstrated by the very high percentage of dead cells at day 1 (Figure
38 D). Viability was significantly improved for hybrid hydrogels, which reached viability similar to non-
BG hydrogels. Alamar blue (Figure 38 B) results showed high metabolic activity (normalized as a function
of 0%BG (positive control)), which increased between day 1 and 7, values at day 7 being even higher than
the positive control (no BG) (p<0.0001). The negative control (homogenous BG) showed the lowest

metabolic activity.

6.4.6 Injectability

To confirm injectability of the product as a bioactive bone filler, microbeads were either dispersed in SBF
or in the hydrogel solution immediately after mixing the two components. They were then injected through
an 18G (id=838 um) needle [209, 343]. Figure 39 shows the microbead morphology before and after

injection.

B
Microbeadsin hydrogel

- I
- -

Microbeadsin SBF

Before injection

After injection

Figure 39. Light microscopy images of microbeads containing BG before and after injection through long

18G needle: A) dispersed in SBF; B) dispersed in the chitosan-based hydrogel.
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A smooth injection was possible through a long 18G needle. This was expected since according to the size
distribution, more than 90% of microbeads have a diameter inferior to the needle's inner diameter.
Microbeads soaked in SBF maintained their morphology after injection (Figure 39 A). Microbeads
encapsulated within the hydrogel were also injectable, but some bead deformation and a few breakages were

observed (Figure 39 B), which can be related to shear stress during mixing and/or injection.

6.4.7 Freezing and long-term storage

Since BG rapidly react in aqueous solution to form apatite, they are difficult to store after production.
Freeze-thawing the microbeads would provide opportunities of long-term storage and potential for clinical
applications. Therefore, microbeads with 2% BG were studied before and after freezing at -20°C for 14

days. No change of size and morphology was observed (Figure 40).

Figure 40. Light microscope image of 2% BG microbeads before and after freezing at -20°C for 14 days.
6.5 Discussion

In this study, we explored the potential of chitosan thermosensitive hydrogel containing sintered BG as a
bioactive injectable hydrogel for bone tissue applications. We have previously shown that using a mixture
of PB and SHC as gelling agents allows to create chitosan hydrogels with drastically enhanced mechanical

properties and cytocompatibility compared to conventional chitosan—-BGP hydrogels [68]. We therefore
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first compared these two formulations, when adding sintered BG, in terms of pH variation, gelation kinetics,

mechanical properties and cytocompatibility.

The addition of sintered BG to the gelling agent solution resulted in its strong immediate pH increase. This
is in agreement with previous studies and is explained by a rapid release of Na* ions from bioactive glass
in aqueous solutions [210, 311, 336]. When mixed with chitosan, it led to hydrogels which pH rapidly
increased over the physiological range, leading to high mortality of encapsulated cells. It also strongly
reduced the thermosensitive behaviour of these interesting hydrogels and led to so poor mechanical
properties that compression tests could not be performed. In a previous work, the addition of 2% w/v BG
to thermosensitive chitosan-based hydrogel made of BGP gelling agent has resulted in only a hydrogel with
a G’ of only 9 Pa after 4 min at 37 °C, compared to the nonBG loaded hydrogel (G’~6 Pa) [210]. A rapid
increase of the pH above chitosan pK,, could lead to chitosan partial precipitation instead of the progressive
physical gelation normally obtained through proton transfer when increasing the temperature [67, 187].
Another explanation is that GA ions rapidly form ionic interactions with the cations released by BG, so they
cannot play their important role in the physical gelation mechanism. While further work would be required
to better understand this effect, we could hypothesize that the gelling agent ions (HPO4*, H,PO4, HCO5',
CO;%), that normally prevent precipitation by screening chitosan NH;" amino groups, are directly
interacting with cations from the BG until a crystallized hydroxycarbonate apatite layer is formed. Better
results were obtained when mixing BG in GA 5 days before hydrogel preparation, which allows to better
control the pH, but such method is impractical for clinical applications and reduces significantly the amount

of BG in the hydrogel due to its partial dissolution.

These negative effects of BG addition in chitosan thermosensitive hydrogel explain why only very few
works have been published on the subject. In 2018 Moreira et al. published about CH-BGP gels containing
nanoBG, BG nanoparticles were added at the very end of the process, after mixing the chitosan acidic
solution to the gelling agent, which avoid BG partial dissolution and interaction with the GA ions[211].
This method is however not very practical for clinical applications since it requires 3 mixing steps to create
cell-loaded scaffold. More importantly the mechanical properties of the hydrogels were very poor (G’
around 6-9 Pa only).

Therefore, we proposed to concentrate BG in small microbeads instead of their homogenous distribution in

the gel. We hypothesized that this would reduce the number of ions in the chitosan hydrogel and thus
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allowed proper gelation and enhance the mechanical properties, as well as possibly increase the

compatibility of the PB-SHC gel for cell encapsulation.

BG-loaded microbeads at 2% and 4% w/w BG were formed using a simple and easily scalable

emulsification process without any chemical modification or cross-linker, using a 1200 rpm stirring rate.

