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INTRODUCTION 
 

Living organisms are composed of one or more cells, which are considered as the most basic structural 

and functional units of life (Cell theory, 1839 by Schleiden and Schwann). In the human body, over two 

hundred different cell types ensure specialized functionalities and the proper running of every organ. In 

many cases, like injury, disease or aging, cells might die or become dysfunctional and their renewal can 

be difficult or even impossible, therefore causing an impairment or a threat for the organism. In such 

situations, cell therapy, or cell-based therapy, might be a promising strategy. This type of therapy 

consists in delivering progenitor, primary or stem cells into the patient in order to facilitate the 

regeneration of lost or damaged cell and thus the reparation of the organ or tissue.1 Tremendous efforts 

have been made during the last decades in the development of cell-based therapy.2,3 In particular, the 

discovery of induced pluripotent stem cells in 2006 has been a breakthrough in the field and has raised 

a lot of hopes for the treatment of many diseases.  

The success of such therapies strongly depends on the viability and the behavior of cells after 

transplantation. Unfortunately, it is well-known that direct injection of cell suspensions in culture media 

or buffers into tissues results in poor retention and very low survival rate.4  These unsatisfactory results 

are attributed to the shear stress forces applied on cells during the injection and to an inadequate 

microenvironment post-injection. Therefore, there is a growing need for injectable matrices able to 

support cell survival and retention. These matrices should both provide a protection for the cells during 

injection through the needle, allowing minimally invasive delivery, and offer a suitable environment for 

the correct upcoming behavior of the injected cells.  

Cell viability, proliferation and migration are governed by a complex, spatiotemporally integrated set of 

mechanisms that are influenced not only by the biochemistry but also by the biophysics of the 

extracellular environment.5 Therefore, the ideal matrix should possess adequate mechanical, 

biochemical and microstructural properties, which are adapted to the application. Matrices should 

possess multi-scale porosity involving both micro- and macro-porosity with a good interconnectivity to 

ensure the adequate diffusion of molecular biochemical signals, nutrients and waste products and to 

enable the cellular proliferation and migration that is needed for tissue vascularization.6 Despite many 

efforts and progress, elaborating injectable systems that remain liquid at room temperature and form a 

macroporous matrix in the presence of cells at body temperature is still a challenge. 

In this thesis, I propose to investigate the design of macroporosity in injectable cell-laden matrices. 

For that, I have studied a particular system composed of a thermosensitive hydrogel in which the 

sol/gel transition is induced by a phase-separation of aqueous polymer solutions at body 

temperature. With this research, I have explored how this process results in the formation of a 
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macroporous network and how this strategy can be adjusted to make relevant matrices for cell 

encapsulation and delivery.  

As of today, the injectable cell-laden matrices that have been proposed can be divided into two main 

classes: in situ forming matrices which are injected in a liquid form and solidify in the targeted site, and 

preformed matrices which are fabricated prior to cell seeding and then injected into the targeted site. 

The studied approach in this project belongs to the in situ forming matrices class. In such systems, cells 

can be easily dispersed in the liquid which then becomes a gel at physiological temperature, thus filling 

in the defect and maintaining cells at the targeted site. Among different studied materials, hydrogels 

have been widely investigated thanks to their similarities to the native extracellular matrix (ECM). 

However, most studied injectable hydrogels are characterized by macromolecular networks having 

nanoscale mesh sizes well below 1 µm, which is much smaller than the average cell size of about 10 

µm. Hence, injected cells are trapped in a tight macromolecular network, which compromises their 

mobility and function. Although many efforts have been made in the recent years, the default of 

macroporosity remains a bottleneck limiting the efficiency of injectable cell-laden hydrogels.  

We investigated here a system composed of chitosan and phosphate salts. Chitosan (CS) is a biosourced 

polysaccharide obtained by partial deacetylation of chitin, a primary component of cell walls in fungi 

and crustacean shells. CS possesses beneficial biological properties like low toxicity and 

biodegradability. CS can be considered as a copolymer with a random distribution of D-glucosamine 

units (bearing the amine functional group) and N-acetyl-glucosamine units (bearing the acetamide 

group). Amine groups of CS have an apparent pKapp in the vicinity of 6.2, making CS a polyelectrolyte 

soluble in acidic conditions. Near neutral pHs where CS is mostly deprotonated, the strong tendency of 

the CS chains to self-associate through H-bonding and hydrophobic interactions dominates, giving rise 

to the formation of a hydrated gel-like precipitate.  

The poor solubility of CS at physiological pHs has long been a limitation for biomedical uses, until the 

pioneering work by Chenite et al. in 2000.7 They demonstrated that adding an organic phosphate salt, 

beta-glycerophosphate (bGP), allows to raise the pH of CS solution to neutral values without inducing 

precipitation. This mixture can stay liquid at room temperature but turns into a gel upon heating, in 

particular at physiological temperature, 37°C. Most interestingly, this gelation results from a phase 

separation which produces interconnected pores which size can go up to tens of microns. The CS/bGP 

system has been the subject of numerous researches to investigate its biocompatibility and its relevance 

as injectable carrier for drugs and cells. For the use as cell vehicles, this system has a major limitation. 

It was reported that typical bGP concentrations needed for ensuring physiological pHs and adequate 

gelation kinetics lead to a hypertonic level of osmolarity, thus inducing cytotoxicity.  
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My PhD project had multiples objectives. The main goal was to design injectable hydrogels having 

controlled macroporosity for cell encapsulation and delivery based on thermosensitive 

chitosan/phosphate salt mixtures. In a more fundamental aspect, it was interesting to gain a 

deeper understanding on the molecular and microscopic mechanisms involved in this sol/gel 

transition and on the emergence of the macroporous microstructure in this peculiar system. 

Moreover, another objective was to explore the possible effects of the presence of cells on the 

gelation and the formation of the microstructure.  

Our strategy was as follows: 

Firstly, a rational formulation approach was developed for designing cytocompatible injectable 

formulations in which the pH and the osmolarity can be adjusted independently. In vitro encapsulation 

studies demonstrated the cytocompatibility of these formulations. Gelation kinetics was investigated to 

ensure injectability/gelation of these solutions in operating conditions. 

Secondly, a study on several CS/salt systems including physiological formulations was performed to 

investigate the mechanisms of the sol/gel transition in thermosensitive CS/salt mixtures, at both the 

molecular and microstructural levels.   

Thirdly, the microstructure of these systems was studied in depth and quantitatively. The possibility to 

tune the porosity and the pore size distribution was explored by playing with different parameters, such 

as the CS concentration and the CS characteristics. 

Finally, strategies aiming to improve the bioactivity of these formulations were explored.  

 

This manuscript is organized into five chapters: 

Chapter I: This chapter is a literature review organized into three sections. The first section aims 

at giving a quick overview on the requirements to design injectable cell-laden matrices. The second 

section exposes several recent progresses to engineer macroporosity in such materials. The third 

section is devoted to the description of the thermosensitive system composed of chitosan and salt.  

 

Chapter II: Given that the standard system composed of CS and bGP presents a cytotoxic hyper-

osmolarity, a rational formulation approach to make cytocompatible CS solutions was developed. 

This approach consists in partially replacing bGP by ammonium hydrogen phosphate, AHP.  Using 

this second salt, the pH and the osmolarity of the formulation can be independently and finely 

controlled whatever the CS concentration. CS concentration is a key parameter governing the 

viscoelastic, microstructural and degradation properties of the hydrogels. The cytocompability of 
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one CS/bGP/AHP formulation was evaluated by in vitro encapsulation of pre-osteoblastic MC3T3-

E1 cells and primary human gingival fibroblasts. This study is published in Carbohydrate Polymers, 

https://doi.org/10.1016/j.carbpol.2021.118836.  

 

Chapter III: The mechanisms of the sol/gel transition at the molecular and microscopic levels were 

investigated. By exploring CS solutions in the presence of bases having different natures and 

chemical structures, we demonstrated that the sol/gel transition is strongly governed by the 

interactions between CS chains and the base. The formation of a macroporous structure in 

CS/bGP/AHP formulations was observed combining time-resolved direct observations and light 

scattering measurements. We demonstrated that this macroporous structure originates from the 

percolation of CS colloidal-like particles. Based on these results and observation, a model for the 

mechanisms of the sol/gel transition in the CS/bGP/AHP system is proposed.  

 

Chapter IV: This chapter is devoted to the microstructure of CS/bGP/AHP hydrogels. Firstly, we 

developed methods and tools for a quantitative microstructural characterization of these gels. 

Secondly, these tools were employed to investigate the effect of the molar mass distribution and the 

origin of CS on the microstructure. We showed that the porosity and the pore size distribution of 

CS/bGP/AHP hydrogels can be tuned while maintaining the physiological conditions by varying 

CS characteristics. Finally, the effect of the presence of cells on the gelation and the microstructure 

of the resulting hydrogel was quantitatively studied, which is a key question as the microstructure 

is formed in situ and in the presence of cells.  

 

Chapter V: In this last chapter, we explored the possibility to use CS/bGP/AHP hydrogels as a 3D 

encapsulation matrix that could be used to study the development of specific cancercells in vitro 

and in vivo. In collaboration with Dr. Piotr Topilko’s team (Institut Mondor de Recherche 

Biomédicale), the behavior of cancer cells, which are involved in malignant peripheral nerve sheath 

tumors, was investigated in in vitro 2D culture or 3D encapsulation experiments. Cells remained 

alive up to 6 days of incubation, however very few were able to attach, to spread and to proliferate. 

These exploratory results highlight the need to improve the bioactivity of CS/bGP/AHP hydrogels. 

Accordingly, strategies for functionalizing the formulations with peptide sequences or proteins were 

explored. 
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This literature review is composed of three sections. In the first section, a brief overview on the specific 

requirements for designing injectable cell-laden matrices is exposed. In this project, we focus on the 

design of macroporosity in injectable cell-laden matrices while keeping in mind that all of these 

requirements need to be satisfied for ensuring the survival and activity of cells. Recent progresses and 

strategies to engineer macroporosity in injectable cell-laden matrices are presented in the second section. 

Among the proposed strategies, we chose to explore thermosensitive mixtures composed of chitosan 

and salts. A state-of-the-art about this system, from the physico-chemical to biological properties, is 

exposed in the last section. 

 

I.1.  Requirements for designing injectable matrices for cell 
delivery 

The success of cell-based therapy depends strongly on the viability and the behavior of cells after 

transplantation. It has been reported that direct injection of suspensions of cells in culture media or 

specific buffers into tissues results in significant cell loss and death. Very few cells remain in the targeted 

site with retention rates of the order of 1-10%,1–3 and up to 80% of them die within a few days.4,5 Such 

a low survival rate is attributed to the shear forces exerted on the cells during injection and to the absence 

of a proper microenvironment. As a result, the therapeutic effect of injections of cells alone is very 

unsatisfactory. For these reasons, there is a growing need for injectable matrices able to support cell 

retention and survival. Ideally, these matrices would provide a protection for cells during injection 

through a needle, therefore allowing to deliver the cells in a minimally invasive manner. These cell-

loaded matrices should fill the targeted site and act as a temporary physical and chemical support for 

cell survival and growth until the formation of new tissues. As of today, the injectable cell-laden 

matrices that have been proposed can be divided into two main classes: in situ forming matrices which 

are injected in a liquid form and solidify in the targeted site, and preformed matrices which are fabricated 

prior to cell seeding and then injected into the targeted site. These two concepts are illustrated with some 

corresponding examples in Figure I - 1, and will be described in more detail in the second part of this 

review. 

Facing the needs to address numerous requirements, which moreover are application dependent, the 

design of an ideal injectable matrix for cell delivery remains a challenge. In addition to general 

requirements in designing cell scaffolds, specific criteria must be taken into account for injectable cell-

laden matrices. Among several reviews on the topic,5–8 Guyot & Lerouge provided an extensive list of 

specifications for the design of injectable scaffold for cell delivery.5 Firstly, the matrix must be 

cytocompatible, and secondly must possess adequate complementary characteristics, such as 

injectability, suitable surface functionality, mechanical properties, adequate degradation rate and 
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microstructural features. This literature review does not claim to be exhaustive but to provide an 

overview on these criteria. 

 

 

 

Figure I - 1. Principles and examples of the two main classes of injectable cell-laden matrices 

 

I.1.1. Cytocompatibility 
The cytocompatibility must be considered over all the transplantation process: pre-injection, injection 

and post-injection phases. During the pre-injection and the injection steps, cells should be maintained 

in physiological conditions, at neutral pH (7.0–7.4), with an osmolarity in the vicinity of 300 

mOsm.kg-1.5 Moreover, care should be taken not to expose cells to cytotoxic chemical products or 

reactions. For preformed scaffolds, all residues of solvent or chemical reagents should be eliminated 

before cell seeding. For in situ forming scaffolds, the solidification process occurring in vivo must not 

involve products or reactions toxic to the cells and surrounding tissues. In that respect, naturally derived 

materials usually provide a better cytocompatibility than synthetic materials.9 the literature of cell-laden 
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systems, the material is usually considered as non-cytotoxic when the cell viability is equal or greater 

than 70% after at least 24 h.

 

I.1.2. Injectability 
The material should be injectable through a needle, which size depends on the targeted tissue and is 

typically in the range of 20 to 27 G.10 In the class of preformed scaffolds, some examples of strategies 

to achieve injectability are: i) the micrometric size of the scaffold (microspheres)11, ii) the self-healing 

property (dynamic covalent networks, supramolecular interactions)12; or iii) the elasticity at large strains 

(cryogel).13 For in situ forming scaffolds, stimuli-responsive hydrogels are usually used in which the 

gelation can be triggered by different stimuli such as pH14, temperature15, light16 or ionic strength.17 In 

these systems, the gelation kinetics must be controlled to permit the injection: the system must be able 

to flow or be extruded during injection and must solidify rapidly to ensure cell retention. For example, 

for cell injections into brain, typical injection rate ranges from 60 to 300 µL.min-1 and injection volume 

varies from tens to hundreds µL.10,18 Independently of the cell survival, it was reported that an infusion 

rate of 3 mL.min-1 leaded to complications such as stroke lesions in mouse model.19  Therefore, it is 

important that the formulation stays liquid during the dispersion of cells, followed by the injection 

operation. To the best of our knowledge, the ideal minimal gelation time, after injection, is not clearly 

defined in the literature and is application dependent, however, it is generally in the order of a couple of 

seconds to few minutes. 

I.1.3. Surface scaffold bio-functionalization 
All normal tissue-derived cells (except those derived from the haematopoietic system) are anchorage-

dependent cells, i.e. they need to attach to a surface to ensure a normal proliferation.20 By contrast, cells 

derived from the hematopoietic system, and transformed cells such as tumoral cells, are able to 

proliferate in suspension and do not need any surface for cell growth. For anchorage-dependent cells, 

the biochemical properties of the scaffold surface must promote cell adhesion. Considerable research 

and progress have been done in the past decades to functionalize materials surfaces and promote cell 

adhesion. For example, extracellular matrix (ECM) proteins such as collagen,21 fibronectin22 or 

laminin23 can be used to enhance cell-scaffold interactions. Peptide sequences containing the arginine-

glycine-aspartate (RGD) moiety, the principal integrin-binding site within ECM proteins, has also been 

extensively explored as a strategy to improve cell attachment.22,24–27 Recent advances in application of 

RGD-functionalized biomaterials are well summarized in the review of Alipour et al.28 The use of 

synthetic peptide sequences containing RGD has the advantages of minimizing the risk of immune 

reactivity or pathogen transfer, as compared to ECM proteins. Moreover, the conjugation of small 
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peptide sequences onto biomaterials can be more precisely controlled than for proteins due to the 

complex conformations of the latter. However, a major advantage of proteins over small peptide 

sequences is the presence of multiple cell binding sites, which firstly can be recognized by a larger 

number of integrins and secondly, can have synergic effect to improve cell functions.29  

Hence, each strategy has its advantages and limitations. It was reported that both proteins and 

small peptide sequences were successfully conjugated onto chitosan.30–32 In this PhD project, the 

incorporation of fibronectin and RGD-containing peptide sequences has been explored for 

improving the bioactivity of thermosensitive CS/salt mixtures.  

I.1.4. Mechanical properties 
Like the biochemical properties of the surface, the mechanical properties of the scaffold have been 

shown to significantly influence cell behaviors such as adhesion, growth and differentiation, and to 

affect their bioactivity.33 Human tissues present a remarkable spectrum of stiffness. Their elastic moduli 

range from 10 Pa (intestinal mucus) to 20 GPa (cortical bone).34 Central nervous system tissues and 

most abdominal organs are considered as the softest tissues while tendons and bones are the stiffest 

tissues of the human body. Several studies have reported that dynamic changes of surface stiffness were 

dominant for cell differentiation over environmental factors as temperature or pH.35–37 The effect of 

elastic modulus of the substrate on the phenotype and differentiation of mesenchymal stem cells (MSCs) 

has been widely studied in 2D cultures.38–40 For instance, a soft matrix with brain-like stiffness can incite 

MSCs to undergo neurogenic differentiation while a rigid matrix can incite MSCs to undergo osteogenic 

differentiation, as shown in Figure I - 2a. 
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Figure I - 2. The sensitivity of MSCs differentiation to matrix elastic modulus: a) in 2D cell culture, 

blue = nuclei, green = actin cytoskeleton, reproduced from Reilly & Engler 41 and b) in 3D cell culture, 

red = F-actin, scale bar = 10 µm, adapted from Huebsch et al.42 

Nevertheless, the behavior of cells is much more complex when they are encapsulated or embedded in 

a 3D environment as compared to a 2D culture. Huebsch et al. reported that the elastic modulus has no 

significant effects on murine MSC morphology in 3D alginate matrices, even after one week of culture 

(Figure I - 2b).42 It is also important to note that biological tissues and extracellular matrices are not 

purely elastic but viscoelastic materials, as they exhibit stress relaxation in response to a deformation.43 

Recent studies have revealed exciting findings showing that the viscoelastic properties of the matrix 

have strong effects on cell behavior.44–47 Figure I - 3 shows a simplified picture on the dependence of 

the cellular behavior on the mechanical properties of the matrix, as proposed by Chaudhuri et al.47 

Accordingly, embedded cells exert strains on the matrix which amplitude are determined by the matrix 

stiffness. In a purely elastic matrix, these mechanical forces applied by cells cannot induce the 

remodeling of the matrix and the cells remain confined if the pores are too small. Therefore, to facilitate 

cell spreading, the matrix should have stress-relaxation properties which timescales are comparable with 

those related to cell behaviors. It has been reported that cells respond to force oscillations over seconds, 

to traction forces over minutes and cell spreading occurs over minutes to hours.47–50 For instance, 

5 kPa 10 kPa     22 kPa       45 kPa    110 kPa 

b

a 2D

3D
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Chaudhuri et al. reported that cell spreading, proliferation and osteogenic differentiation of MSCs are 

all enhanced for encapsulated cells within alginate hydrogels which the stress relaxation timescale 

decreased from 3300 s to 70 s.51 

 

Figure I - 3. Schematic representation of the effect of the elastic modulus and the stress relaxation 

properties of the matrix on the cellular behavior when cells are encapsulated or embedded within the 

matrix. Adapted from Chaudhuri et al.47 

 

I.1.5. Degradation properties 
In vivo degradation commonly occurs by hydrolysis or enzymatic processes. The desired kinetics for 

scaffold degradation depends on the targeted application. For tissue engineering, it is considered that 

the conditions for isomorphous tissue replacement should be preferred, when the rate of scaffold 

degradation is comparable to the rate of new tissue formation.52 Indeed, if the degradation of the scaffold 

is much slower than the regeneration process, the prolonged presence of the scaffold may hinder the 

growth of new tissue and induce an inflammatory response.53 On the contrary, scaffolds that degrade 

too quickly can fail to support the cell activity until the complete tissue replacement and may create an 

accumulation of degradation products that induces an inflammatory reaction. Moreover, in the context 

of cell-laden matrices, the degradation of the matrix is an important parameter that directly affects the 

cell behavior. Madl et al. studied the behavior of neural progenitor cells encapsulated in a hydrogel and 

reported that increasing the hydrogel degradation promoted the proliferation and the stemness 

maintenance of neural progenitor cells.45  

Cell exerts strain on 
matrix. 