We loaded chitosan-based hydrogel with microbeads at a ratio of 20% and 50% v/v. Hydrogels loaded with
BG microbeads (Hybrid hydrogels) were compared with BG homogeneously distributed in hydrogel. Due
to the presence of the beads, rheological measurement could not be performed but visual assessment showed
that the solution rapidly gelled at 37°C and compression tests showed higher rigidity of the hybrid
hydrogels, although it was still lower than nonBG-loaded hydrogel. This increase is not related to the
presence of microbeads since, in the absence of BG, hybrid hydrogel perform better than the conventional
hydrogel. This suggests that, as expected, the BG segregated in microbeads is less interfering with physical

gelation of chitosan hydrogels, probably due to slower release of ions.

Such hybrid hydrogels combine several advantages compared to chitosan hydrogels with homogenous
distribution of BG: they present drastically enhanced mechanical strength; microbeads can be prepared and
frozen while waiting for their addition in the gelling agent, thus preventing partial dissolution and allowing
long-term storage of the product for potential clinical applications. The hybrid product is suitable for non-
invasive injections through 18 G needles (smaller diameters were not tested). Cell survival was drastically
better than in homogenous BG loaded hydrogels, encapsulated cells showing even higher metabolic activity
at 7 days than the chitosan gel control. Such hybrid hydrogel is particularly interesting when prepared with
a mixture of SHC and PB as gelling agents, since it allows to reach much higher mechanical properties than

CH-BGP hydrogels.

Osteoconductivity is an important factor for bioactive scaffolds and induces osteoblasts to form new bone
[180]. The FTIR results proves hydroxyapatite formation by the increase of two main wavelengths related
to phosphate and carbonyl stretching [339]. The EDX results show a rapid decrease in Na* ions which are
known to be replaced with H3O" in the first step of apatite layer formation on the surface of BG. Alongside,
Si concentration increased which supports the formation of a silica gel layer on surfaces of BG contained
microbeads. Ca*>" and PO;™ also concentrated over 7 days indicating nucleation of hydroxycarbonate apatite
as reported by Moreira et al. [209, 210]. Similarly, Oudadesse et al. presented apatite layer formation on

chitosan biopolymer surface after 7 days, indicating potential of BG-chitosan bioactivity in physiological
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environment [344]. Thus, our results indicate that BG-loaded microbeads are expected to form apatite in
the body. However, it would be required to coat BG microbeads with palladium or another metal rather than
gold to determine calcium/phosphate ratio with EDX. In addition, comprehensive osteoconductivity
characterizations are needed to justify their ability to form a biological bond with the surrounding living

bone.

One limitation of these hybrid hydrogels is the relatively low BG content since microbeads containing more
than 4%w/v could not be formed. Another limitation is the deformation or possible breakage of microbeads
when encapsulated within the hydrogel and injected which, may impact adversely the mechanical properties
as well as cell survival. Though we have studied cell viability for longer time (7 days) than other researches
(24h) [210]. It is also suggested to characterize the cytocompatibility with bone application cell lines e.g.
osteocytes and MSCs [211, 345], since there might be the issue of the fibrous encapsulation formation and,

in consequence, the risk of implant failure [346].

Chitosan is degradable in vivo, but the time scale for degradation is much slower than the solubilisation of
the BG particles and the apatite formation [346]. Also, the BG particles solubilisation depend on physical
form of the particles; microparticles dissolve slower than nanoparticles [347]. We expect that for long-term

implantation, bone remodelling follows its own procedure while chitosan is gradually degraded.

6.6 Conclusion

Sintered bioglass was added to chitosan thermosensitive hydrogels to create cell-loaded bioactive in situ
gelling hydrogels for bone applications. Despite sintering of BG particles, simple addition of BG had a
drastic negative effect on physical gelation, mechanical properties, and cell survival due to rapid ion release
and rapid pH elevation. In contrast, hybrid hydrogels containing BG concentrated in BG-rich microbeads,
allowed to create in situ setting hydrogels with a relatively good rigidity, physiological pH and osmolarity
and good cell survival. While further demonstration of osteoconductivity will be needed in the future, the
hydroxyapatite formation suggested the excellent bioactivity of the hydrogels. Microbeads and hybrid
hydrogels are injectable through 18 G needle. BG-rich microbeads can be frozen, providing the feasibility
of long-term storage and potential for clinical application; however, further characterization is needed to

validate that freezing does not alter the bioactivity or mechanical properties. These all indicate that hybrid
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hydrogel containing BG microbeads might form a promising injectable cell-laden bioactive biomaterial for

treatment of bone defects at non-loading sites.
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Figure S 11. Effect of BG concentration on the pH of the GA solutions and gelation kinetics of the
corresponding chitosan hydrogels; A-B: pH variation of the BG-gelling agent solution over time at room
temperature. C-F: Time sweep at 22°C followed by 37°C for CH/GA-BG hydrogels, when prepared
immediately after mixing BG and gelling agents (C & D) or 5 days after mixing BG to gelling agent (E &

F) (mean +/-SD; N>3, n>6).
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Figure S 12. Evolution of the pH of hydrogels when made of GA+BG prepared immediately or 5 days
before mixing with CH (In all cases the pH of the GA solution was adjusted to 8 prior to CH mixing)
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Figure S 13. The pH of GA-BG solutions after pH adjustment at 8-8.5.
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Figure S 15. SEM images of hydrogels with and without BG after 7 days soaking at SBF: A) 0%BG; B)
2%BG.
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Chapter 7 — General Discussion and Conclusion

As described in the literature review, bioprinting is a very promising technology to engineer tissues, but
ideal bioinks combining good resolution, mechanical properties, compatibility with cell survival and
biodegradability, are still missing. Moreover, there is a need for rheological methods to predict the
printability of hydrogels and better screen the possible candidates. The general objective of this Ph.D. was
therefore to develop new bioinks, as well as to propose a rheological method that would help predict the

printability of hydrogels.

Among the potential candidates, chitosan thermosensitive hydrogels appeared as promising materials,
However, the only few studies performed to date were on CH-BGP hydrogels and were quite disappointing,
since these hydrogels lead to printed structures of very poor resolution and low mechanical properties [140,
141]. Previous work from our team had shown that, when prepared with a mixture of SHC and BGP as
gelling agent, chitosan hydrogels present rapid gelation, much better mechanical properties, and a more

physiological pH [67, 68, 90]. This suggests that they could be better candidates for bioprinting.

In this Ph.D., we therefore, study and optimize the potential of chitosan hydrogels as bioinks. Moreover,
since the rheological characteristics of these hydrogels are time-dependent, we propose a rheological

approach to evaluate their printability.

7.1 Rheological approach to predict printability

As explained previously, first of all the ideal bioink requires continuity and homogeneity to show good
printability without clogging. Bioink must also physically support the 3D printed structure and do not
collapse by upper printed layers with particular rheological properties. Rheological analysis can provide
information on the bioink's mechanical properties before, during, and after gelation and must be adjusted to
the bioprinting process. In case of chitosan hydrogels, it is challenging. Gelation kinetics showed that
thermosensitive chitosan-based hydrogels are not stable at room temperature which was in agreement

with previous data [67].

The second important feature is viscosity and shear thinning properties. It is generally recognized that
printable formulations must be a shear thinning and highly recoverable after shear removal in order to

preserve their shape, to support their own weight, and the printed layers on top. However, the quantification

128



of these fundamental criteria is still ambiguous, in part because of the variety of rheological approaches
employed and the absence of common protocols, and in part because of the variety of biomaterials with
complicated viscoelastic characteristics currently utilized [22]. To date no comprehensive rheological
protocol has been proposed. To study flow initiation of viscoelastic materials different tests including shear
viscosity ramp and yield stress are introduced; however, they are all limited to the stable bioinks [74, 348]
or prior to their crosslinking [349, 350]. Mostly, in extrusion-based bioprinting, the bioink is crosslinked
after deposition. For example, chitosan-collagen blend was first printed, then thermocrosslinked using
NaOH solution at 37°C. Shear viscosity test was used to study shear thinning viscosity [349]. Although pre-
gelled chitosan-based hydrogels showed shear-thinning properties under applied shear, the viscosity varies
with time. It is not suitable to use a simple shear rate sweep (viscosity as a function of changing shear rate)
[234]. Typically for stable hydrogels like chitosan-collagen blend or alginate, viscosity is studied over the
change of shear rate or stress. But for time- and temperature-dependent hydrogels, the tests must be adjusted
accordingly. In this regard, we devised firstly, new rheological studies to measure and evaluate the
printability of chitosan thermosensitive hydrogels, whose rheological characteristics change with time
and temperature. To be noted that, the viscosity profile solely cannot predict the complex rheological

behavior of bioinks [74].

The recovery of the materials after being subjected to shear rates similar to that during bioprinting was
evaluated to characterise the window in which bioprinting can be achieved. Indeed, the recovery test is the
most comprehensive and predictive test compatible with different materials, even time- and temperature-
dependent hydrogels in which shear thinning behaviour, time or temperature dependency, impact of
crosslinking and self-healing properties after shear removal could be studied [74]. Recovery after shear
removal ranging low (10 s) to high (1000 s™') was studied to see how chitosan hydrogel recovers after
being exposed to high shear rates. No recovery could be observed either when chitosan hydrogels gelled or
exposed to high shear rates. If materials do not recover to their original viscosity, permanent material
damages like chain breakage may have taken place as a result of high shear rate applied during printing [74]
which could be reflected in mechanical properties. However, interestingly at only low shear rates, it
recovered very rapidly. Therefore, determining the optimal time frame (before complete gelation) for

extrusion is critical, and this method might be extended to other temperature or time-evolving materials.
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7.2 Potential of Chitosan thermogel as bioinks

In this study, various chitosan hydrogel formulations were tested for their potential as bioinks, namely
CH2%, CH3% and a mix of chitosan with gelatin. As expected, viscous hydrogels result in higher resolution
and shape fidelity. Thus, the most viscous chitosan pre-gel (3% w/v) results in much better shape fidelity
and narrower filament (resolution) than its 2% counterpart. It led to 3D structures of relatively good
resolution and cohesion. Unfortunately, it showed also poor cytocompatibility, with a high mortality rate
of encapsulated cells. This can be due to the high viscosity of the cell-laden solution and/or to the high
density/low porosity of the final hydrogel. In addition, viscosity has a direct relation to the applied extrusion
force [223, 277, 278]. Chitosan 2% (w/v) was required shear rate range of 200-300 s, while shear rate of
1000 s™! was applied to print chitosan 3% (w/v) (4). For printing more viscous bioinks, more force is needed;
therefore, the cells will experience more stress and more cell death, and damage will be caused upon the

encapsulated cells during bioprinting [213, 218, 351].