Cell exerts strain on 
matrix. 

Forces maintained in matrix.

Forces relaxed through 
matrix reorganization.

Cycles of strain and 
stress relaxation facilitate 
cell spreading 
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The degradation kinetics of injectable matrices can be tailored by playing with different parameters, 

such as the solid content, the concentration in degradable functions or component and the crosslinking 

density. The degradation rate is also a function of the polymer properties, such as chemical composition, 

crystallinity and molar mass.54     

I.1.6. Microstructural properties  
Scaffolds should possess multi-scale porosity involving both micro- and macro-porosity with a good 

interconnectivity to ensure the adequate diffusion of nutrients and waste products within the scaffold 

and to enable the cellular proliferation and migration that is needed for tissue vascularization.55,56 The 

porosity of scaffolds must be adapted to the application as each tissue has its own characteristics.56,57 

Moreover, specific cells require different pore sizes for optimal attachment, growth and mobility.58–61 It 

was reported in the literature a very wide spectrum of optimal pore sizes, not only as a function of the 

cell type, but also of the composition and properties of the material. In porous silicon nitride scaffolds, 

endothelial cells bind only to pores smaller than 80 µm while fibroblasts preferentially bind to pores 

larger than 90 µm.60 In poly(L-lactide) scaffolds, vascular smooth muscle cells bind to pore having sizes 

ranging from 63 to 150 µm while fibroblasts bind to a wider range from 38 to 150 µm.61 It has also been 

demonstrated that vascularization requires pores larger than 300 µm.62 

Interestingly, the mechanical behavior of cells greatly depends on how their size is compared to the pore 

size. This effect was investigated in several studies and was nicely summarized in the literature review 

of Reilly & Engler.41 In particular, the cellular contractility appears to be directly regulated by the pore 

size, as illustrated in Figure I - 4. When pores are much larger than cells, the mechano-transduction 

mechanisms are similar to those on planar substrates. When pores and cells have similar sizes, cells are 

able to attach tri-dimensionally to the scaffold and the force they apply is smaller than in the 2D 

configuration. Hence, when varying the pore size, there may exist a continuous transition from highly 

spread cells onto planar substrates to rounded cells that attach to the scaffold in all dimensions. In 

addition, we should also keep in mind that cells continuously remodel their environment.  
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Figure I - 4. Influence of the pore size on cells contractility. a) Confocal micrographs of i) stained MSC 

(blue = nuclei, red = actin cytoskeleton) showing the flat and spread morphology of the cells on the 

walls of the scaffold (dotted lines) having pores > 100 µm; and ii) stained osteoblasts (green) embedded 

within a scaffold (red) having pores < 50 µm; b) Scheme illustrating how cells “feel” their environment: 

i) when the pore size is much larger than the cell size, the force is large (thick arrows) and ii) when the 

pore size is comparable to cell size, the force is smaller (thin arrows). Reproduced from Reilly and 

Engler.41   

Despite many efforts and progresses, addressing all the criteria mentioned above still remains a 

challenge in the development of efficient injectable cell-laden matrices. The cellular behavior in 3D is 

a complex function depending on many variables including the cellular specificities, and biochemical, 

mechanical and architecture properties of the matrix.    

 

In this project, we focus on the design of macroporosity in injectable cell-laden matrices while 

keeping in mind that an overall control of the material properties is needed. In the next section, 

several recent approaches to elaborate injectable macroporous cell-laden matrices are presented. 

  

a b
i)

ii)

i)

ii)
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I.2. Strategies for engineering macroporosity in injectable cell-
laden matrices 

Few literature reviews focus on the strategies to develop macroporous injectable cell-laden matrices. 

We can cite the review by Tong & Yang (2018),9 that provides a brief overview of the recent strategies 

for improving the performance of injectable cell-laden matrices including the specific progress to 

engineer macroporosity. The following section proposes an up-to-date review on this topic. It is 

structured in two parts, which correspond to the two main classes of cell-laden injectable matrices, as 

defined in section 1: preformed vs in situ forming matrices. 

I.2.1. Preformed macroporous matrices 
Three recent approaches are exposed in this section: macroporous microcarriers, polymeric cryogels and 

emulsion templating. 

2.1.a. Macroporous microcarriers  

Microcarriers have been widely developed for the last 20 years for minimally invasive delivery of cells. 

They are generally spherical in shape, referred to as microspheres or microbeads. Polymeric materials, 

both synthetic (poly(lactic acid),63–68 poly(ε-caprolactone, PCL),69–73 poly(ethylene glycol), PEG74) and 

naturally-derived (collagen,75 chitosan,76 silk fibroin77) have been largely investigated. Inorganic 

materials such as bioactive glass and ceramic microspheres have also been studied for hard tissue 

repair.78,79 The fabrication technique depends on the type of material. For example, polymer-based 

microspheres are usually prepared via emulsion-solvent evaporation and phase separation 

technique.66,72,76 For a low dispersity in the size of microspheres, microfluidics and extrusion techniques 

are preferable over emulsion.80 Microcarriers present the advantage of injectability owing to their 

microscopic size (usually few hundreds of micrometers in diameter). Moreover, their porosity can be 

controlled using well-known fabrication techniques of preformed 3D scaffolds such as particle leaching 

or gas foaming. However, these systems have a major limitation: the lack of control on the distribution 

of the microspheres post-injection. Indeed, microarriers can easily migrate away from the targeted site 

under the effect of the physiological stresses. To overcome this problem, the possibility of incorporating 

microspheres into injectable hydrogels73,81 or an excipient78 have been recently explored, as described 

hereafter.  

Matamoros-Veloza et al. studied porous calcium phosphate glass microspheres along with various 

viscosity modifiers (xanthan gum, methyl cellulose and carboxyl methyl cellulose) as a potential 

platform for cell delivery for hard tissue engineering.78,79 Resulting microspheres possess interconnected 

pores with average pore size around 50 µm, which favors the migration of human mesenchymal stem 

cells within the microspheres in a direct cell culture experiment in vitro (Figure I - 5a,b). The mixing 

of these calcium phosphate glass microspheres with xanthan gum at a specific proportion gives a paste 
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that exhibits shear-thinning behavior and can be injected with a clinically relevant pressure, as shown 

in Figure I - 5c. Liao et al. developed an injectable alginate hydrogel loaded with biodegradable porous 

microspheres containing calcium gluconate.73 The microspheres are based on a block copolymer 

composed of PEG and PCL, into which the porosity is induced by the foaming of ammonium 

bicarbonate and can be controlled by the molecular weight of the copolymer. These highly porous 

microspheres were loaded with calcium gluconate and once mixed with alginate solution, the 

microspheres released Ca2+ ions leading to gelation within 3 minutes in vitro and in vivo. This approach 

is interesting because cells, here chondrocytes, can be suspended in the alginate solution together with 

the microspheres. The resulting injectable composite hydrogel gives rise to a 3D scaffold in which the 

porosity can be modulated by tuning the degradation rate of the microspheres. In vivo subcutaneous 

injection in rats demonstrated that this system loaded with chondrocytes is efficient for cartilage repair.  

 

Figure I - 5. a) Scanning Electron Microscopy (SEM) images showing the morphology of calcium 

phosphate-based microspheres (i) and the detailed of the interconnected porosity (ii); ESEM images 

showing: b) stem cell-microsphere aggregates, the yellow arrows indicate cells attached and bridging 

across several microspheres (i) and yellow arrows indicate colonization of stem cells within the pore of 

microspheres (ii)79; c) extruded pastes through a 3 mL syringe and 14 G needle of microspheres with 

xanthan gum (XG) (i) and with XG using a 3D osteoporotic lattice (ii).78 
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2.1.b. Polymeric cryogels 

Cryogels are defined as a class of hydrogels prepared by a process called cryogelation.13 In general, 

cryogelation is produced from a polymer solution and involves three steps as described in Figure I - 6a: 

1) phase separation with the formation of solvent crystals at subzero temperatures, 2) 

crosslinking/polymerization of precursors (that can be monomeric or polymeric) in the liquid phase and 

3) thawing of solvent crystals leading to an open and interconnected macroporous polymer network.82 

In a similar manner to conventional hydrogels obtained by crosslinking in solution, the 

crosslinking/polymerization can be achieved by covalent reaction of monomers or pre-polymers 

(chemically-crosslinked cryogels) or by weak interactions such as ionic or hydrophobic interactions 

between polymer chains (physically-crosslinked cryogels). This process gives the possibility to 

elaborate a 3D cell scaffold with precise and controlled porosity by playing with adjustable parameters 

such as the crosslink type, the cryogelation temperature, the nature and concentration of the precursor 

and solvent, the cooling rate, etc.82 Both natural polymers (gelatin,83–86 alginate,87 starch88, etc.) and 

synthetic polymers (PEG,84,89,90 PCL,91)  have been intensively studied to make cryogels for biomedical 

applications.   

The first injectable 3D scaffold in the form of an elastic sponge-like matrix prepared by cryogelation 

was reported by Bencherif et al. in 2012.87 Using methacrylated-alginate grafted RGD, these authors 

prepared a preformed cryogel by a free-radical crosslinking mechanism. The average pore size 

determined by SEM images was between 150–200 µm. Unlike a conventional hydrogel obtained by 

crosslinking in solution, their cryogel exhibits large and interconnected macropores (Figure I - 6b,c). 

Thanks to the reversible collapse of the pores, this cryogel has an excellent elasticity up to very large 

compressive strains (> 80%) (Figure I - 6d) thus the ability of being squeezed through conventional 

needle-syringe injection (16 gauge) and rapidly recovering its original structure. This alginate-based 

cryogel showed great potential to be used as an injectable cell delivery vehicle. Clonally-derived murine 

mesenchymal stem cells were loaded into the cryogel and showed good cell retention (80%) and cell 

viability (92%) after in vitro injection (Figure I - 6e). In in vivo dorsal injection into mice, the cryogel 

maintained cells at the introduction area up to 15 days after injection.  

More recently, Kim et al. developed an injectable heparin/gelatin-based cryogel for the treatment of the 

in vivo hind-limb ischemia model.92 The formation of the cryogel is based on two levels of crosslinking 

using the carbodiimide reaction: intramolecular crosslinking of gelatin (type A) and intermolecular 

conjugation of heparin to gelatin. The resulting cryogels have an interconnected macroporous structure 

with pore diameters around 100 µm. The gelatin concentration determines various properties of the 

resulting cryogel including porosity, elasticity and swelling property while the heparin concentration 

controls the release of growth factors. By playing with the composition of the cryogel, the authors 
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succeeded in preparing an optimized cryogel and demonstrated with an in vivo ischemic hind-limb 

mouse model that NIH3T3 fibroblasts-loaded cryogels allowed an improvement of neovascularization.  

In spite of the great potential of cryogels for minimally invasive delivery, as demonstrated in the last 

two examples, these systems cannot offer freeform fabrication in order to fill-in usually complex wound 

sites. To overcome this problem, 3D printing with cryogel ink has been developed.93,94  Serex et al.  used 

carboxymethyl cellulose as cryogel ink to create printed cryogel having a controlled porosity and a 

complex geometry (Figure I - 6f).94 The pore size can be tuned from 4 µm to over 20 µm by simply 

changing the probe temperature. NOR-10 cells seeded on the printed cryogel exhibit good viability. By 

tuning the pore size, cells can be guided and seeded in specific places in the printed cryogel as cells can 

only spread in large pores (25 µm), as shown in Figure I - 6g. With the same concept, the same group 

prepared soft free-form scaffolds with shape memory that could endure partial dehydration-rehydration 

deployment for minimally invasive delivery.95  

The cryogelation technique was also used to elaborate microcarriers for cell delivery.84–86,89 The first 

demonstration of fabrication and application of microscale cryogels as cell carriers was reported by Liu 

et al.84 They fabricated ready-to-use array chip containing microcryogels that enable homogeneous and 

automatic loading of tailored cellular niches. The PEG-derived microcryogels have an interconnected 

macroporous structure with pore sizes ranging from 20 to 80 µm and a great elasticity under 

compression. Suspensions of cells can be automatically and homogeneously loaded into the microgels 

via physical absorption. NIH3T3 fibroblasts and human mesenchymal stem cells encapsulated in 

alginate-loaded microcryogels show good viability after 7 days. In vivo subcutaneous injection of NIH-

3T3 alginate-loaded microcryogels in mice showed induction of angiogenesis 2 weeks after injection, 

demonstrating the potential of this system for therapeutic application in ischemia treatment. As 

compared to bulk cryogels, microcryogels have the advantage of being injectable through smaller 

needles (16 G for bulk cryogels vs 27 G for microcryogels). Nevertheless, they provide a lower level of 

control over the post-injection distribution.  
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Figure I - 6. a) Scheme illustrating the cryogelation process; b-d) Comparison of the structural and 

mechanical properties between conventional nanoporous gels vs cryogels both fabricated with 1 %w/v 

MA-alginate: b) the pore connectivity, c) SEM images, d) stress vs strain curves of compression tests; 

e) Confocal microscopy images of live/dead staining of MSCs seeded into RGD-modified MA-alginate 

cryogels at 1 day and 6 days post-injection (green: live cells, red: dead cells, blue: nuclei). Adapted 

from Bencherif et al.87 f) Photograph of a 3D printed cryogel; g) Confocal microscopy images 

highlighting the possibility to choose specific seeding areas based on the pore size: (i) the transition 

from 25 µm to 5 µm pores form a cell barrier; (ii) cells spread well in the large pores but cannot migrate 

into the small pores region. Red: cryogel, green: actin, blue: nuclei. Adapted from Serex et al. 94 



 

 
 

30 

 

2.1.c. Emulsion templating  

Emulsion templating techniques has emerged into the field of tissue engineering in the 80s.  Nonetheless, 

their use to fabricate in situ forming macroporous cell-laden scaffolds remains relatively new compared 

to other approaches.96 This technique is based on emulsions or foams where the dispersed phase (internal 

phase) behaves like a template that will be removed following solidification leading to a porous 

structure.  The term “High Internal Phase Emulsion” (HIPE) is used when the internal phase presents at 

least 74% of the emulsion volume.96 Above this volume fraction, the dispersed phase droplets deformed 

into polyhedra. The main advantage of this approach for fabricating 3D scaffolds is the high tunability 

of the porosity and the interconnectivity of the structure by playing with parameters such as internal 

phase content, surfactant nature and content, stirring speed,…97 Nevertheless, this process requires a 

freeze-drying or a washing step to remove the liquid phase and to eliminate residues of chemical 

precursors and surfactants. Nowadays, only few studies have reported injectable HIPE processes that 

can be served as cell carrier, examples are presented hereafter. 

Oh et al. designed a dual thermoresponsive gelatin-graft-PNIPAM copolymer that can be emulsified 

with large amount of oil to form HIPE thanks to its amphiphilicity.98 The fabrication process is 

illustrated in Figure I - 7a. At 4°C, the gelatin backbone solidifies while at 40°C the PNIPAM side 

chains become insoluble and form physical crosslinks. In a systematic study, the authors explored the 

effect of the oil fraction, the gelation type (at 4°C or 40°C) and the grafted PNIPAM chains fraction on 

the porosity of the freeze-dried hydrogel.  They showed that the average pore diameter can be tuned 

from 10 to 160 µm by varying these parameters (Figure I - 7b). However, a characterization of the final 

structure of the hydrogel in physiological conditions at 37°C is missing. Using human foreskin 

fibroblasts, cell-laden hydrogels were prepared and an injection assay through a hypodermic needle was 

performed. The hydrogels broke up into pieces but retained their bulk structure and the cells remained 

alive right after injection (Figure I - 7c).   

Zhou et al. synthesized alginate-based ion-responsive macroporous hydrogels using oil-in-water HIPE 

templating.99 The authors combined covalently crosslinked methacrylate-modified alginate HIPE 

hydrogels giving these hydrogels permanent porosity with the well-known ion-responsiveness of 

alginate to Ca2+ ions. Upon extrusion through a hypodermic needle, the covalently crosslinked hydrogel 

broke up into small fragments which were then recombined together thanks to the complexation of 

unmodified alginate and Ca2+ ions. Ex vivo injection assays into pork muscle demonstrated that the 

interconnected macroporous structure could be observed in the reformed scaffold without apparent pore 

size change as compared to the hydrogel before injection. The pore size characterized using SEM was 

found to be in the range 14–31 µm. In a direct contact cytotoxicity test, human pneumocyte-like A549 
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cells showed extensive colonization on the surface and inside the hydrogel as well as better proliferation 

compared to the positive control.  

 

Figure I - 7. a) Scheme presenting the fabrication process of poly(gelatin)HIPE; b) SEM images of 

poly(gelatin)HIPE gelled at 4°C or 40°C; c) Photographs illustrating cell loading and injection: Cell-

laden poly(gelatin)HIPE in culture media (i), loaded into a syringe (ii) and after being extruded (iii), 

fluorescence image of cells after the injection (iv) (green = live cells). Adapted from Oh et al. 98   
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I.2.3. In situ forming macroporous matrices 
Four recent in situ approaches are reported in this section: crosslinking of hydrogels, assembly of micro-

building blocks, use of porogens or foaming agents and high-speed shearing treatment. 

2.3.a. In situ crosslinking of hydrogels 

In situ forming hydrogels are very popular materials in tissue engineering thanks to their similarities to 

the extracellular matrix.100 Composed of a physically and/or chemically cross-linked network of 

polymers swollen in water, the properties of the hydrogel can be tuned to match a wide range of physical, 

mechanical, chemical and biological properties. However, most of existing injectable hydrogels are 

characterized by cross-linked molecular networks having a nanoscale mesh size of the order of 1-100 

nm, thus a porosity not compatible with cell development.101,102 Still, some studies have recently 

reported in situ forming hydrogels presenting a macroporous structure, using adjustment of crosslinking 

density and polymer concentration.103–106 Examples will be given in the following paragraphs. 

In situ chemical crosslinking can be achieved using a variety of reactions, for example Schiff base 

reactions,81,103,104,107 click chemistry108–111 or photo-initiated crosslinking16,112–116. In particular, the Schiff 

base reaction between amine or hydrazide groups and aldehyde allows a gelation without any chemical 

crosslinking agents and without releasing toxic by-products. Here are two examples of recently reported 

systems. Yan et al. reported an injectable hydrogel using modified poly(L-glutamic acid) with 

dihydrazide (PLGA-ADH) and aldehyde (PLGA-CHO) functions (Figure I - 8a,b).103 The gelation time 

around ten seconds is very rapid, which might complicate the cell dispersion and injection. These authors 

showed that the pore size of the resulting hydrogel can be tuned from 20 to 100 µm by changing the 

solid content, the ratio between dihydrazide and aldehyde groups and the oxidation degree of PLGA-

CHO (Figure I - 8c-f). Figure I - 8g shows fluorescence micrographs of encapsulated chondrocytes in 

PLGA hydrogels stained using Live/Dead assay, at different times of culture. The cells survived up to a 

long period of 21 days (viability = 75%). Using the same chemistry, Li et al. developed a system based 

on two polysaccharides, pullulan and chondroitin sulfate.104 Large pores up to 300 µm could be obtained. 