In contrast, CH2% has been previously shown to be excellent injectable scaffold for cells [67].
Unfortunately, the pre-gel solution presents a low viscosity (CH2% viscosity of ~1000 Pa.s versus CH3%
viscosity of ~10000 Pa.s) and spread on a substrate after printing, unable of supporting upper layers. 3D
printed structures therefore lack adequate shape fidelity. Results were even less convincing for CH-Gel gels.

The slow gelation of chitosan gel, as shown during rheological studies also partly explain these results.

Indeed, in contrast to alginate gels which can be ionically crosslinked within a few seconds by calcium ions,
chitosan gelation is a relatively slow process that explains the difficulty of bioprinting solid 3D structures
with hydrogels presents low viscosity of e.g., 1000 Pa.s, despite their more interesting thermosensitive
character. Our results are in agreement with previous work with thermosensitive CH-BGP bioinks that
usually show low viscosity to provide excellent cell viability, resulting in poor shape fidelity and mechanical
properties [140, 141, 352]. For example, Ku et al. used PCL as support to bioprint CH-BGP hydrogels
because the printed chitosan hydrogel did not have enough rigidity to support the building of multilayers
[141].

Possible solutions to this problem could be to increase chitosan concentration between 2%-3% w/v.
However, increasing the concentration enhances the chance of cell mortality [353]. Another team proposed

the addition of nanocellulose to CH-BGP hydrogels and co-print to support CH-BGP bioink after deposition
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[140], but the mechanical properties and resolution increase were not significant and still far from ideal,
showing the need for support for low viscous chitosan hydrogels. To improve the printability of CH2%, we

therefore proposed to take advantage of the FRESH method, pioneered by Feinberg team [53].

7.3  Chitosan bioink in FRESH bioprinting

Different FRESH support baths had been previously used, as described in Chapter 2, the most common one
being gelatin slurry. But in the present case, the support bath had some unusual specifications to fit our
application: the support bath must be solid at 37°C to provide support during the printing and assist in rapid
gelation of the chitosan hydrogel (taking advantage of CH2% thermosensitivity compatible with cell
encapsulation), with good recovery after needle movement, and then liquefy at a temperature sustainable
for the cells to be easily removed. Therefore, Pluronic was proposed and adapted to better fit the specific

needs of thermosensitive hydrogels.

Pluronic has poor mechanical strength when low concentrations are used (e.g., 7-12% w/v) and tends to
dissolve in aqueous environments, which may affect printed structure shape properties while using low
viscous hydrogel precursors e.g., alginate 2% [58, 259]. In this regard, we studied high concentration of
17%-20% w/v Pluronic solutions. In accordance with previous studies [58, 257, 289], we showed that the
gelation temperature and storage modulus can be tuned by changing the concentration of Pluronic and salts,
e.g., NaCl. Among the characterized bath formulations, one (19% (w/v) pluronic+1% (w/v) NaCl) was
chosen since it forms a complete gelled structure at a temperature of about 32° C (a little bit less that 37°C
as a safety margin to avoid melting of the support bath in case of poor control of the bath temperature), and

being completely liquid at 22°C.

We studied the rheological properties of this support bath to make sure that it meets some specific
rheological features previously identified in the literature [58]. Indeed, it must present sufficient yield stress
to firmly hold the printed bioink after deposition while maintaining a shear-thinning behavior, so it would
not hinder the movement of the printing needle and rapid recovery to a solid state after printing. The
Pluronic support bath showed shear thinning viscosity and recovery properties throughout cyclic
deformation, similar to gelatin slurry FRESH bath [244, 354]. Although, gelatin slurry showed much lower
stiffness than Pluronic support bath (~1000 Pa vs ~5000 Pa).
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The self-healing behavior of Pluronic was demonstrated and linked to the temperature-controllable dynamic
micellation [58]. The hydrophilic ethylene oxide and the hydrophobic propylene oxide give Pluronic an
amphiphilic structure. Amphiphilic block copolymer molecules self-assemble into micelles (a packed chain
of molecules) in aqueous solution. Micelle formation is temperature dependent and affects the degradation
properties of the biomaterial: below a certain characteristic temperature known as the critical micelle
temperature, both the ethylene and propylene oxide blocks are hydrated, and the PPO block becomes
soluble. In addition to shear thinning and recovery, Pluronic presents a yield stress over 100 Pa, which is

requested for bath support according to the previous publications [59].