Encapsulated rabbit articular chondrocytes in the gel showed good viability (> 80%) and a normal 

morphology after 14 days culture. It is surprising to see such large pores in these chemically cross-linked 

hydrogels. No explanation on the origin of the porosity was given in both articles. Two possible 

explanations can be proposed. The first explanation is that the macropores might arise from a phase 

separation due to the possible presence of aggregates. In the second explanation, the macropores might 

come from an artifact of the freeze-drying step prior to SEM observations. Indeed, ice crystals are 

created during this step and acts like porogens. This process has been previously used to generate 

porosity in preformed scaffolds.117,118  
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Figure I - 8. a) Schematic of in situ hydrogel crosslinking by Schiff base reaction. b) Photographs of 

the in situ formation of the hydrogel using dual syringes. c) SEM images of lyophilized hydrogels with 

solid contents of 3 or 6 wt%. d) Effect of the solid content on the pore size. e) SEM images of lyophilized 

hydrogels with –NH2/–CHO molar ratio of 3:1 or 5:1. f) Effect of the –NH2/–CHO molar ratio on the 

pore size. g) Fluorescence micrographs of encapsulated chondrocytes in PLGA hydrogel at 6 wt% of 

solid content (green = live cells, red = dead cells). Adapted from Yan et al.103 

In situ physical crosslinking can be achieved using a variety of interactions such as electrostatic 

interaction, hydrogen bonding, hydrophobic interaction, etc. Among the different systems, 

thermosensitive injectable hydrogels (or thermogels) are the most studied for cell encapsulation and 

delivery because of the mild processing condition.15,119–127 In these systems, cells can be dispersed in a 

liquid at room temperature which then becomes quickly a gel at physiological temperature. To the best 
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of our knowledge, very few studies have characterized the microstructure and the porosity of thermogels 

for cell encapsulation and delivery. 

Some studies have reported thermosensitive hydrogels in which the sol/gel is induced by a phase-

separation process resulting in a macroporous network.105,106,128,129  In particular, Lü and coworkers 

reported an injectable hydrogel based on chondroitin sulfate grafted poly(N-isopropylacrylamide) 

(PNIPAAm).105 Possessing a low critical solution temperature around 32°C, PNIPAAm exhibits a phase 

transition under physiological conditions. SEM observation of lyophilized gels showed interconnected 

porous structure with an average pore size of 25 µm. The viability of encapsulated cancer HeLa cells 

was good up to 4 days (90 %) but drops to 50% at the 7th day.  

Another example is the thermosensitive injectable cell-carrier designed by Yeon et al., which is based 

on diblock copolymer poly(ethylene glycol)-poly(L-alanine) (PEG-PA).106 In solution, the copolymer 

chains auto-assemble into micelles. When the temperature increases, PA undergoes a helix-to-random-

coil transition, along with the dehydration of PEG, inducing aggregation of the micelles, as shown in 

Figure I - 9a. The authors stated that the pore size distribution is a complex function of the polymer 

composition and concentration. By playing with these two parameters, they obtained macroporous 

hydrogels with pores up to 50 µm (Figure I - 9b). In vitro 3D culture of adipose-derived stem cells 

(ADSCs) showed comparable viability and proliferation as in Matrigel (cell proliferation of 300-400% 

at 14 days) but the morphology of the cells remained rounded and no sign of fibroblastic morphological 

changes was observed. In vivo study in mice showed chondrogenic differentiation of ADSCs in the gel 

implanted in the subcutaneous layer.  

This concept was also applied to chitosan, a pseudo-natural cationic polysaccharide. Chenite et al. 

reported a thermosensitive hydrogel composed of chitosan and b-glycerophosphate, an organic 

phosphate salt. Interestingly, this system can stay liquid at 20°C at neutral pH and turns quickly into a 

gel when temperature increases to 37°C.129 Briefly, upon heating, chitosan chains tend to aggregate 

through H-bonds and hydrophobic interactions, thus inducing a phase separation resulting in the 

formation of a macroporous gel. In vitro encapsulation of several cell lines (cos-7, L929 and Rat-1) 

showed > 80% of cell viability over 3 weeks. In vivo chondrocytes transplantation in mice indicated 

several areas of remodeling chondrocytes secreting a matrix characteristic of normal cartilage 3 weeks 

later.  

 

Such thermosensitive chitosan/salt mixtures form the core of this PhD work. The mechanisms of 

their sol/gel transition and the biological properties of these peculiar systems will be detailed in 

the third section: Thermosensitive chitosan/salt mixtures.  
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Figure I - 9. a) Schematic presentation of temperature-sensitive conformational changes of PEG-PA 

micelles in water: PEGs dehydration (hydrated state: thin blue curves, dehydrated state: thick yellow 

curves), PA phase transition from a-helix to random coil (black curves) and micelles aggregates as the 

temperature increases; b) SEM images of typical lyophilized hydrogel, scale bar = 10 µm. c) 

Proliferation rate of encapsulated ADSCs in PEG-PA hydrogels prepared with three different molar 

masses of PA, as compared to Matrigel (M).  Reproduced from Yeon et al.106 

 

2.3.b. In situ assembly of microbuilding blocks  

Instead of forming a gel from a molecular solution, another type of approach consists in the in situ 

assembly of microscopic building blocks to fabricate large and complex tissue construct. This class of 

biomaterial has the advantage of having an enhanced pore interconnectivity and a fine tuning materials 

property through the design of preformed microbuilding blocks. Two major types of microbuilding 

blocks (microgels and microribbons) were investigated and resulting scaffolds showed remarkable 

success as cell culture platforms.  

When the microbuilding blocks are microgels, these materials can be defined as “granular hydrogels”.130 

These macroporous scaffolds are formed by interlinking of microgels through various mechanisms: 

weak interactions,131,132 enzymatic133–137 or chemical crosslinking138,139 or cell-bridging through cell-

particle adhesion.140–142 These microgels are self-assembled into a fully percolated network which 

inherent pore size is the interstitial space among the particles, followed by an annealing using surface 

functionalities to create an interconnected porous scaffold (Figure I - 10a). The first injectable granular 

hydrogel, termed “microporous annealed particle (MAP) hydrogels” was reported by Griffin et al.137 

The PEG-based microgels surface was functionalized with peptides moieties and could be directly 

injected into the wound site and in situ “annealed”, i.e. solidified, via enzymatic crosslinking. By using 
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a microfluidic approach, the microgels building blocks size could be finely tuned from 30 to 150 µm. 

The MAP hydrogel supported 3D cellular network formation and proliferation of encapsulated cells 

within 48 hours in vitro. More recently they demonstrated that in vivo, mesenchymal stem cells delivery 

within MAP scaffold largely enhanced the cell proliferation compared to cell delivery in PBS or in an 

in situ crosslinked PEG-based hydrogel, presenting no macroporosity (Figure I - 10b).134 The same 

research group also explored the possibility to prepare MAP scaffolds based on hyaluronic acid building 

blocks and investigated three different annealing approaches without any additional modification of the 

microgels: enzymatic crosslinking as previous, light induced radical polymerization and carbodiimide 

chemistry.138 Interestingly, they observed that differences in porosity fraction and characteristic pore 

size with changing the annealing method followed a common trend: radical polymerization > 

carbodiimide chemistry > enzymatic crosslinking. This was explained by the difference in packing prior 

to gelation depending on the settling time, which varied within the three approaches. Hence, the pore 

diameter could be finely tuned by controlling the packing prior to gelation.  

Another microbuilding blocks forming 3D scaffold are the microribbons. Inspired by preformed 

microfiber-based scaffolds, this concept has been explored in order to overcome the poor cell infiltration 

and distribution that is encountered in original method, as cells are usually seeded onto preformed 

scaffold. All existing microribbons-based hydrogels were fabricated using photo-crosslinking with 

microribbons made of natural polymer (exclusively gelatin143–147) and synthetic polymers (PEG)148, 

poly(lactide-co-glycolide)149,150). Han et al. developed microribbon-like, injectable hydrogels for 

fabricating in situ macroporous and highly flexible scaffolds in the presence of cells.143 The 

microribbons were made from gelatin by a wet-spinning process and modified with methacrylate or 

hydroxyl groups. The so-obtained microribbons were then cross-linked by exposure to light and formed 

a microporous gelatin network (Figure I - 10c). The space among microribbons formed interconnected 

macropores. The porosity fraction and the median pore size can be tuned by controlling the density of 

microribbons (Figure I - 10d). Typically, increasing the density in microribbons from 2.5 to 10% w/v 

led to a decrease in pore size from 250 µm to 50 µm. By investigating the effect of the pore size on the 

morphology of encapsulated adipose-derived stromal cells, these authors showed that no difference was 

observed by Day 6, however, by Day 20, cells adapted a rounder morphology when encapsulated in 

smaller pores of 50 µm and more spindle shapes in larger pores of 250 µm by day.  

One advantage of the microribbon-based scaffold is its ability to decouple easily the “microenvironment 

stiffness” (determined by the individual microribbon rigidity) that the cell senses, from the “scaffold 

bulk stiffness” (determined by the density of the microribbons). The individual microribbon rigidity can 

be tuned by varying the PEG end-group chemistry while the scaffold bulk stiffness can be tuned by 

varying the microribbon density, as shown in Figure I - 10e,f. However, the synthesis of these 

microribbons is complicated and time-consuming. Indeed, it is a long process including the formation 
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of the microribbons by wet-spinning, the pre-crosslinking process and multiple drying and washing steps 

involving the use of organic solvents.  

  

Figure I - 10. a) Annealing of the microgels using enzymatic cross-linking between peptide moieties 

(yellow and green hooks) into porous scaffold, either as a pure scaffold or in presence of cells (i) and 

confocal microscopy images showing individual microgel building blocks and subsequent cell-laden 

MAP scaffold (ii); b) MAP scaffold facilitates in vitro cell growth and the formation of 3D cellular 

network compared to non-macroporous scaffold for human dermal fibroblasts HDF and adipose-

derived mesenchymal stem cells AhMSC. Adapted from Griffin et al.133 c) Scheme of the encapsulation 

process of cells within photo-crosslinkable microribbon-based scaffold. Adapted from Han et al.143 d) 

SEM images of the morphology of microribbon-based scaffolds prepared with different microribbon 

densities (2 or 5%). e) Tuning the individual microribbon stiffness by varying the PEG end-group 

chemistry. f) Tuning the macroscopic stiffness by varying microribbon density.  Adapted from Han et 

al.148 

 



 

 
 

38 

2.3.c. In situ void formation using porogens or foaming agents  

Inspired by porogen leaching and gas foaming which are two well-known methods employed in the 

fabrication of conventional scaffolds, recent studies have reported the use of degradable and 

biocompatible porogens or foaming agents to induce macroporosity in situ under physiological 

conditions. This approach is convenient as the porosity and the pore size can be simply controlled by 

the concentration and the size of porogens and by the concentration of foaming agents.  

Various natural-based polymers and hydrogels were investigated as porogen agents.151–157 Porogen 

agents can be degraded via thermosensitive, enzymatic or chelating processes, which needs to be cell-

friendly. For example, Hwang et al. prepared injectable alginate hydrogels having macropores which 

diameter ranging from 150 to 300 µm. These macropores are generated by the instantaneous dissolution 

of gelatin microbeads at physiological conditions (Figure I - 11a).156 Huebsch et al. developed a 

macroporous hydrogel by encapsulating oxidized, hydrolytically labile alginate beads into a bulk slowly 

degradable alginate hydrogel.151 The sacrificial microbeads of diameter around 150 µm degraded within 

a week leaving macropores in the bulk hydrogel. The interconnectivity of the pores, which is a major 

parameter in cell migration and mass transport, could be achieved with a minimum porogen fraction 

near 50 %. In vitro, encapsulated mesenchymal stem cells showed good proliferation. Interestingly, the 

kinetics of deployment and overall number of released cells could be controlled by the kinetics of 

degradation of the porogen, which is itself controlled by fabrication parameters. Han et al. further 

developed an injectable hydrogel with tunable dynamic macroporosity by combining three different 

types of porogen corresponding to different degradation mechanisms.155 They showed the possibility of 

a sequential macropore formation that led to a controlled porosity in order to facilitate desirable cellular 

fate. Another geometry of porogen, microfiber, was also explored.153 The use of microfibers resulted in 

interconnected microchannel-like pores, as shown in Figure I - 11b. This system is promising for cell 

delivery as the cells can be successfully encapsulated into alginate-based microfibers, which are 

dissolved by ethylenediaminetetraacetic acid (EDTA), within photo-cross-linkable alginate bulk 

hydrogels. The authors used human embryonic kidney cells as a model but this approach may be applied 

to other cell types, in particular smooth muscle cells and endothelial cells to engineer tubular tissues.  

In situ formation of macropores can also be performed by gas foaming. Monette et al. used sodium 

hydrogen carbonate, NaHCO3, to induce porosity in chitosan-based thermosensitive hydrogels.158 At the 

same time as the chitosan forms a hydrogel, the ion HCO3
– reacts with H+ protons present in the acidic 

chitosan solution, generating CO2 gas bubbles thus creating porosity. The concentration of NaHCO3 is 

a key parameter to tune the porosity of the forming hydrogel. Hydrogels with interconnected macropores 

of few hundreds of microns were achieved. T-cells were successfully encapsulated inside the hydrogel 

and remained viable for at least 24 days demonstrating the therapeutic potential of this system in tumors 

treatment. However, one might wonder about the stability of these gas bubbles during cell manipulation 
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and injection. Moreover, the release of CO2 might induce some important changes in the pH of the 

mixture.  

 

Figure I - 11. a) SEM micrographs showing the non-macroporous alginate hydrogel at 2% w/v (i), 

alginate hydrogel at 2% w/v with 50% volume fraction of gelatin beads before (ii) and after (iii) pore 

generation. Adapted from Hwang et al.156 b) Formation of microchannels and releasing of cells when 

the microfibers are degraded (i); Fabrication of alginate microfibers with a co-axial needle set and 

encapsulation of the microfibers within photo-cross-linkable methacrylated gelatin hydrogel and 

dissolution of the microfibers by EDTA (ii); Micrograph showing the morphology of alginates 

microfibers, the inset shows a network-like bundle of microfibers and Live/Dead staining of human 

embryonic kidney cells encapsulated within alginate microfibers (green: live cells, red: dead cells)(iii). 

Scale bar = 200 µm. Adapted from Hammer et al.153 c) Various sizes and morphologies of Mg particles 

(imaged by stereo light microscopy) lead to alginate/gelatin hydrogels with different porosities (scanned 

by micro-CT); d) SEM images of alginate/gelatin hydrogels prepared with different concentrations of 

spherical Mg particles. Adapted from Tang et al.159

More recently, Tang et al. explored the capacity of magnesium particles as foaming and porogen agents 

at the same time to generate interconnected pores in situ.159 These particles are soluble in water 

producing H2 gas and Mg2+ ions which are also osteogenic. The macroporous network was successfully 

formed by the degradation of Mg particles in different stimuli-responsive hydrogels composed of 

alginate (ionic), collagen I (pH-sensing), thermal (gelatin) or enzyme-mediated cross-linking (silk 
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fibroin). Figure I - 11c,d shows the effect of different shapes and sizes of Mg particles and revealed 

that the atomized spherical Mg powder with an average size of 20 µm has the highest foaming ability 

due to its high specific surface area. In vitro, murine embryo fibroblasts were encapsulated in 

gelatin/alginate hydrogel containing pores formed by Mg particles. They exhibited significantly better 

viability and proliferation as compared to cells in a non-macroporous hydrogel. Rat bone marrow 

mesenchymal stem cells showed good viability and osteogenic differentiation when encapsulated in 

such hydrogels implanted in an in vivo femur defect model.  

 

2.3.d. High-speed shearing treatment  

High-speed shearing treatment has been recently used as a new technique for fabricating macroporous 

structure.160 In this technique, the porosity is basically created by blending air bubbles into the precursor 

mixture before solidification. To our knowledge, Wang and coworkers160 were the first and only one 

until now to use this method to prepare in situ forming macroporous hydrogels. They applied high-speed 

shearing treatment to gelatin (GE)/oxidized sodium alginate (OSA)/adipic acid dihydrazide (ADH) 

hydrogels. This mixture is able to form a gel after 5 min at 37°C through the formation of imine and 

acylhydrazone bonds (Figure I - 12a). These bonds are dynamic, which allows the system to be injected. 

In a systematic study, the authors investigated the effects of the shearing frequency and of the precursor 

composition on the resulting gel structure. They found that the porosity and the pore size increase with 

increasing shearing speed, and reach a plateau when operating at 30000 rpm during 30 s. At this 

frequency, by playing with the composition in precursors, pore sizes can be tuned from 150 to 380 µm, 

as shown in Figure I - 12b,c. In vitro encapsulation study was performed for two cell types: L929 

fibroblasts and NIH3T3 cells. Cells were dispersed into the precursor solution, which was previously 

treated with high-speed shearing, and cell-encapsulated hydrogels were formed at 37°C. They found a 

cellular viability of about 80% up to 48 h. In vivo dorsal subcutaneous injection of one composition 

without cells into a rat model was also evaluated and no signs of inflammation or tissue damage were 

observed for up to 4 weeks. This approach, which does not require any porogen or foaming agent but 

offers a high tunability of the porosity, shows great potential for the fabrication of 3D cell-laden 

scaffolds. However, a potential limitation of this approach might be the stability of the air bubbles during 

manipulation including cell dispersion and loading of the system into a syringe during the injection. The 

reproducibility of this approach might hence be arguable.  
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Figure I - 12. a) Construction of macroporous GE/OSA/ADH hydrogels with high-speed shearing 

treatment based on imine bonds and acylhydrazone bonds; b) Pore size of lyophilized hydrogels as 

measured by scanning electron microscopy; c) Confocal microscopy image of isolated hydrogel formed 

after ex vivo injection. Adapted from Wang et al.160
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In summary, many efforts have been made in order to engineer adequate macroporous injectable scaffold 

able to support cell development. In our opinion, each approach has advantages and drawbacks, as 

illustrated in the summary table (Table I-1). Overall, further studies and optimizations are required to 

fabricate injectable scaffolds with adequate properties for specific applications. Interestingly, one might 

think that some approaches can be combined together for a better control of the properties of the scaffold. 

For example, the high-speed shearing treatment could be applied to composites of 

microcarriers/hydrogel to better homogenize the microcarriers as well as introduce porosity that is useful 

for the diffusion of nutrients and wastes in the hydrogel.  

For this PhD research, we were interested in physical hydrogels where the macroporosity 

originates from thermally induced phase separation.  To the best of our knowledge, this effect was 

still little considered in the context of cell-laden injectable gels. In particular, the thermosensitive 

system composed of chitosan and phosphate salts presents interesting features for this application. 