As previously discussed, low viscous chitosan (2% w/v) shows good thermosensitivity. This
thermosensitivity demonstrates the necessity of the warm bath to provide proper thermo-crosslinking during
printing. Using the FRESH bath and taking advantage of the bioink’s thermosensitivity increases resolution
and decreases spreading. This is in accordance with previous literature data [296], and can be related to
reduced spreading, adequate placement, and prevention of evaporation. Hydrogels were printable at least
up to 20 layers using the FRESH bath, with good cohesion, handability and relatively good
correspondence to the theoretical CAD design. This improved resolution and shape fidelity resulted
in boosted compressive modulus, which is important for handability and to mimic tissue mechanical
properties. [61]. This low concentration of chitosan hydrogel (2% w/v) showed high viability of

encapsulated cells after bioprinting.

7.4 Advantages of chitosan thermosensitive hydrogels as bioinks

Chitosan hydrogels have many advantages, as mentioned in Chapter 2. They are biocompatible and
biodegradable, making them particularly interesting in comparison to other hydrogels. Their biodegradaiton
rate can be tuned by changing the DDA and MW. Alginate as a most commonly used bioink alone fails to
ensure better cellular adhesion and functionality in comparison with chitosan, and researches propose either
binding complementary side groups e.g., peptides or mixing with other biomaterials in a certain proportion
increases the composite hydrogel cellular response [355]. Also, mammals do not produce enzymes that
biodegrade alginate. For bioink which is containing cells, Demirtas et al. showed that chitosan-BGP-
hydroxyapatite hydrogel is superior over alginate- hydroxyapatite hydrogel in terms of cell proliferation
and differentiation [194]. Alginate hydrogels lack the stability in physiological environment due to the

competition with Ca ions that can be replaced with other ions.
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Chitosan physical hydrogels generally have poor rigidity and mechanical strength, which limits its use for
creating hard tissues [145]. In this work, the use of SHC+BGP as gelling agents instead of BGP only allows
to drastically increase mechanical properties of chitosan hydrogel through physical crosslinking at 37°C
while ensuring physiological osmolality [67, 68]. These novel gelling agents, discovered by Lerouge’s lab,
have similar pK, as chitosan at room temperature [188]. For example, at room temperature, chitosan's NH3"
is screened by SHC. Chitosan's pk. decreases as the temperature rises, causing SHC to react with NH3" and
release CO; and completely neutralize the chitosan chains. These enhanced mechanical properties partly
explain the good bioprinting results obtained in this work. However due to their slow gelation, only the

FRESH bioprinting allowed to reach satisfactory results.

Using FRESH bioprinting, we could print a strong structure of a thermosensitive chitosan bioink with good
shape fidelity and resolution (narrow filaments without collapsing under the weight of the next layers)
without use of additional toxic crosslinkers. We demonstrated that CH2% prepared with SHC +BGP as
gelling agent is a good bioink and has the potential to be used for various tissue bioprinting applications

using FRESH bioprinting.

Limitations of FRESH bioprinting with chitosan thermogel

However, we are still far from ideal and face some limitations as listed below:

1) The possible printed 3D structures are limited: when we later tried to print other 3D structures, we
observed some severe limitation of the technique. Indeed, only limited types of 3D structure could be
printed in which the printed filaments are far from each other such as cylindrical structure as presented
in Chapter 5. When structures including filaments closer to each other are printed, it led to filaments
displacement. In contrast, other teams have used FRESH technique with other bioinks to print complex
3D structure of various geometries from compact gridded structure to human cardiac ventricle model
and tri-leaflet heart valve[54, 249, 356]. The problem and what we observed could be related to the
bioink limitation due to the lack of instant thermogelation of the chitosan-based hydrogels or to the
FRESH bath rheological properties as explained below:

o First the rheological properties of the support bath are slightly different than gelatin slurry and might
be less appropriate. As mentioned previously in Chapter 2 and observed in Chapter 5, the Pluronic
bath that we used presents a non-Newtonian behaviour and fits Herschel Bulkley fluid

behaviour, while the most common FRESH bath, gelatin slurry fits Bingham fluid behaviour. The
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2)

3)

difference between the two is that, once reaching the Yield point, the shear stress becomes linearly
proportional to strain rate in the Bingham fluid, while it presents shear thinning properties in the
Herschel Blukley model. [354, 357], We are not sure which behavior is the best for support baths
and further studies are required. The yield stress required for Pluronic support bath is around 150
Pa, while gelatin slurry’ yield stress is minimum ~300 Pa [53]. Maintaining the gelatin slurry at
room temperature (~22°C) preserves these rheological properties [244, 354], limiting its application
since cells like body temperature rather than 22°C.

e Secondly, the slow gelation of chitosan may limit feasibility of printing complex and compact 3D
structures. Gelation kinetic is quick (few seconds) in case of e.g., alginate hydrogels with CaCl,,

but chitosan hydrogels lack instant gelation and thermo-crosslinking occurs in few minutes.