Indeed, chitosan is one of the few representatives of biodegradable and biocompatible polymer 

approved for clinical use. Moreover, the porosity of this system might be tuned by playing with 

different parameters, such as the concentration and the characteristics of chitosan.  In the next 

section, a literature review devoted to this peculiar system is presented.    
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Table I - 1. Summary of different strategies to engineer macroporosity in injectable cell-laden scaffolds 

Class Approaches Materials Major advantages Maj     Major limitations 

Pr
ef

or
m

ed
 m

ac
ro

po
ro

us
 m

at
ri

ce
s 

Macroporous 

microcarriers 
Composite microcarrier/hydrogel or 

excipient 

Resolving of the lack of control on the distribution of 

microcarriers  

Inhomogeneity of the microcarriers dispersion                             

  Control of the porosity by well-known techniques   

Polymeric cryogels Bulk cryogel Interconnected macropores 

High flexibility 

Incapacity to fill in complex wound shape 

 3D printed cryogel Free-from scaffold adaptable to wound shape Complexity of the 3D printing technique  

  Precise control of the microstructure Poor control on the distribution post-injection and risk 

of cell loss 

 

 Micro-cryogels Injectability through smaller needle  

  Possibility of automatic cell loading  

Emulsion templating High Internal Phase Emulsion 

hydrogel 

 

High porosity can be achieved  Use of oil and surfactant  

In
 si

tu
 fo

rm
in

g 
m

ac
ro

po
ro

us
  

m
at

ri
ce

s 

In situ crosslinking of 

hydrogels 
Chemical hydrogel 

 

Physical hydrogel by phase separation 

 

Diversity of existing systems 

 

Tunability of the porosity by varying polymer properties, 

crosslinker or precursor content 

 

Poor control on the interconnectivity and the size of 

pores 

 

In situ assembly of 

microbuilding blocks 

Microporous annealed particle (MAP) 

scaffold 

High tunability of the porosity and other properties 

(biochemical, mechanical, …) 

Complex and time-consuming synthesis of the micro-

building blocks 
 

Ensured interconnectivity of pores  

Microribbon-based scaffold Decoupling of the "microenvironment stiffness" from the 

"scaffold bulk stiffness" 

 

 

Interconnected macroporous channels 
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In situ void-formation 

using porogens or 

foaming agents 

 

Degradable microgels as porogen 

 

High tunability of the porosity fraction and pore size  

 

Poor control on the interconnectivity of pores 
 

Possibility of sequential degradation of porogen leading 

to dynamic macroporosity  

Degradable microfibers as porogen Ensured interconnectivity of pores 
 

 

 

Magnesium particles as porogen and 

foaming agent 

High tunability of the porosity fraction and pore size  Poor control on the interconnectivity of pores 
 

Compatibility with various responsive hydrogels 
 

Inorganic salt as foaming agent  Moderate tunability of porosity fraction and pore size Dependence of the pH and osmolarity of the hydrogel 

on salt concentration 
 

    

High-speed shearing 

treatment 

Chemical crosslinked hydrogel Simple technique  

Tunability of the porosity 

 

 

Poor control of the stability of the air bubbles 
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I.3. Thermosensitive chitosan/salt mixtures 
This section, organized into two parts, presents the characteristics and properties of thermosensitive 

mixtures of chitosan and salts. The first part is devoted to chitosan (CS) and chitin. CS production 

process, chemical and biological properties, as well as its behavior in solution will be detailed. The 

second part exposes the state-of-the-art of thermosensitive systems composed of chitosan and salts. We 

focus on the current understanding of the sol/gel transition mechanisms, and report on studies 

investigating biocompatibility and application of this thermosensitive system as an in situ injectable 

hydrogel for cell encapsulation and delivery.  

I.3.1. Chitosan and chitin 

Chitosan is a biosourced polysaccharide obtained by partial deacetylation of chitin, a primary 

component of cell walls in fungi and crustacean shells.161,162 During the process of deacetylation of 

chitin, the acetamido group –NHCOCH3 is replaced by the amino group – NH2  (Figure I - 13). CS can 

be considered as a copolymer with a random distribution of D-glucosamine units (bearing amine group) 

and N-acetyl-glucosamine units (bearing acetamido group). The deacetylation degree, DD, defined as 

the proportion of the D-glucosamine monomer, varies from 50% to 100% (when DD < 50%, the 

polysaccharide is referred to as chitin). The DD can be controlled by the duration, the temperature and 

the concentration of NaOH during the alkaline treatment of chitin.162 The DD, together with the molar 

mass, Mw, and the distribution of each monomer type, are the parameters that govern most of the physical 

and biological characteristics of CS including crystallinity, solubility, mechanical properties, 

degradation kinetics, and immunogenicity.  

 

Figure I - 13. General steps for chitosan production from natural vegetal or animal sources 

3.1.a. Chemical structure  

CS possesses three functional groups: hydroxide –OH, amine –NH2 and acetamide –NHCOCH3. 

Various techniques have been proposed to characterize the chemical structure, in particular the average 

DD, and can be divided into three groups: conventional (potentiometric or conductometric titration, 
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ninhydrin assay), spectroscopies (NMR including 1H, 13C, 15N; IR and UV) and destructive methods 

(elemental analysis, HPLC, DSC).163 The two most widely used methods are NMR164–166 for its precision 

and IR167–170 for its simplicity. Typical spectra for each technique are shown in Figure I - 14.  

 

Figure I - 14. a) 1H NMR spectrum of CS sample in DCl/D2O measured at 600 MHz and 65°C, adapted 

from Yang & Montgomery.165 b) IR spectrum for fully deacetylated chitosan: dried state (i) or hydrated 

sample (ii), adapted from Brugnerotto et al.168 

Like its parent chitin, chitosan is a semicrystalline polymer. The crystallography of both chitosan and 

chitin has been widely studied.171–176 Chitin has three polymorphs: a-chitin has antiparallel chains, b-

chitin has parallel chains and g-chitin is a combination of both forms (Figure I - 15).177,178 a-chitin, 
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commonly found in shrimp and crab shells, is more abundant than b-chitin, found in squid pens. Both 

conformations possess an organization in sheets where the chitin chains exhibit intra-sheet hydrogen 

bonds CO…NH and CO…OH. The N-acetyl glycosyl moiety is the independent crystallographic unit in 

both allomorphs.178 Chitin chains are maintained at a distance of about 0.48 nm.179,180 The 

crystallographic parameters also reveal that there are two antiparallel molecules per unit cell in a-chitin 

while there is only one in b-chitin. Moreover, inter-chain hydrogen bonds were observed only for the a 

conformation.  

 

Figure I - 15. Representation of the crystal structure of a-chitin (a) and b-chitin (b), reproduced from 

Rinaudo178 who draw the structures using coordinates of Minke et al.180 and Gardner et al.179 

In the case of CS, crystals result from the crystallization of residual chitin monomers but also of CS 

monomers. Taking into account the difference between chitin polymorphisms, CS from diverse origins 

certainly have different properties. Many polymorphisms have been reported for CS, which correspond 

to either CS alone or complexation of CS with small molecules (water, acid or salt).176 In particular, 

Okuyama et al. described that a unit cell of hydrated CS contains four chains and eight water 

molecules.181 These chains are assembled into a sheet structure, which results from direct H-bonds H2N 
…OH between adjacent chains. H-bonds between sheets are ensured by H2O bridges and contribute to 

stabilize the structure, as shown in Figure I - 16a. Cartier et al. reported the preparation and 

characterization of single CS crystals.171 The crystals take the form of micrometer-sized platelets with a 

square-like shape having a diagonal ranging from 0.2 to 0.5 µm and a thickness around 12 nm, as shown 

in Figure I - 16b. Typical X-ray powder diagram of CS single crystals is shown in Figure I - 16c. The 

CS unit cell contains two antiparallel chains and can be indexed in the orthorhombic system with a = 

0.807 nm, b = 0.844 nm and c = 1.034 nm.   

a
a – chitin

b
b – chitin

c Chitosan single crystal d
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Figure I - 16. a) Scheme illustrating structure of hydrated CS projected along the a-axis (i) and along 

the c-axis (ii). Reproduced from Okuyama et al.181 b-c) Characterization of single crystals of CS:  

electron micrograph (b) and x-ray powder diagram (c). Reproduced from Cartier et al.171

The crystallinity of chitin and chitosan strongly depends on its origin,182 the production process,172 the 

degree of deacetylation DD and the molar mass Mw.175 Jaworska et al. reported that the crystal size 

depends on the origin of CS in this following order: shrimp > fungal ~ squid.182 It is important to notice 

that the procedure of CS production, which can be homogeneous or heterogeneous, strongly influences 

the crystallinity of the resulting CS. Ogawa et al. characterized chitin/chitosan samples prepared by two 

different procedures: partial deacetylation of chitin by heterogeneous process in solid state, and partial 

reacetylation from a fully deacetylated chitin (pure chitosan) by homogeneous process in swollen 

state.172 They demonstrated that for the same DD, more crystals were observed for partially deacetylated 

chitin as compared to partially reacetylated chitosan. This can be explained by the fact that in the 

homogeneous procedure to obtain reacetylated chitosan, N-acetyl groups are expected to be randomly 

distributed, thus resulting in a lower level of crystallinity. As regards the DD, it has been reported that 

the crystallinity is maximum for chitin (DD = 0%) and fully deacetylated chitosan (DD = 100%) and 

decreases for intermediate DD.183,184 Indeed, partially deacetylated chitins with a low DD would 
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crystallize in a chitin polymorph and those with high DD would crystallize in a chitosan polymorph. For 

Mw , it was demonstrated that the crystallinity decreases with decreasing CS chain length.175  

3.1.b. Solubility  

CS is soluble in dilute acidic medium while chitin is insoluble in most organic acids and regular 

solvents.177 The CS solubility behavior is explained by the presence of amino groups which have a pKaapp 

in the vicinity of 6.2 at 25°C. At pH < pKaapp, CS behaves as a cationic polyelectrolyte bearing 

protonated amino groups. Near neutral pHs where CS is mostly deprotonated, the strong tendency of 

the CS chains to self-associate through H-bonding and hydrophobic interactions dominates, giving rise 

to the formation of a hydrated gel-like precipitate. Rinaudo and coworkers examinated the role of the 

protonation of CS on its solubility in the presence of a strong acid, HCl185  or a weak acid, AcOH186. 

They demonstrated that complete solubilization is obtained when the ionization degree of CS is at least 

0.5 and that the amount of acid needed is at least equal to the concentration of NH2 groups. CS solubility 

also depends on the ionic strength of the solution. When the ionic strength is high, for example when 

HCl concentration is larger than 1 mol.L-1, salting out occurs leading to a phase separation and 

precipitation of CS chains. Hence, the use of AcOH or another weak acid is more favorable to CS 

solubility as weak acids have a low dissociation degree. A solvent mixture composed of AcOH 0.3 

M/AcONa 0.2 M was reported as a good solvent for CS and has been widely used for CS 

characterization.187  

The solubility of CS is very difficult to control, as a complex function of many variables: DD, Mw, ionic 

strength, the nature of the acid, the distribution of N-acetyl units. Several studies reported a discrepancy 

in the behavior of CS at the same DD, which can be explained by the difference in the distribution of N-

acetyl units. On the one hand, Kubota & Eguchi reported the preparation of reacetylated CS from fully 

deacetylated chitin in swollen state. They found that CS having DD = 50% and Mw below 20 kg.mol-1 

were soluble in water, as shown by transmittance measurements in Figure I - 17a.188 Interestingly, there 

is a maximum of the water-solubility with DD in the vicinity of 50%, regardless of the molar mass 

(Figure I - 17b). This observation was supported by other studies.189,190 For example, Varum et al. also 

reported increased solubility of reacetylated CS having the DD varying from 0.99 to 0.40.190 Similarly, 

Philippova et al. showed that bigger aggregates were observed for CS having higher DD (Figure I - 

17c).189 On the other hand, Ottoy et al. reported that the aggregation of CS in AcONa 0.02 M/NaCl 0.1 

M/NaN3 0.02 % w/v solvent at pH 4.5 is more pronounced when DD decreases.191 Using size exclusion 

chromatography combined with low angle laser light scattering (LALLS), these authors detected higher 

aggregate peak for CS having lower DD when comparing three different CS at the same concentration 

and at about the same molar mass (Figure I - 18). This discrepancy in the behavior of CS at the same 

DD can be explained by the difference in deacetylation/reacetylation process which can affect the 
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distribution of N-acetyl units. Homogeneous process results in a more random distribution of N-acetyl 

groups along the CS backbone, thus lowering the crystallinity and increasing the solubility. 

 

Figure I - 17. Dependence of the water-solubility on:  a) the Mw (fixed DD = 50%) and b) the DD for 

two different Mw (19 and 600 kg.mol-1); adapted from Kubota & Eguchi.188 c) TEM micrographs of 

aggregates of two chitosan grades having DD = 88% and DD = 44%; adapted from Philippova et al.189

 

Figure I - 18. LALLS signals for three different CS having molar mass of 34, 26, 22 kg.mol-1and DD 

100, 85, 40 %, respectively, at concentration of 0.125 mg.mL-1. Adapted from Ottoy et al.191 
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3.1.c. Biological properties  

CS is considered as a non-toxic polymer and is approved by the FDA for use in wound dressing.192 As 

the only pseudo-natural cationic polymer, CS offers remarkable biological properties. Positively 

charged amine groups can bind to negatively charged surfaces such as mucosal membranes (bioadhesive 

property)193 and with bacterial DNA leading to the inhibition of RNA synthesis (antimicrobial 

property).194  Moreover, CS, especially at high DD, exhibits a hemostatic effect by activating platelets.195  

CS is biodegradable by enzymatic processes (chitinases, chitosanases and lysozymes) or by acid 

catalyzed hydrolysis (for example in the stomach or in an inflammatory environment).196 In the human 

body, CS is most likely degraded by the activity of lysozyme and bacterial enzymes in the colon.197,198 

An in vitro study of the degradation of CS in human serum at pH 5 showed that the degradation rate 

increases strongly when DD decreases from 0.6 to 0.4 (Figure I - 19a).199 Same trend was lately 

observed by Yang et al. on CS fibers in both in vitro and in vivo studies.200 Hirano et al. studied in vitro 

enzymatic hydrolysis for chitosan with DD ranging from 0.8 to 0.2 (Figure I - 19b).201 They found that 

higher degradation levels were reached for intermediate DD (0.6-0.8) as compared to DD close to 1 or 

0. All these observations are in line with the evolution of CS crystallinity as a function of DD as the 

more crystalline the system is, the less accessible the degradable functions are. The crystallinity is at the 

lowest level for intermediate DD values. As regards the molar mass, it is well established that low Mw 

grades of CS are more degradable than high Mw grades.54,202  

 

Figure I - 19. Enzymatic degradation as function of the fraction of N-acetyl groups (= 1 - DD) using 

lysozyme (a) or chitinase (b). In figure b: squares = reducing sugar value (µmol.mL–1), filled circles = 

N-acetyl-D-glucosamine (µmol.mL–1) and empty circles = D-glucosamine (µmol.mL–1).  Reproduced 

from Vårum et al.199 and Hirano et al.201 

a b
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Figure I - 20. a) Proposed mechanism for hydrolysis of the glycosidic linkages; b)The degree of scission 

(a) overtime at different temperatures, c) Degradation rate constants (k) as a function of HCl 

concentration, the inset is a zoom on the range of HCl concentration from 0 to 0.12 M. Reproduced 

from Vårum et al.205  

Characterization of the degradation of CS in the presence of a strong acid HCl was reported by Vårum 

et al.203 In this case, depolymerization of CS occurred through acid-catalysed cleavage of the glycosidic 

linkages, as shown in Figure I - 20a. These authors found that the reaction rate strongly depends on the 

temperature, as shown in Figure I - 20b. Moreover, the degradation rate was found to increase linearly 

with the acid concentration (Figure I - 20c). In the presence of weak acids, such as acetic acid or formic 

acid (the pH was not given), it was reported that the molar mass distribution of CS barely changed up 

to 7 days at 20°C (Figure I - 21).204 Hence, to limit the degradation of the CS chains, one should use 

weak acids for the solubilization.  

Accordingly, in this project, CS is solubilized at room temperature (21 ± 1°C) using acetic acid. 

 



 

53 
 

 

Figure I - 21. Molar mass distribution for CS in acetic acid (a) or formic acid (b); The concentration 

in CS is 5 wt% and in acid is 3 wt%. Reproduced from Sikorski et al.204 

CS is generally considered as being non-toxic.192 The toxicity of CS was found to depend on the DD 

and the Mw, which strongly govern the crystallinity and thus the degradation rate. CS with low DD is 

more susceptible to degrade, causing an important accumulation of sugars and oligosaccharides in the 

implantation site, thus inducing a stronger inflammatory reaction as compared to CS with high DD.206  

Moreover, it has been reported that highly deacetylated CS are more favorable for cell adhesion.207  

For these reasons, we have chosen to work with highly deacetylated CS grades (DD > 90%) in this 

project.  

For all of these interesting properties, CS is a popular biomaterial for pharmaceutical and biomedical 

applications including as a vehicle for cells or therapeutic molecules.196,208–211 In particular, 

thermosensitive chitosan-based hydrogels have been extensively explored in that context and will be 

discussed in detail in the following section. 
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I.3.2. Thermosensitive mixture of chitosan and salts  

This section presents a state-of-the-art about thermosensitive mixtures composed of chitosan and salt(s). 

Firstly, the pioneering work of Chenite et al. in 2000 on the first system using beta-glycerophosphate is 

presented. Secondly, we expose different studies that we considered important to the understanding of 

the mechanism of the sol/gel transition in these systems. Finally, studies investigating the 

biocompatibility and the potential of these systems for cell encapsulation and delivery is reported. 

3.2.a. Mixture of chitosan and beta-glycerophosphate (CS/bGP) 

The poor solubility of CS in physiological pHs has long limited the use of CS in biomedical applications 

until the pioneering work of Chenite et al.129,212After the addition of an organic phosphate salt, the beta-

glycerophosphate bGP, to an acidic solution of CS, the system remains soluble until neutral pH (6.8 to 

7.2) and more interestingly, the mixture rapidly turns into a gel around 37°C. Practically, the use of 

glycerophosphate is relevant. Indeed, bGP is an organic compound naturally found in the body which 

is involved in the generation of adenosine triphosphate.213 Intravenous administration of 

glycerophosphate has been approved by the FDA for the treatment of unbalance of phosphate 

metabolism.214 Glycerophosphate possesses two conformations, a-glycerophosphate and b-

glycerophosphate, which structures are shown in Figure I - 22. In the study reported by Chenite et al., 

bGP was used but lately, aGP and mixture of both conformations were also successfully used to prepare 

thermosensitive CS mixtures.215  

 

Figure I - 22. Chemical structure of the two conformations of glycerophosphate. 

The pH of CS solutions can be raised to neutral values using bGP without inducing immediate 

precipitation at room temperature, though above the pKapp of CS. Figure I - 23a shows the evolution of 

the pH of a solution of CS at 2 wt% as a function of the bGP concentration. While incubating the mixture 

at 37°C, CS/bGP solutions gelate at pH 7.2, which is visualized by an increase in turbidity, as shown in 

Figure I - 23b. Chenite et al. made an analogy with the well-known stabilizing effect of polyols on 

proteins over thermal denaturation and suggested that the thermosensitivity of CS/bGP mixtures would 

be a result of the effect of the polyol moiety on the hydration structure of CS: (i) at low temperature, CS 

chains are stabilized by interactions with water molecules; (ii) when the temperature increases, the water 

molecules are removed by the glycerol moiety, allowing association of CS chains through hydrophobic 
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interactions. In this proposed mechanism, the role of the polyol part and the removal of water molecules 

upon heating seem however unclear.  

 

Figure I - 23. a) pH variation of CS solution (2 wt%) as a function of bGP concentration at room 

temperature; b) Change in turbidity with time of CS solutions (2 wt%) incubated at 37°C in the presence 

of bGP at pH 7.2 and in the absence of bGP at pH 5.4.  

 

Gelation kinetics of thermosensitive CS/bGP mixtures 

The gelation kinetics of these mixtures was studied by temperature ramp experiments at different pHs. 

The elastic modulus G’ of a CS/bGP solution having pH 7.15 was found to increase sharply when the 

temperature reached 40°C (Figure I - 24a). The gelation temperature, as measured by temperature ramp 

rheological experiments, was found to strongly decrease with increasing pH (Figure I - 24b). During a 

heating/cooling cycle, these mixtures showed a thermoreversible behavior with a large hysteresis, as 

shown in Figure I - 24c. The hysteresis is larger when pH increases. In the accessible temperature ranges 

from 4 to 70°C, a mixture having pH 6.85 shows a complete thermoreversibility while a mixture at pH 

7.15 only shows partial thermoreversibility.  
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Figure I - 24. Rheological study of the gelation kinetics in dynamic conditions for CS/bGP mixtures at 

CS 2 wt% and [bGP] = 0.262 mol.L-1 in which the pH in varied by altering [HCl]: a) Evolution of the 

elastic modulus upon heating from 4 to 70°C at 1°C.min-1; b) Evolution of the gelation temperature as 

a function of the pH; c) Evolution of the elastic modulus during a heating/cooling cycle for mixtures 

having pH = 7.2 or 6.8. Reproduced from Chenite et al.129,212  

Rheological measurements were also performed in isothermal conditions. Chenite et al. reported that 

the gelling time decreases exponentially with temperature, varying from 13 min at 32°C to 2 min at 

42°C for a formulation having pH 7.2 (Figure I - 25). However, one might think that their exponential 

fit is not relevant as the gelling time covers only two decades. 
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Figure I - 25. Evolution of the gelling time as a function of temperature for a CS/bGP mixture prepared 

with 2 wt% of CS, [bGP] = 0.262 and pH = 7.2. Reproduced from Chenite et al.129 

In our study, the gelation kinetics of these thermosensitive systems will be investigated in depth 

on a wide range of gelling time that covers five decades. 

 

Influence of the DD and Mw 

Chenite et al. also studied the effects of DD and Mw on the properties of CS/bGP mixtures. They reported 

that the gelation temperatures increased from 37 to 66°C when the DD decreases from 91 to 70%. For 

a given DD equal to 81%, no significant effect on the gelation temperature was observed for Mw varying 

from 120 to 840 kg.mol-1. However, from my point of view, a very important information, the pH, was 

missing, making the interpretation of these results complicated.  

 

Biological evaluation 

In this seminal study, Chenite et al. performed in vitro encapsulation of several cell lines (cos-7, L929, 

Rat-1) as well as freshly isolated primary cells (bovine and human chondrocytes) and found 80% of cell 

viability over extended period (data not shown). In an in vivo experiment, they also demonstrated the 

injectability of a formulation prepared with CS 2wt% having pH = 7.2. Volumes of 0.2 mL were 

subcutaneously injected into the dorsal of adult rats through 22 G needle. Figure I - 26a shows the bean-

like shapes of the formed hydrogels that remained morphologically intact for up to 7 days. This mixture 

was also shown to be efficient for delivering bone-inducing growth factor. Differentiating cartilage and 

bone tissue were observed after 4 weeks, as characterized by histological staining (Figure I - 26b). 
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Figure I - 26. a) Photograph showing the subcutaneous gels formed after injection. b) An osteoinductive 

mixture of proteins (BP) delivered from CS/bGP induces bone and cartilage formation in the rodent 

ectopic model: (i) Von Kossa stain of CS/bGP + BP showing immature, mineralized bone and cartilage; 

(ii) Toluidine blue stain of CS/bGP + BP showing an abundance of chondrocytes encompassed by a 

territorial cartilaginous matrix; (iii) Von Kossa stain of CS/bGP gel showing fibrous and unmineralized 

tissue; (iv) Toluidine blue stain of CS/bGP gel showing fibrous and no cartilaginous tissue. Reproduced 

from Chenite et al.129  

 

As a summary, this thermosensitive system composed of CS and bGP exhibits interesting features for 

use as an injectable vehicle for cell therapy or drug administration. Many studies have been carried out 

to investigate the mechanism of this peculiar sol/gel transition and to explore the biocompatibility and 

the relevance of CS/salt systems as injectable carriers for drugs and cells. Important elements that 

contribute to the understanding of the sol/gel transition in CS/bGP solutions are detailed in the following 

section.
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3.2.b. Mechanisms of the thermoresponsivity in CS/bGP mixtures 

To better understand the thermosensitive gelation of CS/bGP solutions, it is important to note that the 

gelation of CS solutions in presence of salts can appear through different mechanisms. In particular, CS 

solutions can form gels in the presence of polyphosphates through ionotropic crosslinking. This 

phenomenon has been used with tripolyphosphate (TPP) for the fabrication of micro-vehicles for drug 

encapsulation and delivery.216–221 Such ionogelation is utterly different from the one observed in CS/bGP 

mixtures and does not exhibit the same thermosensitivity. This system is briefly presented in the 

following section, before going to our main topic about thermoresponsive CS/bGP mixtures. 

Ionotropic crosslinking of chitosan and polyphosphates 

TPP is a non-toxic polyanion having five dissociation constants which are 1.0, 2.0, 2.8, 6.5, 9.2 (25°C). 

This polyanion can form either intermolecular or intramolecular bonds with the positively charged 

amino groups on CS, as shown in Figure I - 27, leading to the formation of a gel within seconds at 

acidic pHs, at room temperature or even at low temperature (2-4°C).216,222  

 

Figure I - 27. a) Scheme illustrating the formation of CS-TPP complex by ionotropic gelation. b) SEM 

image, scale bar = 200 nm. Reproduced from de Paz et al.220 

Yuan & Huang reported the existence of a critical molar ratio TPP:glucosamine for the formation of 

CS/TPP complexes.223 They demonstrated for three different grades of CS having DD ranging from 82 

to 96%, that the same molar ratio TPP:glucosamine was required for a given pH. The pH is a crucial 
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parameter which affects the ionization state of both CS and TPP and thus the crosslinking density. The 

critical ratio TPP:glucosamine decreased with increasing pH. Indeed, increasing the pH induces 

deprotonation of CS and reduction of available binding sites for TPP, thus lowering the 

TPP:glucosamine ratio necessary for particle formation. This observation was in agreement with a 

previous study reported by Fan et al.222 

CS/TPP particles are usually prepared at acidic pHs around 4.0. The behavior of CS/TPP particles as a 

function of the pH was investigated by López-León et al.224 They demonstrated that the diameter of the 

particles decreases when pH increases from 4 to 7 (Figure I - 28). When pH increases, CS chains tend 

to lose their charges, thus becoming less extended, giving rise to a diminution of the particle size. Later, 

Mazancová et al. studied the stability of CS/TPP microparticles at physiological pH.225 They found that 

when the pH of the suspension of CS/TPP microparticles was adjusted to 7.4 using NaOH, 90% of the 

TPP amount was released into the solution, indicating the partial dissolution of CS/TPP particles. The 

complexation between CS and TPP is unstable at neutral pHs. This is a fundamental difference with the 

CS/bGP system, which can be exploited in physiological conditions. 

 

Figure I - 28. Evolution of the diameter of CS/TPP microparticles as a function of the pH. Reproduced 

from López-León et al.224 

To the best of our knowledge, the effect of temperature on the stability of CS/TPP particles was little 

investigated. For instance, Morris et al. studied the size distribution of CS/TPP particles at pH 4.3, at 

different storage temperatures (4°C, 25°C, 40°C).226 They found that the particle size distribution 

remained unchanged after 12 months storage at 4°C and 25°C while there were very little particles 

remaining after 6 months at 40°C. Combining with size exclusion chromatography measurements, they 

found that the disintegration of the particles was due to acid hydrolysis causing scission of CS chains. 

Indeed, the kinetics of the hydrolysis reaction of CS is strongly accelerated at 40°C, as previously 

discussed in the section 3.1.c.  
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The use of another polyvalent salt, dibasic sodium phosphate (DSP), to prepare CS gels was reported 

by Li et al.227 They showed that CS solutions formed a gel at 4°C at pH ~ 7 in presence of DSP. DSP is 

a divalent phosphate salt having two pKa which are 7.2 and 12.6 at 25°C. These authors speculated that 

this gel was formed by hydrogen bonds between CS chains. However, this might not be the unique 

explanation. By making analogy with the CS/TPP system, we propose that this gel was formed through 

ionotropic crosslinking. At 4°C, the pKapp of CS is around 7.1,228 thus the CS chains are still charged at 

near neutral pHs, making the ionotropic crosslinking possible. The dependence of the pKapp of CS with 

temperature will be discussed in detail later in the section The role of the ionization degree of CS in 

the thermosensitivity of CS/bGP mixtures.   

Li et al. also showed that upon heating, the gel becomes liquid, then exhibits a re-entrant transition to a 

gel. They suggested that this second gel is formed by hydrophobic interactions. One might think that 

this gel formed upon heating is actually very similar to CS/bGP. This hypothesis will be investigated in 

detail in this PhD project (chapter III).  

 

The role of the polyol moiety in CS/bGP gelation 

Chenite et al. assumed that although bGP forms divalent anions, the thermogelling of CS/bGP mixture 

could not be explained by ionic crosslinking. This hypothesis was lately confirmed by an experimental 

study reported by Filion et al., showing the diffusion of bGP out of the gel after the gel formation.229 

Chenite et al. suggested that the polyol part influenced the hydration state and the solubilization of CS 

chains. Indeed, hydration and water structuring are well known phenomena governing the behavior of 

polysaccharides and proteins in solution.230,231 In particular, in the case of CS, each monomer binds in 

average 2 water molecules, forming a first layer on which more water molecules can bind.232  

The behavior of CS/bGP mixtures shows similar features with the one of proteins in solution. Water 

molecules interact with the hydrophilic moieties on amino of proteins, and play important roles in the 

dynamics of proteins.233 It has been suggested that the protein structure is stabilized thermodynamically 

in the presence of some polyols.230 This can be explained by the fact that the denaturation process must 

extensively exclude polyol molecules that bind to the protein surface, which requires more energy. More 

recent studies using molecular dynamics simulation proposed that the stabilization effect of polyol is 

more likely due to indirect interaction of water structure around polyol molecules, as the polyol have 

only few direct H-bonds with the protein.234,235 When the side chain length and/or the concentration of 

the polyol increases, the stabilizing effect is reinforced. For instance, Na et al. provided evidence of the 

stabilizing effect of glycerol on collagen solution.236 They studied the effects of glycerol on both the 

kinetics and the equilibrium of in vitro collagen fibril assembly and found that increasing glycerol 

concentration leads to a slow-down of the reaction rate and an increase of the critical concentration for 

fibril formation.  
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Back to CS/bGP mixtures, Supper et al. reported in 2013 a study on the effect of the polyol part on their 

thermosensitive behavior.237 bGP was compared to two other polyols having different chemical 

structures, glucose-1-phosphate (G1-P) and glucose-6-phosphate (G6-P) and to a polyol-free phosphate 

salt, Na2HPO4 (Figure I - 29a). The authors reported that all the CS/polyol systems form transparent, 

clear and homogenous solutions with pH ranging from 7.2 to 7.5. The CS/Na2HPO4 system prepared 

with the same range of salt concentration formed an inhomogeneous white dispersion with higher pH 

ranging from 7.6 to 7.9. They concluded that the polyol part was necessary to maintain CS in solution 

up to pH 7.5. However, one must be careful when comparing these systems, CS solution with or without 

polyols, because the pHs were not in the same range. This might have an important effect. According to 

Chenite et al., the gelation time of CS/bGP exhibited a strong dependence on the pH of the solution.212 

Nevertheless, the results reported by Supper et al. on the three systems CS/polyol-phosphate brought 

valuable insights into the mechanism of this thermogelation. Using oscillatory rheology, they monitored 

the gelation both for isothermal experiment at 37°C, the time to reach the gel point (defined as the 

crossover of storage G’ and loss G” moduli) increased in the following order: βGP < G1-P < G6-P 

(Figure I - 29b). From temperature sweep experiments, they found that the sol/gel transition 

temperature, TS/G, also evolved in the same order. Using 31P NMR, they found that the chemical shift of 

the 31P atom in CS/G1-P and CS/G6-P mixtures showed first a linear deshielding with increasing 

temperature, like for polyol solutions, then a decrease in a second part reflecting the decrease of the 

interactions between CS and the polyols (Figure I - 29c). The linear deshielding was not observed for 

CS/bGP mixtures due to the very fast gelation. The temperature corresponding to the transition, 

observed in the 31P chemical shift, shows a similar trend as the TS/G determined by rheology. 

 

These results collectively suggested that the stabilizing effect of polyol salts on CS at neutral pHs is 

enhanced when the polyol size increases, in a similar way to protein/polyol systems. Supper et al. 

proposed a molecular picture where the polyol-phosphates moieties create a hydrated shell around CS 

chains by interacting with positively charged amino groups on one side and by forming H-bonds with 

water molecules on the other side. This shell remains stable at neutral pH and low temperature, therefore 

reducing the self-interactions between CS chains and maintaining the chains in solution. When heating, 

this hydrated shell is disrupted, hydrophobic interactions between CS chains become possible, leading 

to aggregation then gelation. A schematic illustration of this mechanism is shown in Figure I - 30. This 

proposed mechanism was recently supported by a thermodynamic study by Grinberg et al.238 From 

calorimetric analyses, they concluded that at low temperature, the bGP binding induces the formation 

of a highly ordered water clusters hydrating the polysaccharide chains. Due to the large entropic stress 

caused by this molecular complex, the hydration shell melts at higher temperature, thus triggering the 

phase separation of CS (Figure I - 31). 
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Figure I - 29. a) Chemical structure of different phosphate salts studied by Supper et al.; b) Time 

dependence of storage (G’, filled circles) and loss (G”, empty circles) moduli of CS/bGP, CS/G1-P and 

CS/G6-P for a fixed concentration of salt at 0.43 mmol.L-1, at 37°C; c) Temperature dependence of the 

chemical shift of 31P nuclei from 17°C to 45°C of polyol solutions and CS/polyol mixtures. Adapted from 

Supper et al.237 
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Figure I - 30. Schematic illustration of the gelation mechanisms of CS/polyol-phosphate solutions from 

Supper et al.237 

 

Figure I - 31. Proposed mechanism of the structural evolution of CS/bGP upon heating: (i) Melting of 

cooperative hydrate structure accompanied by dissociation of bGP-CS ionic pairs as a result of 

decreasing the pKapp and the subsequent transfer of protons from CS to GP; (ii) Release of primary 

bound bGP anions and (iii) formation of local aggregates (green bars). Adapted from Grinberg et al.238
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(iii)

water electrostatic interaction
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The role of the ionization degree of CS in the thermosensitivity of CS/bGP mixtures 

As a cationic polyelectrolyte, the behavior of CS in solution is a complex function of its own 

characteristics (Mw and DD, i.e. number of amino groups, concentration) and of its environment (pH, 

ionic strength, temperature and other species present in solution). Filion et al. examined the temperature-

dependent ionization of both the monomer (glucosamine) and the polymeric form of CS to investigate 

the gelation mechanism of CS/bGP mixture.228 They designed an experimental setup in which the 

temperature, the pH and the relative light transmittance were simultaneously recorded (Figure I - 32a). 

They found that the dissociation constant of the glucosamine monomer, pK0, is about 6.6, which is very 

close to the pKa of bGP, 6.67 at 25°C. Most interestingly, while the pKa of bGP was very insensitive to 

temperature (Figure I - 32b), they showed that the dissociation constants pK0 and pKapp of the CS chains 

have a very similar temperature dependence. Both pK decrease significantly with increasing temperature 

at a rate of -0.023 and -0.027 pK units per °C, respectively (Figure I - 32b). In other words, when the 

temperature increases, CS chains tend to deprotonate until reaching a critical ionization degree ap at 

which electrostatic repulsion between ionized CS chains can no longer counteract attractive interchain 

forces, thus inducing precipitation.  

The value of ap was determined experimentally by monitoring the relative light transmittance during a 

pH titration experiment of acidic solution of CS in HCl with NaOH, as shown in Figure I - 32c. The 

decrease in the light transmittance (circle in Figure I - 32c) corresponds to CS aggregation. The value 

of ap was calculated using the equation (I-1) knowing the concentration of all species in the solution.  

! = 	

$!" −	$#$ −	
10%&'

((

))$&
 

(I - 1) 

where cCl, cNa and cp are the concentrations of Cl–, Na+ ions and CS monomer respectively; fD is the 

deacetylation degree and g+ the mobile ion activity coefficient. 

Similarly, the temperature of precipitation, Tp, was determined from temperature ramp experiment, as 

shown in Figure I - 32d. 
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Figure I - 32. a) Custom experimental apparatus for temperature-controlled titration with simultaneous 

recording of temperature, pH, and relative light transmittance LT of chitosan solutions; b) Temperature-

dependence of pKa of bGP, glucosamine, pKapp of CS (experimental and theoretical); c) Relative light 

transmittance LT, and cumulative volume of added NaOH, VT versus time illustrating the first step 

decrease in LT due to chitosan precipitation (circle); d) Evolution of LT and pH during a temperature 

ramp experiment. CS having DD = 98 % was used in these measurements. Reproduced from Filion, 

Lavertu et al.228,239  

They developed a theoretical model to calculate the ionization degree ap as a function of temperature.  

For that, they proposed a polyelectrolyte model taking into account the thermosensitivity of the 

dissociation constant of the glucosamine monomer. Using this model, they predicted Tp, the temperature 

at which a given CS/bGP mixture reaches the critical ionization degree ap (Figure I - 33a). These 

calculations were in good agreement with their experimental values, as shown in Figure I - 33b,c. 

 

a b

c d
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Figure I - 33. a) Calculations of CS ionization, a, versus temperature for CS/bGP mixtures at [NH2] = 

1.5 mM and various [bGP]/[NH2] molar ratios; b-c) Comparison of experimental (symbols) and 

calculated (dashed lines) values of Tp as a function of the [bGP]/[NH2] molar ratio for CS/bGP mixtures 

prepared with or without added NaCl (b) or with CS having different degrees of deacetylation (fD) (c). 

Reproduced from Filion, Lavertu et al.228,239     

The effect of the presence of NaCl and the DD (noted fD in this paper) on ap and Tp was investigated. 

Experimental results for ap are shown in Table I - 2.  

Table I - 2. Average values of ap for CS/bGP mixtures prepared with CS having different DD and with 

or without added NaCl. Reproduced from Lavertu et al.239 

 

For a given DD, ap was found to be higher with added salt because electrostatic screening reduce 

repulsive interactions between CS chains and allow precipitation at higher ionization state. Quite 

counterintuitively, the corresponding Tp was found to be higher as well (Figure I - 33b). This 

r = [bGP]/[NH2]
a

r ([bGP]/[NH2])r ([bGP]/[NH2])

b c
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contradiction was explained by the fact that the dissociation constant of bGP decreased from 6.58 to 

6.21 when 150 mM of NaCl was added, therefore enhancing the thermal stability of the CS/bGP 

complex.  

In the absence of added NaCl, ap slightly decreases from 0.18 to 0.12 (Table I - 2) and when DD 

decreases from 98 to 72%. Tp increases with decreasing DD for a given [bGP]/[NH2] ratio (Figure I - 

33c). These results suggest  that precipitation is more favorable for highly deacetylated CS. The authors 

explained this trend by the fact that the solubility decreases with increasing DD, as reported by Varum 

et al.190 However, one might think that this explanation may not be the only one. Indeed, Varum et al. 

reported on reacetylated CS, whereas in the studies by Lavertu, Filion and coworkers, two commercial 

CS grades were used, which are generally produced by a deacetylation process from chitin. It has been 

well established that the process strongly affects the distribution of N-acetyl groups and thus the 

crystallinity of the resulting CS (see 3.1.b). Hence, one might also explain the decrease of ap with 

increasing DD by the relationship between the DD and the crystallinity of CS. In particular, CS with a 

DD as high as 98% has a high-level crystallinity, thus the precipitation is facilitated.  

The same group also explored the possibility to replace bGP by either a strong base, NaOH or other 

polyol-free buffer, as 4-morpholineethanesulfonic acid (MES) and disodium phosphate.239 When 

titration of an acidic CS solution was done using NaOH at 25°C, chitosan precipitates quickly appeared 

around pH 6 due to the high local pH created at the point of titrant injection. A second decrease of the 

transmittance was observed around pH 7 when the ap was reached, which is similar to the titration 

experiment with bGP (Figure I - 34a,b). The two other buffers, MES and Na2HPO4, have a pKa similar 

as the one of CS and are relatively insensitive to temperature change, thus allowing the proton transfer 

from CS to buffers while heating. Like with bGP, precipitation of CS was observed in a temperature 

ramp experiment after the addition of a mixture of NaOH/MES or a solution of disodium phosphate 

(Figure I - 34c). However, the pH of the mixtures, a crucial parameter governing the gelation kinetics, 

was not given. The authors concluded that the glycerol moiety of bGP is non-essential and that 

temperature induced chitosan precipitation can be achieved using other buffers than bGP as long as they 

satisfy the requirements for proton transfer.  
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Figure I - 34. a-b) Evolution of LT and the pH during titration experiments of CS solutions prepared 

with [NH2] = 1.5 mM with bGP (a) and NaOH (b), at 25°C. c) Evolution of LT as a function of 

temperature for CS/buffer mixtures prepared with [NH2] = 1.5 mM: MES/NaOH mixture with [MES] = 

[NaOH] = 7.5 mM (continuous line) or disodium phosphate solution at 2.5 mM (cross symbols). 