It is important to have a good control of the FRESH bath temperature, since preliminary work showed
that the bath tended to melt from the top during the printing due to bath cooling, which occurs in contact
with ambient air, despite heating at 37°C from the bottom. This is one limitation of this work. This is

why we chose a bath which gelation temperature is slightly below 37°C, as a safety margin.

Toxic effect of the support bath:

The bioink itself must provide an excellent biocompatibility and cell viability, but also in FRESH
bioprinting, the support bath plays an important role in cell survival. The physiological condition, e.g.,
temperature, pH and osmolality, the bath stiffness, viscosity, porosity, and removal procedure, could
highly impact cell performance [358, 359]. In chapter 5, we showed good cell survival in simple
structures like gridded structure, but when we studied cell survival in bigger structures with more
volume of Pluronic bath, this led to significantly more cell mortality. Since longer time was required to
remove the Pluronic after bioprinting. Table 10 summarizes the various conditions tested in order to

assess the effect of Pluronic support bath on cell viability within the chitosan bioinks.
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Table 10. Printability window in Pluronic FRESH bath.

Bioink | Cells Bath Bath Pre- Printing Incubation | Fridge | Additional | Results
volume | printing and bath time time Info.
centrifuge removal
time
CH2% | MSCs 19%pluronic+1% | Sml I min 1500 | <5 min 20 min 10 min | *5 layers 100%
NaCl rpm were cell
printed. dead
*30 min in
contact with
bath/printing
a filament
CH2% | MSCs 19%pluronic+1% | 1ml 1 min 1500 | <5 min B Smin | *1 layer was | ~80%
NaCl rpm printed viability
*printing DI
filament
CH2%- | MSCs 19%pluronic+1% | 1ml 1 min 1500 | <5 min _ Smin | *1 layer was | ~70%
Gel2% NaCl rpm printed viability
*printing Dl
filament
CH2% | Fibroblast | 19%pluronic+1% | 2ml 1 min 1500 10-15min | 20 min | *2 layers most
L292 NaCl rpm gridded cells
structure were
*Wash with | dead
PBS every 5 | DO
min/printing

As shown in the Table 10, from the first experiment (first row), it was found that long contact time with
Pluronic affect cell survival negatively. In this regard, to remove the Pluronic quickly to decrease the
cells contact with the Pluronic, the samples were cooled down to 4° immediately after bioprinting. In
addition, the Pluronic bath volume was decreased from 5 ml to 1 ml to ease the removal procedure and
shorten the time in contact with Pluronic. Results indicate much better survival, around 70-80%. The still
significant cell mortality might be due to the stiffness or viscosity of the Pluronic (G’ ~ 5000 Pa). Afghah
et al. reported that the Pluronic support bath with stiffness of ~ 500-1000 Pa prepared by 7.5-12.5% w/v
Pluronic showed over 80% cell viability [58]. In our case, a much higher concentration of Pluronic was
used (19%) which presents high viscosity (high stiffness) which limit access to O, and nutrient to the
cells encapsulated in chitosan hydrogel. The Pluronic bath showed ~ 5000 Pa storage modulus. Gelatin
microparticles slurry bath storage modulus is also around 500-1000 Pa [53]. To be noted that Pluronic has

been used by other teams either as a support bath or bioink, and no toxicity has been reported [58].
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Recommendations:

1. Since we are not sure that the inability of printing complex 3D structure is due to lack of chitosan
instant gelation or Pluronic FRESH bath rheology, we propose to compare the rheological
properties of Pluronic with gelatin slurry. This would allow us to better understand the limitation
of our support bath and eventually optimize it. We could also try to print our chitosan bioink
within gelatin slurry, even though this would not allow taking advantage of the thermogelation
of chitosan since gelatin melts at 37°C. Moreover, printing chitosan-gelatin bioinks in gelatin
slurry could be challenging. In addition, variability and production of microparticles with
gelatin is challenging, while Pluronic is a synthetic hydrogel and highly reproducible as shown
in Chapter 4.

2. Another recommendation is addition of nanoclay e.g., Laponite to Pluronic as a rheology
modifier. It would allow us to decrease the Pluronic concentration (decrease viscosity) as well
as decrease the support bath stiffness.

3. Tosolve the lack of instant gelation and to provide the feasibility of printing complex structures,
one possible recommendation is to blend chitosan hydrogels with other biopolymers like

alginate, making IPN or semi-IPN bioinks.

7.5 Chitosan thermogel as embedding hydrogels

Another potential use of chitosan thermogel in bioprinting is to use it as a matrix for embedding writing.
This technique involves the deposition of 3D printed structures directly within a cell-laden, self-healing
matrix which mechanically supports the printed structures. The potential of CH thermogel as a self-healing
matrix has been also studied in the framework of this thesis but results are still preliminary and are not
presented in this thesis. In brief, sacrificial writing into functional tissue (SWIFT) is an approach that can
streamline the fabrication of biomimetic artificial tissues. To demonstrate that chitosan hydrogels are
suitable as embedding hydrogels, vascular templates were 3D printed directly into them using Pluronic.
Once the matrix materials are fully gelled, the sacrificial materials are removed, and we show that
branched, perfusable networks can be embedded within these constructs (Figure 41). The evaluation of cell

viability and function within these systems are in progress.
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0 min 1 min 2 min 3 min 5 min 8 min

Figure 41. Illustration of printed perfusable network embedded within thermosensitive chitosan hydrogels

and effect of time on the network’s resolution and continuity.