Reproduced from Lavertu et al. 239 

From these studies, one wonder if the thermosensitive phase separation of CS in aqueous solution 

is an intrinsic property of CS, or if its kinetics would depend on the pH of the solution and on the 

nature of the added salt/base. This question will be explored and debated in this PhD project. The 

corresponding results and discussions are presented in the chapter II. 

Interactions involved in the sol/gel transition of CS/bGP mixtures 

It has been suggested in many studies that hydrophobic interactions are the main attractive forces 

involved in the thermogelation process of CS/bGP mixtures.129,212,237,240–242 For instance, Cho et al. 

investigated the effect of urea, which is known to break H-bonds and weaken hydrophobic 

interactions.240 Using temperature ramp experiments, they found that the presence of urea hindered the 

gelation of CS/bGP mixtures: when urea concentration increases, the gelation temperature increases and 

the storage modulus decreases (Figure I - 35a) and at a given temperature, the gelation time, as 

measured by rheology in temperature-ramp experiments, increases with increasing urea concentration 

a b

c
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(Figure I - 35b). They proposed that hydrophobic interactions are more susceptible to be the driving 

force of the gelation process than H-bonds because H-bonds weaken rapidly with increasing 

temperature. However, this explanation is arguable because CS does not contain groups having a high 

hydrophobicity: the only clearly hydrophobic group is the –CH3 moiety of the N-acetyl units. 

 

Figure I - 35. a) Effect of urea on the gelation temperature, Tgel, and the storage modulus of gels formed 

at 90°C; b) Evolution of gelling time, tgel, as a function of temperature, for CS/bGP mixtures without 

(14CU0, filled symbols) or with added urea (14CU3, open symbols). Reproduced from Cho et al.240   

Philippova et al. studied the aggregation of CS in acidic aqueous solution using fluorescence 

spectroscopy with pyrene as a hydrophobicity probe.243 The concentration of hydrophobic domains was 

estimated from the polarity parameter of pyrene which is sensitive to the polarity of the medium. They 

found that the concentration of hydrophobic domains increased with increasing CS concentration. As 

there is no obvious hydrophobic interaction based on the chemical structure of CS, they suggested that 

the “hydrophobic domains” sensed by pyrene were rather due to cooperative H-bonds between 

glucosamine and N-acetyl units. Interestingly, they also found that heating led to a slight decrease in the 

polarity parameter of pyrene, which suggested an intrinsic temperature-dependence of CS solubility 

(Figure I - 36a). In a more recent study, using DLS combined with fluorescence spectroscopy and TEM, 

the same group showed that aggregation occurred even in water-soluble derivatives of chitin and in the 

absence of N-acetyl units (Figure I - 36b). Adding urea hindered the formation of aggregates, pointing 

out the contribution of H-bonds and/or hydrophobic interactions.189 However, adding urea did not 

prevent the aggregation completely, which might be due to the presence of micro-crystallites, making 

the H-bonds inaccessible to urea. From these studies, it appears that H-bonds are the most likely 

interactions governing CS aggregation. However, depending on parameters such as DD, Mw and the 

distribution of N-acetyl units, other interactions like hydrophobic interactions or crystallization may also 

come into play.  

a b
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Figure I - 36. a) Evolution of the polarity parameter of pyrene in acidic aqueous solutions of CS as a 

function of CS concentration at different temperatures: 15°C (empty circles), 25°C (filled squares) and 

40°C (filled triangles); b) TEM micrographs of aggregates of di-N,N-carboxymethylchitosan. 

Reproduced from Philippova et al.189,243   

Microstructural characterization of the thermosensitive CS/bGP system 

The morphology of CS/bGP hydrogels was observed by Crompton et al. using confocal microscopy.244 

The confocal micrographs shown in Figure I - 37a revealed a heterogeneous structure combining a 

polymer-rich phase and a polymer-poor phase, which can be interesting for hosting cells, as the polymer-

poor phase may be qualified of pores. As expected, the polymer-rich phase increases with increasing 

CS concentration. It was found that the polymer-rich phase area increases linearly from 7% for CS 0.25 

wt% to 33% for CS 1.5 wt% (Figure I - 37b). By analyzing the power spectra of confocal micrographs, 

Crompton et al. found a fractal dimension Df  = 2.5, indicating a fractal-like structure (Figure I - 37c). 

This value of Df was later confirmed by a rheological study which found Df  = 2.4,242 indicating a 

reaction-limited cluster-aggregation model. 

 

a b
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Figure I - 37. a) Confocal micrographs of CS/bGP hydrogels prepared with various CS concentrations 

from 0.25 to 1.50 wt% and supplemented with fluorescein isothiocyanate after 2 min at 37°C (polymer-

rich phase: bright, polymer-poor phase: dark); b) Linear fit of the polymer rich phase area as a function 

of CS concentration; c) Power spectra obtained from confocal micrographs. Reproduced from 

Crompton et al.244  

The evolution of the microstructure of CS/bGP mixtures both in the sol and in the gel states was studied 

in detail by Crompton et al. using small angle neutron scattering (SANS) and ultra-SANS (USANS).245  

For that, they compared the I(Q) profile from SANS of an acidic CS solution (pH ~ 3) to the one of a 

CS/bGP solution ([bGP]/[NH2] = 12, unknown pH). When the temperature increased from 10°C to 

40°C, the I(Q) profile of the CS/bGP solution changed significantly while the one of the acidic CS 

solution did not change, indicating that the gel structure was only formed in the presence of bGP (Figure 

I - 38a).  

0.25 wt% 0.50 wt% 0.75 wt%

1.00 wt% 1.25 wt% 1.50 wt%

a

b c
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Figure I - 38. a) SANS profile of 1 w/v% CS solution at 10°C (circles) and 40°C (squares), CS/bGP 

solution at 10°C (triangles) and 40°C (diamonds); b) Fitting of I(Q) profile for 1 w/v% CS solution at 

40°C. Adapted from Crompton et al.245  

The I(Q) profile was fitted with a model derived from the description of semi-crystalline blends and 

swollen gels, as follows: 

*(,) =
*!,#

(,	(	.$/$)
+	

*!,%
(,	(	1$/$)

+ /0$1234567		 (I - 2)  

	  

The first term represents the local concentration fluctuations of the liquid phase with a characteristic 

thermal blob dimension x, which increases proportionally with the polymer concentration. The second 

term originates from the solid inhomogeneity with a characteristic size X,	which is inversely proportional 

to the polymer concentration. The experimental I(Q) profile nicely fits with the model, as shown in 

Figure I - 38b.   

Figure I - 39a shows the I(Q) profiles for CS/bGP hydrogels having %CS ranging from 0.25 to 1.50 

wt% and reveals that the intensity increases with increasing CS concentration, suggesting changes in 

the parameters of equation (I - 2). On the one hand, the characteristic length x was found to slightly 

increase from 115 Å for CS 0.25 %wt to 135 Å for CS 1.5 wt%, as shown in Figure I - 39b. Such an 

increase in x with increasing CS concentration can be explained by the fact that the mobility and rotation 
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of each bond within a chain decrease, due to a larger number of polymer chains. On the other hand, the 

solid inhomogeneity X	was found to decrease from 450 Å for CS 0.25 wt% to about 300	Å for CS 1.5 

wt%, suggesting that smaller inhomogeneities are formed at larger CS concentrations (Figure I - 39c).  

 

Figure I - 39. a) SANS profile; b) Correlation length x, and c) Characteristic length X for CS/bGP 

hydrogels prepared with CS concentration ranging from 0.25 to 1.5 wt%. Adapted from Crompton et 

al.245  

USANS technique was also used as it provides access to the same length scales as LSCM. The scattering 

data (Figure I - 40a) were fitted with the unified fit model giving the I(Q) profile for an arbitrary number 

(n) of interrelated structure levels, as follows: 
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where for each structural element i, Gi, is the exponential Guinier prefactor which is proportional to the 

scattering length density difference (contrast); Bi is a constant prefactor to the power-law function that 

is specific to the region where the exponent Pi decreases; erf is the error function and Rgi the radius of 
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gyration. From the fit, the average structural size was found to be of the order of 1-2 µm which was in 

agreement with the particle size observed by confocal microscopy (Figure I - 40b). Interestingly, this 

particle size decreases from 2.4 ± 0.3 µm for CS 0.5 wt% to 1.39 ± 0.03 µm for CS 1.5 wt%. This trend 

can be explained by the decrease of the characteristic length of hydrophobic junction X	as measured by 

SANS (Figure I - 39c). A similar trend was earlier observed by Shibayama et al. for N-

isopropylacrylamide hydrogels.246  

From this combination of confocal microscopy and scattering observations, Crompton et al. proposed a 

picture for the multiscale microstructure of individual CS hydrogel particles, as shown in Figure I - 40c. 

In this picture, the individual particle, which size is about 1-2 µm, is a highly heterogeneous object 

composed of hydrophobic domains and hydrophilic domains. These two studies reported by Crompton 

et al. bring valuable elements for the understanding of the gelation mechanisms in CS/bGP mixtures.   

Figure I - 40. a) USANS profile of CS/bGP hydrogel at 40°C (symbols) with calculated scattering from 

equation (I - 3) (line); b) Confocal microscopy images of CS/bGP hydrogels prepared with CS 

concentration at 0.5 or 1.5 wt%; c) Schematic representation of the structure of a hydrated CS particle.  

In this PhD project, the question of how the macroporosity emerges in the thermosensitive 

CS/phosphate salts system will be investigated. From our point of view, this question is crucial in 

the context of the targeted application, in which the gelation process occurs in situ and in the 

presence of cells. In chapter III, the thermo-responsive emergence of the microstructure in CS/salt 

mixture will be monitored in real-time, by combining confocal microscopy observations, light 

scattering and rheological measurements.  
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3.2.c. Biological properties and application of CS/bGP gels as in situ forming carriers 

Chenite et al. stated that CS/bGP gels could be an ideal delivery carrier for sensitive biological materials, 

like proteins and living cells.129 They performed in vitro encapsulation of several cell lines (cos-7, L929 

and Rat-1) and found 80% of cell viability over an extended period (data not shown). They also carried 

out in vivo transplantation of chondrocytes in mice. After 3 weeks, they observed several areas of tissue 

remodeling with chondrocytes secreting a matrix having characteristic features of normal cartilage. 

However, in a later study, Ahmadi & Bruijn (2007) showed that the biocompatibility of CS/bGP gels 

decreased with increasing bGP content.247  Mesenchymal stem cells (MSCs) were cultured in extraction 

medium from CS/bGP at various CS and bGP concentrations. The cell death began to increase 

significantly when bGP concentration exceeded 10 w/v% as the cells shrank due to the high salt 

concentration which is needed to achieve quick gelation at 37°C (Figure I - 41). In order to solve this 

issue concerning the high osmolarity induced by bGP, different strategies have been explored, which 

mostly consisted in replacing bGP by other salts.158,248 For example, Nair et al. developed 

thermosensitive mixtures composed of CS and ammonium hydrogen phosphate (AHP) in which the 

quantity of needed salt did not induce a hyperosmolarity.248 

Despite this limitation, CS/bGP systems still present considerable potential as in situ forming hydrogels. 

Thermosensitive systems based on CS and salts were widely explored for various delivery applications 

using therapeutic molecules249–258 or cells259–267. Crompton et al. studied cell survival and behavior of 

fetal mouse cortical cells in 2D and 3D culture in poly-D-lysine-grafted-CS/bGP gels. They observed 

an improvement in cell survival and neurite outgrowth as compared to native CS.262 Derived systems 

containing a third component which can be a protein (e.g. collagen263,265,268–270) or a polysaccharide (e.g. 

starch265, dextran271) were explored for cell encapsulation and delivery. Yang et al. combined CS/bGP 

mixtures with collagen to encapsulate 3D MSC spheroids for wound healing and showed that the 

hydrogel provides a favorable environment for cell attachment and proliferation.269 When combined 

with dextran, CS/bGP systems remain injectable and were shown to support the viability and 

proliferation of louse embryonic fibroblasts cells and human umbilical vein endothelial cells in vitro, as 

reported by Ke et al.271  
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Figure I - 41. a) Gelation time at 37°C of CS/bGP mixtures at various concentrations of CS and bGP, 

b) Microscopic images of MSCs incubated in control medium (i) versus extraction medium from 1.5 

w/v% CS – 20 w/v% bGP hydrogel (ii), c) Normalized proliferation rate for MSCs incubated with 

different CS/bGP extracts. Reproduced from Ahmadi & De Bruijn.247   

As bGP itself is a component of the osteogenic medium, CS/bGP and derived systems enriched with 

bioactive components (hydroxyapatite, bioglass, tricalcium phosphate, gallic acid, phloroglucinol), offer 

particularly promising strategies for bone tissue regeneration.209,272 For example, Dhiyva et al. 

developed a system containing zinc-doped CS, nanohydroxyapatite and bGP (Zn-CS/nHAp/bGP).273 

The presence of zinc improves the osteoconductive and antibacterial properties. In vitro experiments 

showed the addition of nHAp to the hydrogel enhanced osteoblast differentiation under osteogenic 

conditions. They also showed acceleration in bone formation in vivo in rat tibia as seen from the 

deposition of apatite and collagen (Figure I - 42).  
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Figure I - 42. a) Radiographic images of the rat tibial defects obtained 2 weeks after they were filled 

with Zn-CS /bGP or Zn-CS/nHAp/bGP, the defect in control group was left unfilled; b) SEM images of 

Zn-CS/bGP (i) and Zn-CS/nHAp/bGP (ii) hydrogels in simulated body fluid after 21 days showing a 

more intense pattern of apatite formation on the surface of the Zn-CS/nHAp/bGP hydrogel. Reproduced 

from Dhivya et al.273 
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Résumé en français 

Cette étude fait partie d’un article plus général publié dans Carbohydrate Polymers sous le titre Rational 

formulation design of injectable thermosensitive chitosan-based hydrogels for cell encapsulation and 

delivery (https://doi.org/10.1016/j.carbpol.2021.118836). Le manuscrit correspondant à cet article est 

reporté en grande partie dans la suite de ce chapitre. 

Comme vu dans l’étude bibliographique, le mélange thermosensible CS/bGP est clairement un système 

potentiel pour la délivrance de cellules. Cependant, augmenter les concentrations de bGP pour atteindre des 

valeurs de pH appropriées augmente également l’osmolarité du mélange jusqu'à des valeurs cytotoxiques. 

Par conséquent, des stratégies ont été mises en œuvre dans la littérature pour améliorer le système standard, 

principalement en remplaçant partiellement ou totalement le bGP par d’autres sels. Néanmoins, les 

nombreuses variables, pH, osmolarité, concentrations en sel et en CS sont toutes interdépendantes. Il 

manquait une plateforme générale et rationnelle permettant de contrôler indépendamment le pH et 

l’osmolarité, et donc la cinétique de gélification et la cytocompatibilité, quelle que soit la concentration en 

CS.  

Dans ce chapitre, nous présentons un guide rationnel pour préparer des solutions de CS thermosensibles, en 

remplaçant partiellement bGP par le phosphate de diammonium, AHP. Grâce à ce troisième composant, 

l’AHP, on peut découpler le contrôle du pH et de l’osmolarité, quelle que soit la concentration en CS. Nous 

montrons que ces deux paramètres peuvent être ajustés indépendamment en jouant sur les ratios [sel]/[NH2], 

où [NH2] désigne la concentration en monomère D-glucosamine. Les solutions obtenues sont capables de 

former un gel en quelques minutes à 37°C. Nous avons étudié en profondeur la cinétique de gélification 

pour les formulations physiologiques et déterminé une température critique de gélification, en dessous de 

laquelle le système reste liquide au fil du temps, pour différentes concentrations de CS. 

Nous avons vérifié la cytocompatibilité de nos formulations et exploré l’effet de l’osmolarité sur l’activité 

cellulaire en encapsulant des cellules de souris préostéoblastiques (MC3T3-E1) et des fibroblastes gingivaux 

humains (HGF) dans des gels hypertoniques (CS/bGP) et isotoniques (CS/bGP/AHP). Les deux types de 

cellules montrent une viabilité d’au moins 80% à 24 h post-encapsulation dans des formulations isotoniques 

tandis que la viabilité des cellules MC3T3-E1 diminue de manière significative dans des formulations 

hypertoniques.   

La méthodologie proposée peut être appliquée à des solutions de CS présentant divers Mw et DD, fournissant 

ainsi une plateforme générale pour préparer des hydrogels thermosensibles pour l’encapsulation et 

l’administration de cellules. 
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II.1. Introduction 

This study is part of a more general article published in Carbohydrate Polymers under the title Rational 

formulation design of injectable thermosensitive chitosan-based hydrogels for cell encapsulation and 

delivery (https://doi.org/10.1016/j.carbpol.2021.118836). The manuscript corresponding to this article is 

substantially reported in this chapter.  

As detailed in the literature review, CS-bGP mixtures appeared clearly as a promising thermo-gelling system 

for cell injection, remaining liquid at physiological pH and turning rapidly into a gel at body temperature. 

However, increasing salt concentrations to reach appropriate values of pH also increases the osmolarity of 

the mixture up to cytotoxic values.1 Hence, strategies were implemented to improve the standard system, 

mostly by replacing partially or totally bGP by other salts. Using ammonium hydrogen phosphate (AHP, 

Figure II - 1), a lower salt concentration was required to reach neutral pHs (7.0 – 7.2) resulting in 

physiological osmolarity (300 ± 30 mOsm.L–1).2 Other inorganic phosphate salts without polyol moieties, 

like dipotassium hydrogen phosphate K2HPO4 
3, basic sodium phosphates as NaH2PO4, Na2HPO4, or even 

Na3PO4 ,4,5
 have also been studied to produce thermo-sensitive CS formulations. Sodium hydrogen carbonate 

(SHC) has been studied as a gelling agent, alone6,7 or in combination with bGP8–11. Mixtures of CS/AHP2 

or CS/bGP/SHC 9,11  have been evaluated in vitro as 3D scaffolds for cells. Encapsulation of mouse 

preosteoblastic cells and fibroblasts as well as human mesenchymal stem cells confirmed the 

cytocompatibility for days for some formulations. The feasibility of using these chitosan-based hydrogels 

as a cell carrier vehicle has therefore been demonstrated. Nevertheless, the numerous variables, pH, 

osmolarity, salt and chitosan concentrations leading to injectable cytocompatible solutions are all 

interdependent. A general platform is still lacking, enabling to control independently pH and osmolarity, 

and therefore gelation kinetics and cytocompatibility, whatever the chitosan concentration. Yet, controlling 

chitosan concentration is a key to adjust the viscoelastic and microstructural properties of the injected 

hydrogels, which are of the utmost importance to favor cell anchorage and growth. 

In this study we present a rational formulation design to make thermosensitive CS solutions, by partially 

replacing bGP by AHP in the mixture. With this third component, AHP, we can decouple the control on pH 

and osmolarity, whatever the CS concentration. We show that these two parameters can be adjusted 

independently by the simple ratios [salt]/[NH2], where [NH2] denotes the concentration in D-glucosamine 

monomer in the solution, i.e. the concentration in deacetylated chitin monomers bearing NH2 functions. 

This approach gives rise to a robust platform, to easily formulate physiological solutions able to form a gel 

within a couple of minutes at body temperature. We investigated in depth the gelation kinetics for 

physiological formulations and determined a critical temperature of gelation, under which the system 
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remains liquid overtime, for different CS concentrations. We checked the cytocompatibility of our 

controlled CS/bGP/AHP formulations and explored the effect of osmolarity on cell activity by encapsulating 

preosteoblastic mouse cells (MC3T3-E1) and human gingival fibroblasts (HGF). By means of confocal 

microscopy and rheology, we showed that hydrogel microstructure and mechanical properties can be varied 

by changing CS concentration while maintaining fixed pH and osmolarity. 

 

Figure II - 1. Structures of chitosan CS, b-glycerophosphate bGP and ammonium hydrogen phosphate 

AHP. 

 

II.2. Materials & Methods 
II.2.1. Materials & Cells 

Three grades of chitosan (CS) having high purity (impurity level < 1.0%) were purchased from Glentham 

Life Sciences Limited. All the study was performed with chitosan low molar mass (viscosity 30-100 cps) 

having the following characteristics given by the supplier: deacetylation degree DD = 91%, as measured by 

potentiometric titration, average molar mass Mw = 250 kg.mol–1, as measured by viscometry. For pH titration 

experiments, two other grades with DD of 95 % were also used: chitosan very low molar mass (10 cps) with 

Mw = 30 kg.mol–1, and chitosan (100-300 cps) with Mw = 890 kg.mol–1.  

β-glycerophosphate disodium salt hydrate BioUltra (βGP) and ammonium hydrogen phosphate BioUltra 

(AHP) were purchased from Sigma-Aldrich. Glacial acetic acid (AcOH, 99%) was purchased from Alfa 
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Aesar. Alexa Fluor 488 was purchased from Abcam. The Live/DeadTM kit and AlamarBlueTM reagent were 

purchased from Invitrogen. MC3T3-E1 pre-osteoblastic cells were procured from ATCC®, and human 

gingival fibroblasts were isolated from healthy donors and kindly donated by Laboratory BioS, Reims 

University. a-MEM, DMEM, phosphate buffer saline without calcium and magnesium (PBS) were 

purchased from Gibco. Deionized distilled water from a Milli-Q system was used to prepare all aqueous 

solutions. 

II.2.2. Experimental methods 

2.2.a. Preparation and sterilization of reactants 

Aqueous suspensions of CS were sterilized in autoclave at 121°C for 10 min using standard liquid cycle 

according to San Juan et al.12 After autoclaving, acetic acid (AcOH) was added to the suspension with molar 

ratio [AcOH]/[NH2] = 1, which was stirred at room temperature (21 ± 1°C) for 24 h. The concentration of 

the CS stock solution was 1.33 wt%. CS stock solutions were stored at 5°C until further use. bGP, AHP and 

AcOH solutions at 1 mol.L-1 were prepared in deionized water and sterilized by filtration using syringe 

filters having pore size of 0.2 µm. 

2.2.b. pH titration of CS/bGP solution with AHP solution  

Stock solutions of bGP and AHP as well as CS solution at 0.8 wt% were chilled in an ice bath prior to 

mixture. All pH titrations were performed at 4 ± 1°C. The bGP solution was added dropwise to the CS 

solution under vigorous stirring. Solutions with molar ratio [bGP]/[NH2] ranging from 0 to 4 were prepared. 

For each [bGP]/[NH2] ratio, titration was carried out with AHP solution until the pH reached 7.4.  

2.2.c. Osmolarity measurement 

Osmolality of different solutions was measured with a cryoscopic osmometer (Osmomat 30, Gonotec).  The 

apparatus measures the osmolality (mOsm.kg–1), which is proportional through the density to the osmolarity 

(mOsm.L–1). In this study, since all solutions are diluted, the difference between osmolarity and osmolality 

is insignificant.  

2.2.d. Gelation time measurement  

The gelation times were determined by the test tube inversion method. The sol phase was defined as the 

flowing phase and the gel phase as the non-flowing phase when the test tube was inverted. 1 mL of CS/βGP 

solutions was introduced into 1.5 mL tubes that were incubated in a thermostat at fixed temperature (15-

37°C). Time between inversions was as follows: 30 s from 0 to 10 min, 1 min from 10 to 30 min, 5 min 
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from 30 to 60 min, 10 min from 60 to 120 min, 15 min from 2 h to 5 h, 30 min from 5 h to 10 h and 3 h after 

10 h. The time at which the gel did not flow anymore was recorded as the gelation time and the time interval 

between two inversions gave the experimental uncertainty. Each measure was duplicated. The shortest 

measurable gelation time is given by the duration of thermal equilibration, which in these tubes was 

measured to be 1 min for a solution at 4°C immersed in a thermostat at 37°C. 

2.2.e. Rheological characterization 

Rheological properties of physiological formulations prepared with 0.5 wt% or 0.8 wt% of CS were studied 

using rheometer MCR502 (Anton Paar) with a cone-and-plate geometry (CP50-2TG). The temperature was 

managed by a Peltier controller and the geometry was previously stabilized at 18°C. Formulations were 

loaded immediately after preparation and silicone oil was added to the interface between the sample and the 

air to prevent evaporation. The temperature was rapidly increased 37°C at a rate of 20°C.min–1. The values 

of storage and loss moduli (G’, G”) were measured during 6 h, at a constant oscillatory strain of 0.1% and 

an angular frequency of 1 rad.s–1. 

2.2.f. Injectability evaluation   

Injectability test was performed using the protocol reported by Kondziolka et al.13 For visualization, a small 

amount of rose Bengal dye was added to CS/bGP/AHP mixture. Immediately following the preparation, the 

mixture was loaded into a 5 mL syringe equipped with a 21G needle and placed on a pump syringe. A 

volume of 1.5 mL was then injected at a rate of 250 µL.min–1 into a PBS solution at pH 7.4 and 37°C.  

2.2.g. Cell encapsulation in thermosensitive chitosan hydrogels  

We compared two formulations of hydrogels for cell encapsulation: CS/bGP (600 mOsm.L1) and 

CS/bGP/AHP (300 mOsm.L-1) at fixed CS concentration (0.8 wt%) and at pH 7.4 on two cell models: 

primary human gingival fibroblast (HGF) and pre-osteoblast immortalized murine cell line (MC3T3-E1). 

HGF were cultured in DMEM and MC3T3-E1 cells were cultured in a-MEM, both cell culture medium 

supplemented with 10%v/v fetal calf serum and 1%v/v penicillin-streptomycin. For both cell types, the 

encapsulation protocol was as follows: (1) cells were trypsinized, resuspended in serum-free media and 

mixed gently with CS/bGP or CS/bGP/AHP solutions at a final concentration of 106 cells.mL-1; (2) 300 µL 

of the mixture containing cells were dispensed into a 24-well culture plate (Nunc™ F96 MicroWell™) and 

incubated for 1 h at 37°C and 5% CO2  to induce gelation; (3) 1 mL of culture medium supplemented with 

10%v/v fetal calf serum and 1%v/v penicillin-streptomycin was added into each well. Hydrogels without 

cells were also prepared by replacing the cell suspension by culture medium.  
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Live/Dead assay  

After 1 h or 24 h, the encapsulated cells were stained using calcein AM/ethidium homodimer (CalAM/EthD-

1) mixture at optimized concentrations ([CalAM]/[EthD-1]: 2 µM/2 µM and 1 µM/0.5 µM for MC3T3-E1 

cells and HGF, respectively). For positive control, cells were seeded directly into the well at a density of 

104 cells.cm–2. For negative control, cells were killed using methanol solution at 70 wt%. 1 mL of the staining 

mixture was added into each well and the plates were incubated at 37°C and 5% CO2 for 45 min then the 

mixture was removed and the hydrogels or cells were rinsed with PBS. 500 µL of PBS solution were added 

into each well to prevent drying. The distribution and the state of the cells were visualized using a laser 

scanning confocal microscope (LSM 710, Zeiss) using lasers at 488 nm and 561 nm. Each hydrogel sample 

was scanned from bottom to 300 µm depth at 8 random positions. Stacks were taken at ´20 magnification 

and a 512´512 pixel resolution with the pinhole at 1 Airy unit and interval of 4 µm. Recorded images were 

then analyzed with ImageJ using 3D Object counter plugin. 14 The cell viability (%) was determined as the 

number of living cells over the total number of cells. Experiments were carried out with n = 2 for MC3T3 

and n = 1 for HGF and all samples were prepared in triplicate.  

AlamarBlue assay  

The cell metabolism was evaluated using the AlamarBlue assay at 1 h and 24 h following encapsulation. 

After incubation, a solution of 10 %v/v AlamarBlue in culture medium (1 mL/well) was added directly on 

each hydrogel and incubated for 3 h at 37°C and 5% of CO2. Then, the supernatant was homogenized by 

pipetting and 150 µL were transferred into a 96-well plate (Nunc™ F96 MicroWell™). The intensity of 

fluorescence was determined by using Xenius XM spectrofluorometer (SAFAS Monaco) at 560 nm 

excitation and 590 nm emission. A value of the metabolic activity per cell was estimated by normalizing 

the measured intensity by the number of living cells obtained from the Live/Dead assay.  

2.2.h. Statistical analysis 

Statistical analysis was performed using a t-test with normality assumption. Statistical significance was 

accepted at the level of p < 0.05. 
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II.3. Results & discussion 
In all the following, [NH2] denotes the concentration in D-glucosamine monomer in the solution.  

II.3.1. Controlling the pH using CS/bGP/AHP formulations 

Control of the pH of thermogelling CS/bGP solutions is determinant for the viability and the injectability 

of encapsulated cells. Cell viability requires that the pH be maintained close to 7.4 during cell suspension 

and storage until injection and immersion in other buffering media. The gelation time of CS/bGP 

solutions was also shown to depend greatly on pH.15 Accordingly, we measured that the gelation time 

of CS/bGP solutions increases from 1 min to 10 h when pH decreases from 7.5 to 7.1 (Figure II - 2). 

In the present study, CS was dissolved in acidic aqueous solutions with a fixed molar ratio 

[AcOH]/[NH2] = 1. This ratio was chosen as the minimum amount of acid required to ensure the 

solubilization of chitosan chains.16 In CS/bGP/AHP formulations, bGP and AHP are both weak bases 

that raise the pH of the solution. As demonstrated thereafter, the pH can be finely controlled by the 

molar ratios between each phosphate salt and D-glucosamine monomer, [bGP]/[NH2] and [AHP]/[NH2]. 

 

Figure II - 2. Gelation time as a function of pH for formulations CS/bGP having various ratios of 

[bGP]/[NH2] ranging from 2.7 to 10.7. CS concentration was fixed to 1 wt% and pH was adjusted by 

changing [AcOH]/[NH2] from 0.6 to 1.5. The gelation times were determined by the test tube inversion 

method. 

We carried out pH titration at 4°C by adding AHP (1 mol.L-1) to solutions having an initial CS 

concentration of 0.8 wt% and different ratios of [bGP]/[NH2]. The evolution of pH as a function of 

[AHP]/[NH2] is reported in Figure II - 3a. For a given [bGP]/[NH2], all titration curves show an increase 

in pH with increasing [AHP]/[NH2]. Similarly, for a given [AHP]/[NH2], pH increases with increasing 

[bGP]/[NH2]. From those curves, we extracted the pairs of ratios [bGP]/[NH2] and [AHP]/[NH2] 
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producing a given pH and built the iso-pH curves represented in Figure II - 3b. Those iso-pH curves 

are linear in the studied range of pH from 7.0 to 7.4. Formulations using the ratios of the iso-pH curve 

at 7.4 but different initial CS concentrations (0.5 and 0.6 wt%) exhibit a pH 7.4 as well, which confirms 

that the pH is fully determined by the ratios [bGP]/[NH2] and [AHP]/[NH2], irrespectively of the CS 

concentrations.  

 

Figure II - 3. (a) Evolution of the pH as a function of [AHP]/[NH2] for formulations with initial CS 

concentration of 0.8 wt% and [bGP]/[NH2] ranging from 0 to 4. (b) Iso-pH curves at 7.0, 7.2 and 7.4 

as a function of [AHP]/[NH2] and [bGP]/[NH2]. Experimental data are shown as filled symbols. Linear 

fitting curves are shown as continuous lines and model predictions as interrupted lines. Predictions 

accounting for the polyelectrolyte effect based on Filion et al17 are shown as open symbols for CS/bGP 

mixtures ([AHP]/[NH2] = 0).    

The pH of CS and CS/bGP solutions is known to decrease substantially with increasing temperature.18,19 

A similar effect was observed in the CS/bGP/AHP formulations. For instance, the pH of a solution at 

CS 0.8 wt% decreases from 7.40 ± 0.05 at 4°C to 6.95 ± 0.05 at 37°C (Figure II - 4). Therefore, it seems 

more appropriate to target formulations having a pH 7.4 at 4°C to ensure that the pH of cell-laden 

solutions remains within a physiological range (typically 7.0–7.4) during cell dispersion and 

encapsulation.  

a b
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Figure II - 4. Evolution of the pH as function of temperature for formulation prepared with 0.8 wt% of 

CS, [bGP]/[NH2] = 1.5 and [AHP]/[NH2] = 1.4. 

The linear relationship observed in Figure II - 3b can be rationalized by considering the dissociation of 

the different species present in the solution, as follows: 

892
(
⇌ 893 +9

( , KCS                                                                              (II - 1) 

;$<9 ⇌ ;$<% + 9( , KAc                                                                                 (II - 2) 

    AHP 	⇌ ;9=%	 +9(	⇌ ;9=3%	 + 29( , ?4'5,, & ?4'5,3                               (II - 3) 

			@A=	⇌ @A=%	 +9(	⇌ @A=3%	 + 29( , ?785,, & ?785,3                                  (II - 4) 

93<	⇌	9
( +	<9%						                                                    (II - 5) 

The values of the dissociation constants of AHP and bGP were measured by pH titration at 4°C and 

25°C (Appendix A). Only the second equilibrium is observed for pH ranging from 2 to 8: ?9:;,3	= 10–

6.7 and ?<=;,3 = 10–6.2. For CS and AcOH, values are chosen from the literature: KCS = 10–7.1 (4°C) and 

KAc = 10–4.8 (25°C).20,21 

To a first approximation, we assume here that CS behaves like a small molecule and we do not take into 

account its polyelectrolyte nature. Electroneutrality implies: 

[;$<%] + [;9=%	] + [@A=%	] + 2[;9=3%	] + 2[@A=3%	] + [<9%] = [892
(] + [9(] + [89>

(] 

+	[80(]    (II - 6) 

As the working pH is near neutral, the first equilibrium whose pKa is around 2 for both salts may be 

neglected. Thus, according to the conservation of matter: 
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2([;9=%	] + [;9=3%	]) = [89>
(]     (II - 7) 

2([@A=%	] +	[@A=3%	]) =	[80(]      (II - 8) 

By substituting (II - 7) and (II - 8) into (II - 6), we obtain: 

    [;$<%] - [;9=%	] - [@A=%	] + [<9%] = [892
(] + [9(]          (II - 9) 

By using the acid-base equilibria (II - 1) - (II - 5), equation (II - 9) becomes: 
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with	h	 is	 the	 concentration	 of	 proton	H+; [AcOH], [βGP], [AHP], [NH3]	are respectively the initial 

concentrations of AcOH, βGP, AHP and D-glucosamine monomer; DD is the degree of deacetylation of 

the chitosan. 

Defining denominators as:  C9G =	
,

,( 1
234

 , C<=; =	
,

,(
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1
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1
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,(
256
1

  and 

normalizing by [NH3]	equation (II - 10) can be re-written as: 
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Near neutral pH, the term 
C271 %KD

H389
.

,

[L:$]
 is negligible with respect to other terms. Indeed, the pre-factor 

C271 %KD

H389
 ranges from 0 to 10-8 for pH ranging from 7.0 to 7.4. Hence, for a given pH and a given ratio 

[AcOH]/[NH2] (here is fixed to 1), the relationship between [AHP]/[NH2] and [bGP]/[NH2] is linear. 

The negative slope -H:;9
H389

	depends on the pH of the mixture and the dissociation constants of the two 

salts bGP and AHP. For a fixed ratio [AcOH]/[NH2], these iso-pH curves remain constant when CS 

concentration [NH2] is varied.  
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where [AcOH], [βGP], [AHP], [NH3]	are respectively the initial concentrations in AcOH, bGP, AHP and 

D-glucosamine monomer, DD is the degree of deacetylation of CS. Factors CAc, CbGP, CAHP and CCS are 

all functions of the concentration in protons h as follows: C9G =	P1 +
K

M34
Q
%,

, C<=; = P1 +
M:;9,$
K

Q
%,

, 

C9:; =	P1 +
M389,$
K

Q
%,

 and CHI =	P1 +
M56
K
Q
%,

. 
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For a fixed ratio [AcOH]/[NH2], here equal to 1, equation (II-12) captures that for a given pH, the 

relationship between [AHP]/[NH2] and [bGP]/[NH2] is linear. The negative slope − H:;9
H389

	depends 

weakly on the pH of the mixture and the dissociation constants of the two salts bGP and AHP. The 

model predicts the experimental values of the slopes with a good precision including the slight increase 

when the pH decreases from 7.4 to 7.0, as shown in Figure II - 3b and Table II - 1. However, it fails 

to predict the intercept. We attribute this discrepancy to the polyelectrolyte nature of CS. In particular, 

the protonation of NH2 along the CS chains is very sensitive to entropic effects and pKCS increases with 

increasing salt concentration.17 Accordingly, predictions of pH for CS/bGP accounting for these 

polyelectrolyte effects using a model by Filion et al. (Figure II - 5) are in perfect agreement with our 

experimental measurements, as indicated by the open symbols in Figure II - 3b.  The simple small 

molecule model also confirms that the linear relationship between [AHP]/[NH2] and [bGP]/[NH2] is 

independent on the CS concentration as long as the ratio [AcOH]/[NH2] is fixed. Therefore, such iso-

pH curves may serve as an efficient platform to prepare CS/bGP/AHP formulations having a controlled 

pH. 

Table II - 1. Values of slope and intercept for iso-pH curves from 7.0 to 7.4 determined from experiments 

or calculations.  

 

 
Figure II - 5. Predicted evolution of the pH of CS/bGP mixture based on the model developed by Filion 

et al.,17 with following parameters: CS 0.8 wt%; T = 4°C; [AcOH]/[NH2] = 1; DD = 90% and following 

dissociation constants R?785,3=6.2; pKCS =7.1; pKAc =4.8. The calculation parameters (using the same 

notations as in 17) are: the monomer length l = 0.52 nm, the radius of the inner cylinder a = 1.3 nm. 

7.0
7.2

7.4
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II.3.2. CS/bGP/AHP formulations with adjustable pH and osmolarity 

The contribution of bGP, AHP and AcOH to the osmolarity of the formulations was determined by 

measuring independently their osmolarity at different concentrations. We verified that osmolarity was 

proportional to the molar concentration for all three components (Figure II - 6). As expected from the 

dissociation constants, the osmolarity induced by bGP is higher than the one induced by AHP. The 

osmolarity of a CS solution at 0.8 wt% is negligible. The total osmolarity (expressed in Osm.L-1) was 

calculated as the linear combination of the three contributions: 

Osmolarity = 1.03×[AcOH] + 2.35×[bGP] + 1.82×[AHP]              (II - 13) 

Normalizing Equation (7) by [NH2] gives a relationship between [AHP]/[NH2] and [bGP]/[NH2]: 

[4'5]

[#'$]
= −;,.

[785]

[#'$]
− ;3.

[4@A']

[#'$]
+ ;2.

ANOP"$QRST
[#'$]

	                           (II - 14) 

where A1 = 1.29, A2 = 0.57 and A3 = 0.55 are dimensionless constants. 

 

Figure II - 6. Osmolarity values of aqueous solutions of AcOH, AHP and bGP at concentrations 

ranging from 0.075 to 0.5 mol.L–1. 