Overall, this work demonstrates that controlled gelation and gelation timeframe play a critical role for
time- and temperature-dependent hydrogels, that must be taken into account. This approach is
promising in generating microstructures that mimic physiological tissues such as vascularization within

tissue-engineered constructs.

7.6 Potential of injectable/printable chitosan thermogel for mineralized tissue engineering

As mentioned previously, our gelling agents allows creating injectable and printable chitosan hydrogels
with drastically enhanced mechanical properties and cytocompatibility compared to conventional chitosan—
BGP hydrogels [67, 68]. This opens the way toward many applications in tissue engineering. In particular,
there is a large need for tissues such as bone and cartilage tissue regeneration, and their mineralized
interface. CH hydrogels fill many of the requirement for such applications. In addition to those mentioned
previously, chitosan hydrogels have been shown to induce formation of GAGs and promote the survival
and growth of chondrocytes [67, 174-179]. However, chitosan hydrogels lack inherent osteoconductivity
and osteointegrativity with surrounding bone tissue. Osteoconductive and osteointegrative properties
can be provided by the addition of bioceramics such as hydroxyapatite or bioactive glass [198-200].
Bioactive glass was chosen here for its bioactivity, and faster osteoblast proliferation than hydroxyapatite
[204]. Indeed, in combining with bioceramics e.g., bioactive glass (BG), chitosan-based scaffolds

significantly enhance the osteoblasts growth [198-200].

Preliminary trials showed that the gelation of hydrogels could not be obtained with a high loading of BG
particles. Dissolution of BG leads to fast ion release (an increase of pH), preventing hydrogel formation and
adversely impacts the mechanical properties [210, 313]. This is in agreement with previous studies and is

explained by a rapid release of Na* ions from BG particles in aqueous solutions [210, 311, 331, 336]. For

137



example, the addition of 2% w/v BG powder to thermosensitive chitosan-based hydrogel made of BGP
gelling agent resulted in a hydrogel with a storage modulus (G’) of only 9 Pa after 4 min at 37 °C [210]. An
in-situ injectable thermosensitive chitosan-collagen-BGP hydrogel in combination with BG (0-2%w/v) was
reported for bone tissue engineering with promoted bioactivity [210]. Later, by combining chitosan-gelatin-
BGP with nano-BG, a thermosensitive hydrogel with enhanced elastic modulus and improved viscoelastic
properties was developed but, mechanical properties are still far from ideal [209]. The hydrogel promoted
proliferation of osteoblasts and angiogenesis gene expressions, resulting in bone regeneration after in vivo
injection [211]. However, low BG concentration is used since higher BG concentration affects the
mechanical property adversely meaning no proper gelation is taken place. Consequently, it negatively
impacts the encapsulated cell survival in such basic hydrogels. The rapid release of ions and the fast pH
increase in vitro explain why only very few work have been published about cell encapsulation and in vitro
assays with BG particles together in one single hydrogel [211]. For these reasons, it was not possible to
create a bioglass-containing CH bioink for tissue bioprinting. We however tried to overcome this issue
to create an injectable hydrogel in which BG was concentrated in small microbeads instead of their
homogenous distribution that would reduce the number of ions in the chitosan hydrogel and thus allow
proper gelation, enhance the mechanical properties, and possibly increase the gel's compatibility for cell

encapsulation.

Such hybrid hydrogels combine several advantages compared to chitosan hydrogels with homogenous
distribution of BG: 1) They present drastically enhanced rigidity than homogeneous BG hydrogel. This
suggests that, as expected, BG segregated in microbeads is less interfering with the physical gelation of
chitosan hydrogels, probably due to the slower release of ions. 2) Microbeads can be prepared and frozen
while waiting for their addition in the gelling agent, thus preventing partial dissolution and allowing long-
term storage of the product for potential clinical applications. 3) The hybrid product is suitable for non-
invasive injections through 18 G needles. 4) Some advantage was also observed in terms of osmolality and
better cell survival compared to homogenous gel. 5) Osteoconductivity is an important factor for bioactive
scaffolds and induces osteoblasts to form new bone [180]. Calcium and phosphate also concentrated over 7
days soaking in simulated body fluid, indicating nucleation of hydroxycarbonate apatite as reported by
Moreira et al. [209, 210]. Similarly, Oudadesse et al. presented apatite layer formation on chitosan

biopolymer surface after 7 days and good adhesion between the BG and chitosan, indicating potential of
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BG-chitosan bioactivity in physiological environment [344]. Thus, our results suggest that BG-loaded

microbeads are expected to form apatite in the body. However, some limitations were faced as listed below:

Limitations:

1. Hybrid hydrogels with BG microbeads showed secant modulus of ~13 kPa, which was significantly
higher than hydrogels with homogenously distributed BG. Also much higher than previously
reported studies [210]. But mechanical properties are still far from ideal bone and mineralized
tissue [360]. Rigidity or Young modulus value is 450-650 kPa in deep zones of the articular
cartilage (varied by age and sex) [361]. Rigidity or Young’s modulus of bone should be range of
11-21 GPa for Cortical bone, longitudinal and 5-13 GPa for Cortical bone, transverse [362].

2. Microbeads injection was studied in two ways: 1) microbeads were injected alone; 2) microbeads
were encapsulated within chitosan hydrogel and injected. There is the deformation or possible
breakage of microbeads during injection when encapsulated within the hydrogel, adversely
impacting mechanical properties and cell survival.

3. Another limitation of this work is type of cell line that was studied. We have studied fibroblast cell

viability. We did not test our material with a cell line appropriate for bone and cartilage repair.
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Recommendations and perspectives:

In the future, the following work would help better optimize and assess the potential of bioactive

chitosan hydrogel

1. Still low concentration of BG was used (0-4% w/v). It would require further studies through,
e.g., increasing BG concentrations.

2. Microbeads demonstrated the potential of freezing for long-term storage. But further
characterization is needed to validate that freezing does not alter chemical or mechanical
characterization.

3. It is suggested to characterize the biodegradation, and cytocompatibility with bone application
cell lines e.g., osteocytes and MSCs.

4. In our work, in vitro studies were performed to assess osteoconductivity. Therefore,
comprehensive osteoconductivity characterizations are suggested to justify their ability to form
a biological bond with the surrounding living bone. For example, apatite formation should be
studied in longer time than 7 days; another material for coating rather than gold (e.g., palladium)
must be used in EDX to measure calcium/phosphate ratio; crystallization should be
characterized using X-ray powder diffraction (XRD); biodegradation, in vitro and in vivo bone
formation, and bonding to surrounding bones must be studied.

5. Although bioglass showed superiority over hydroxyapatite as discussed previously, it is not an
ideal bioceramics for pH-dependent biomaterials such as chitosan-based hydrogels. Bioglass
incorporation increases pH due to ion release, which influences chitosan hydrogel’s mechanical
properties adversely. In this regard, chitosan hydrogels can be incorporated with hydroxyapatite

in order not to have ion release and consequent challenges like impaired gelation.
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7.7 Conclusion

The general objective of this Ph.D. was to study and optimize the potential of thermosensitive chitosan-
based hydrogels for extrusion-based bioprinting and injectable scaffold for articular tissue engineering. in
addition, we proposed a new strategy to predict the printability of time- and temperature materials like
thermosensitive chitosan-based hydrogels for any extrusion-based system. A comprehensive understanding
of thermosensitive hydrogels rheology and their characterization methods provide an opportunity to take
advantage of such promising hydrogels in bioprinting. Taking advantage of chitosan thermosensitivity, we
bioprinted 20-layered structures using FRESH bioprinting technique. This work shows the potential of the
thermosensitive chitosan-based hydrogels in various tissue bioprinting. The incorporation of cells into a
BG-contained hydrogel recreates the in vivo environment of mineralized or bone tissue. Therefore,
injectable bioactive cell-laden chitosan-based hydrogel could potentially be used as a bone filler and as a
bioink to engineer mineralized tissue. The suggested strategy in this Ph.D. would open new doors toward
engineering articular tissue. However, much works remains to be done for bioprinting bioactive tissues and

organs which could be routinely used in the clinic.

7.8 Originality

In terms of the originality of the project, many new developments have been obtained throughout the project.
We are the first to report a rheological method specifically adapted for time- and temperature-dependent

materials.

In addition, we studied chitosan-based bioink in FRESH bioprinting as a new cytocompatible (gentle with
encapsulated cells) and biodegradable bioink without use of any external toxic crosslinker. In fact, this work
would take advantage of chitosan thermosensitivity and provide thermo-crosslinking to create a much
stronger 3D bioprinted scaffold than in air printing. The strategy provided good adhesion of layers and
integration to each other during bioprinting, which would open new windows toward studying promising
hydrogels such as thermosensitive chitosan in bioprinting. To date, our thermosensitive chitosan hydrogel

is the first pure chitosan bioink.

Our study is also the first cell-laden mineralized scaffold in which cell viability is preserved. The
mineralized hydrogel studied in this Ph.D. showed potential clinical application. We hope this Ph.D. will

open new horizons for personalized complex gradient implant generation.
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7.9 Impact and Contribution

This project will help develop and optimize the 3D bioprinting technology in Canada. More specifically, it
will help identify and optimize injectable and functional biomaterials suitable in 3D bioprinting to improve
several diseases’ treatment procedures. It will also enable the determination of the experimental factors that
influence biomaterial’s injectability, printability, cellular and biological behaviors as a 3D printed structure,
either acellular with surface seeded cells or including cells encapsulated within the biomaterial. With or
without cells, fabrication gradient structures could revolutionize the medical industry, in particular
musculoskeletal joint prosthesis design and production, by providing an alternative to the conventional
metal-polymer implant, at least for small articular tissue defects. This may provide a solution to the growing

number of patients suffering from articular tissue degeneration.
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