For a fixed ratio [AcOH]/[NH2], we obtain linear iso-osmolarity lines between [AHP]/[NH2] and 

[bGP]/[NH2]. Unlike the iso-pH curves above, the intercept of these curves depends on the CS 

concentration. The curves obtained for a physiological osmolarity of 300 mOsm.L–1 are presented in 

Figure II - 7a for CS concentrations ranging from 0.4 to 1.2 wt%. For a given CS concentration, the 

intersection between the iso-pH (pH = 7.4) and iso-osmolarity lines give the unique formulation 

satisfying both conditions on targeted pH and osmolarity.  

AcOH
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Figure II - 7. (a) Iso-osmolarity curves at 300 mOsm.L-1 (black) and iso-pH curve at 7.4 (blue) as a 

function of [AHP]/[NH2] and [bGP]/[NH2] ratios for CS concentration ranging from 0.4 to 1.2 wt%. 

Shaded area indicates formulations for which gelation time at 21°C is less than 1 h. (b) Hydrogel (300 

mOsm. L–1; pH = 7.4) obtained with 0.4 wt% of CS after 2 min of incubation at 37°C, (c) Hydrogel (300 

mOsm.L –1; pH = 7.4) obtained with 1.0 wt% of CS after 30 min at 21 ± 1°C. 

The representation in Figure II - 7a provides a way to determine the formulations of interest for 

thermosensitive cell-laden hydrogels. In particular, it shows that the double constraint on pH and 

osmolarity restricts the range of pertinent CS concentrations. As shown in Figure II - 7a, CS 

concentration of 0.4 wt% is the lowest concentration allowing to achieve physiological pH (7.4) and 

osmolarity (300 mOsm.L–1). CS concentrations lower than 0.4 wt% would require either a hypotonic 

mixture to satisfy pH = 7.4 or a basic pH (>7.4) to satisfy an osmolarity of 300 mOsm.L–1. We verified 

that the physiological formulation at 0.4 wt% corresponding to [bGP]/[NH2] = 5.5 and [AHP]/[NH2] = 

0 forms a macroscopically homogeneous gel after 2 min at 37°C (Figure II - 7b). In Figure II - 7a, the 

highest CS concentration allowing to achieve physiological pH and osmolarity is 1.2 wt%. However, 

this concentration (corresponding to [bGP]/[NH2] = 0) is not pertinent for practical applications, because 

the gelation time at room temperature (i.e. before injection) decreases when decreasing [bGP]/[NH2], as 
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will be presented in section 3. We found that a minimum ratio [bGP]/[NH2] = 1.0, corresponding to a 

CS concentration of 0.9 wt%, is required to maintain the thermosensitive solution in a liquid state for 

more than 1 h at 21 ± 1°C. A duration of 1 h corresponds to the time needed to comfortably carry out 

cell trypsination, dispersion in CS/salt solution and injection. Accordingly, solutions prepared at a higher 

concentration than 0.9 wt% form a gel in less than 1 h at room temperature, as shown for example for a 

1 wt% solution ([bGP]/[NH2] = 0.7, [AHP]/[NH2] = 1.7) which formed a gel within 30 min (Figure II 

- 7c).  

These results and methodology show how the pH and osmolarity of CS/bGP/AHP mixtures can be 

independently adjusted for different CS concentrations. It is worth to note that the concentration range 

for cytocompatible values of pH and osmolarity has been measured here for one type of CS having a 

given degree of deacetylation (DD = 91%) and a given molar mass distribution (viscosity 30-100 cps, 

Mw = 250 kg.mol–1). It has been reported that the gelation rate of CS/bGP solutions at given pH increases 

with CS of higher DD.22  Therefore, the upper bound of the accessible concentration range is expected 

to decrease with increasing DD. As regards the molar mass, we verified that the pH can be adjusted by 

the [salts]/[NH2] ratios whatever the chitosan chain length is as long as the deacetylation degree is 

known, as shown for CS with DD = 95% for two different molar masses (Figure II - 8). Hence, this 

rationalized formulation is applicable to other types of CS.  

 

Figure II - 8. Evolution of the pH as a function of [AHP]/[NH2] in formulations with initial CS 

concentration of 0.8 wt% and fixed [bGP]/[NH2] = 1.5, 2.5 and 3.5 for three different chitosan grades 

(10 cps, 30-100 cps and 100-300 cps) having DD = 95%, 91% and 95%, respectively. 
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II.3.3. Gelation kinetics of CS/bGP/AHP formulations  

It is important to notice that the gelation time of CS/bGP systems depends greatly on the pH.15 As a 

result, we focus here on the gelation kinetics at a fixed pH = 7.4.  

A systematic characterization of the thermosensitivity of CS/bGP/AHP mixtures was performed using 

the test tube inversion method (Figure II - 9a). We verified that the time measured by this method is 

consistent with the time to reach the gel point as determined by rheology (Figure II - 9b-c). In a first 

series of experiments, we studied the effect of the relative salt ratio [AHP]/[bGP] on the gelation time. 

For that, a fixed CS concentration of 0.8 wt% was chosen. Four ratios [bGP]/[NH2] were studied (0, 1.5, 

3 and 5.5) and the corresponding [AHP]/[NH2] ratios were adjusted to maintain pH = 7.4 (1.9, 1.4, 0.8 

and 0, respectively). In those solutions, the osmolarity varied from 300 to 600 mOsm.L-1. Figure II - 

10a shows that the gelation time decreases by at least four orders of magnitude when temperature 

increases from 15°C to 37°C for all four formulations. At a given temperature, the gelation time 

decreases with decreasing [bGP]/[NH2] ratio or increasing [AHP]/[NH2] ratio. This sensitivity to 

[AHP]/[bGP] becomes increasingly pronounced with decreasing temperature. At 20°C, the formulation 

with only bGP become a gel more than 100 times slower than the one with AHP only. 

The temperature dependence of the gelation time of CS/bGP formulations was presented in an earlier 

study by Chenite et al. who concluded that the gelation time displayed an exponential decay with 

temperature.15 Our data which cover a larger range of times and temperatures do not fit with a simple 

exponential decay, but rather with a model of critical transition, as already observed in thermosensitive 

gelatin gels.23 Our experimental data were successfully fitted with the critical-like model tgel = k(T-Tc)g  

where Tc is a critical temperature above which the sol-gel transition occurs and g is a critical exponent 

(Figure II - 10b). The exponent g and the prefactor k decrease with increasing [bGP]/[NH2] (Figure II 

- 11a-b).  Conversely, Tc increases from 4 to 18°C when going from CS/AHP to CS/bGP as shown in 

Figure II - 10c. Overall these results show that the thermal stability of CS/bGP/AHP solutions at a fixed 

pH increases with [bGP]/[NH2]. This observation supports the hypothesis that the polyol part of bGP 

hinders the interactions between CS chains as suggested by Supper et al.19  
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Figure II - 9. (a) Photographs showing the thermosensitive gelation of CS/bGP/AHP formulations as 

characterized by the inverted tube method: (i) liquid and transparent state at 21°C; (ii) gel state after 2 

min at 37°C. (b) Isothermal rheological experiments (w = 1 rad.s–1, g = 1%) at various T = 27, 30 and 

37°C for formulation prepared with CS 0.8 wt%, [bGP]/[NH2] = 1.5 and [AHP]/[NH2] = 1.4, arrows 

indicate the gel point. (c) Table comparing gelation time obtained with rheological experiment and tube 

inversion method.  

a b

Temperature (°C) tgel (rheology) tgel (tube inversion)

27 530 s 660 ± 60 s

30 270 s 330 ± 30 s

37 60 s 90 ± 30 s

c

(i)

(ii)
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Figure II - 10. (a-c) Gelation kinetics of formulations having fixed CS 0.8 wt% and pH 7.4 and various 

[bGP]/[NH2] and [AHP]/[NH2] ratios. Gelation time as a function of temperature (a) and (T-Tc) (b). 

Full lines show fits by a power law. (c) Critical temperature as a function of [bGP]/[NH2] and 

[AHP]/[NH2]. (d-f) Gelation kinetics of physiological formulations (pH = 7.4 and 300 mOsm.L-1) for 

CS concentration ranging from 0.5 to 0.8 wt%. Gelation time as a function of temperature (d) and (T–

Tc) (e). Full lines show fits by a power law. (f) Critical temperature as a function of CS concentration.  

Similar experiments were performed in a second series with formulations defined by the iso-pH (7.4) 

and iso-osmolarity (300 mOsm.L–1) curves for different CS concentrations ranging from 0.5 to 0.8 wt%. 

The gelation time decayed strongly with increasing temperature in a similar way to the first series, as 

shown in Figure II - 10d. For a given temperature, gelation occurred faster with increasing CS 
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concentration (together with decreasing [bGP]/[NH2] and increasing [AHP]/[NH2] to maintain 

physiological conditions). Again, a critical power law behavior was observed as shown in Figure II - 

10e and Figure II - 11c-d). The critical temperature, and therefore the thermal stability of the solution, 

decreased with increasing CS concentration.  

From a practical point of view, these results show that all the formulations having physiological pH and 

osmolarity present an adequate gelation kinetics for use as cell delivery vehicles. At 21°C, they remain 

liquid for more than 2 h, which is appropriate for cell dispersion and manipulation. At body temperature, 

they form a gel within less than 1 min, therefore preventing cells from being dispersed away. The 

injectability of the formulation having a CS concentration of 0.8 wt% was verified using standard 

injection parameters into a PBS solution at 37°C. A continuous injection could be performed with the 

quasi-instantaneous formation of a macroscopic hydrogel. The video of the in vitro injection experiment 

can be visualized in this following link, section Supplementary Data:   

 https://www.sciencedirect.com/science/article/abs/pii/S0144861721012236?dgcid=coauthor  

 

Figure II - 11. Evolution of the exponent g and the prefactor k: (a-b) as a function of [bGP]/[NH2] for 

formulations having a fixed pH = 7.4 and fixed CS concentration at 0.8 wt%; (c-d) as a function of CS 

concentration for physiological formulations (300 mOsm.L–1 and pH = 7.4) where [bGP]/[NH2] ranges 

from 1.5 to 4 and [AHP]/[NH2] from 1.4 to 0.5. 

 

b

c

d

a
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II.3.4. Cell encapsulation in CS/bGP/AHP hydrogels  

The viability and the metabolism of encapsulated cells was studied using Live/Dead and AlamarBlue 

assays with formulations having a CS concentration of 0.8 wt% and pH 7.4. Two formulations were 

compared to assess the effect of osmolarity: an isotonic formulation denoted CS/bGP/AHP (300 

mOsm.L–1) produced with ratios [bGP]/[NH2] = 1.5 and [AHP]/[NH2] = 1.4, and a hypertonic 

formulation denoted CS/bGP (600 mOsm.L–1) obtained with ratios [bGP]/[NH2] = 5.5 and [AHP]/[NH2] 

= 0. Two cell types were studied: pre-osteoblast immortalized murine cell line (MC3T3-E1) and primary 

human gingival fibroblasts (HGF). Cells were dispersed in the liquid formulations at 20°C at a 

concentration of 106 cells.mL–1. Encapsulation was achieved by gelation at 37°C for 1 h in an incubator 

prior to the addition of culture medium. Cells were stained and observed at 1 h and 24 h after 

encapsulation. The staining efficiency was verified on positive and negative controls (Figure II - 12). 

The homogeneity of the cell dispersion was verified by cell counting in multiple areas of the gels (Figure 

II - 13) and a local cell concentration of 1.2 x 106 ± 0.2 cells per cm3 was found, which is in agreement 

with the density of seeded cells.  

 

Figure II - 12. Confocal microscopy images for positive control (CT+), negative control (CT-) and 

CS/bGP/AHP hydrogel without cells after Live/Dead staining on MC3T3-E1 cells after 1 h of incubation 

at 37°C. 
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Figure II - 13. Local cell density determined by image analysis for encapsulated MC3T3-E1 at 1 h and 

24 h of incubation (n = 2, triplicate). 

Typical images obtained with Live/Dead staining are shown in Figure II - 14 for MC3T3-E1 and HGF, 

respectively. At 1 h, the viability for both cell types is high (90%) for the two studied formulations 

(Figure II - 14c). At 24 h, differences are observed: for MC3T3-E1 cells, a significantly better cell 

viability is observed in CS/bGP/AHP hydrogel (78 ± 6%) than in CS/bGP hydrogel (52 ± 5%); for HGF, 

cell viability remains high in both hydrogels. The metabolic activity of the encapsulated cells was 

assessed with an AlamarBlue assay (Figure II - 14d). A value of the metabolic activity per cell was 

estimated by normalizing the measured intensity by the number of living cells. At 1 h, a clear difference 

can be seen between the two cell types: MC3T3 have a much higher metabolic activity in the isotonic 

formulation CS/bGP/AHP than in CS/bGP while HGF have a similar metabolic activity in both 

formulations. At 24 h, the same trend is observed but the metabolic activity drops significantly for both 

cell types.  
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Figure II - 14. Cell encapsulation in CS/bGP/AHP and CS/bGP hydrogels for 1 h and 24 h. (a-b) 

Confocal microscopy images of Live/Dead assays for MC3T3 (a) and HGF (b) cells. Images are 

obtained from the projection of 76 slices taken at a random position in the hydrogel with a field of 425 

´ 425´ 300 µm. (c) Cell viability. (d) Normalized metabolic activity. Statistically significant at p < 0.05 

(*) or p < 0.0001 (****). 

These differences in viability and activity may be explained by the different ability of the cell types to 

adapt to hypertonic conditions.24 To our knowledge, no study has been reported on MC3T3-E1 whereas 

it has been shown that HGF are resistant to osmotic shocks.25  In our study, the encapsulated cells exhibit 

rounded phenotypes after 24 h, which reflects a poor adhesion to the chitosan matrix. This observation 

is in agreement with a previous study on encapsulated MC3T3-E1 in CS/AHP hydrogels.2 Therefore, 

the proposed approach could be advantageously combined with bio-functionalization strategies 

providing adhesion sites to the encapsulated cells. For example, covalent grafting of peptides or proteins 

responsible for cell adhesion on chitosan chains have shown promising results.26,27  

 

II.3.5. Mechanical property of CS/bGP/AHP hydrogels 

The possibility to vary the CS concentration while maintaining physiological conditions, provides a way 

to tune the hydrogel properties, such as the mechanical properties. The mechanical properties of 

hydrogels prepared with 0.5 and 0.8 wt% at 4°C were characterized by oscillatory rheology during an 

isotherm at 37°C as shown in Figure II - 15. Gelation occurs within one minute for both formulations 

with a rapid increase in the storage modulus (G’) reaching approximately 30 Pa for 0.5 wt% and 180 Pa 

for 0.8 wt% at 1 h of incubation. After 6 h, G’ reaches 60 Pa for 0.5 wt% and 300 Pa for 0.8 wt%. These 
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values of G’ are low as compared to the ones of most biological tissues. For this reason, these hydrogels 

might be more particularly appropriate for very soft tissues, such as brain tissue which G’ is in the range 

100-300 Pa.28 Accordingly, CS gels were shown to be suitable matrices for cells of the nervous system. 
29 

 

Figure II - 15. Storage modulus (G’) and loss modulus (G”) as function of time at 37°C for 

physiological formulations prepared with a CS concentration of 0.5 wt% ([bGP]/[NH2] = 4.0 and 

[AHP]/[NH2] = 0.5) and 0.8 wt% ([bGP]/[NH2] = 1.5 and [AHP]/[NH2] = 1.4).   

 

II.4. Conclusion 
In this study, we report a rational formulation design to prepare thermo-gelling systems composed of 

chitosan CS and two phosphate salts, bGP and AHP. We show how the pH and the osmolarity can be 

adjusted independently by the ratios [salts]/[NH2], arising possibility to obtain physiological 

formulations having tunable CS concentration. Moreover, a systematic study of the gelation kinetics 

revealed that the gelation time follows a power law that diverges at a critical temperature. With this 

approach, injectable solutions having a pH of 7.4 and a physiological osmolarity of 300 mOsm.L-1 can 

be produced for CS concentrations ranging from 0.4 to 0.9 wt%. The cytocompability of the subsequent 

gels was demonstrated by in vitro encapsulation of MC3T3-E1 and HGF cells. Elastic moduli of the 

gels can reach up to 300 Pa, a value found in brain tissues. The proposed methodology could be applied 

to solutions of chitosan or functionalized chitosan having various molar mass and deacetylation degrees, 

therefore providing a general platform to prepare valuable thermosensitive hydrogels for cell 

encapsulation and delivery.  
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Résumé en français 

Les mécanismes impliqués dans la transition sol/gel du système thermosensible composé de CS et de 

sels de phosphate, tant au niveau moléculaire que microscopique, sont complexes. Une meilleure 

compréhension pourrait fournir des idées pour le contrôle du processus de gélification et des propriétés 

finales du gel. Dans ce chapitre, nous allons nous concentrer sur deux questions principales : 1) Quels 

sont les mécanismes moléculaires régissant la thermosensibilité des systèmes CS/sels. En particulier, 

quels sont les effets de la nature et de la structure chimique des sels ? 2) Quels sont les mécanismes 

impliqués dans l’émergence de la structure macroporeuse de ces hydrogels ?  

Dans la première partie de ce chapitre, nos résultats montrent que la formation d'une couche 

d’hydratation autour des macromolécules de CS est cruciale pour maintenir la solubilité du CS à pH 

neutre et à basse température. La formation de cette couche d’hydratation ne nécessite pas exclusivement 

l’utilisation de sels ayant des fonctions polyols mais est plus généralement possible avec des sels 

établissant des interactions à la fois avec les chaînes CS et les molécules d’eau. En particulier, nous 

avons identifié un autre sel capable de remplir cette fonction : le sel de sodium de l’acide 2-[N-

morpholino]-éthane-sulfonique (MES). Nous avons également démontré l’existence d’un hydrogel à 

basse température en présence d’un sel divalent tel que l’AHP, et élucidé son mécanisme de formation 

par réticulation ionotrope. Ce gel est complètement différent du gel induit par la séparation de phases 

lors du chauffage. Nos résultats combinés avec ceux d’études précédentes de la littérature suggèrent que 

le processus de thermogélification dans les mélanges CS/sels est dû à la forte dépendance intrinsèque à 

la température du pKa des monomères D-glucosamine. Quand la température augmente, ce pKa diminue 

fortement rendant les chaînes CS moins chargées. La couche d’hydratation est donc déstabilisée et se 

dissocie. L’agrégation ou la gélification se produisent alors quand les forces répulsives sont dépassées 

par les forces attractives inter-chaînes telles que les liaisons H, les interactions hydrophobes ou la 

cristallisation. Ces résultats ouvrent des perspectives pour le contrôle de la cinétique de gélification en 

jouant sur les interactions entre CS-sel et sel-eau, qui sont des paramètres cruciaux dans la conception 

de matrices cellulaires injectables. 

Dans la seconde partie de ce chapitre, la formation de la microstructure d’une formulation CS/bGP/AHP 

cytocompatible (CS 0.8 wt%, pH = 7.4, 300 mOsm.L-1) a été étudiée en temps réel. En couplant des 

observations directes au microscope confocal et des mesures indirectes de rhéologie et de diffusion de 

la lumière, l’émergence de la macroporosité par l’agrégation et la percolation de particules de CS a été 

démontrée. Nous découvrons que la formation et l’évolution de la microstructure dans le système CS/sel 

présentent des caractéristiques très similaires à celles des gels colloïdaux. De plus, nos observations 

suggèrent qu’il existe un régime où les particules de type colloïdal et les chaînes CS enchevêtrées en 

solution coexistent, induisant ainsi une dynamique particulière. Ces observations et résultats soulèvent 

de nouvelles questions, comme la compréhension des effets de la concentration et des caractéristiques 

du CS sur la macroporosité, ainsi que sur le possible effet de cellules vivantes sur la microstructure de 

l’hydrogel lors de l’encapsulation. Ces questions seront étudiées dans le chapitre IV. 
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III.1. Introduction 
In the previous chapter, we demonstrated how to prepare CS/bGP/AHP formulations compatible with 

cell encapsulation and injection. By combining AHP and bGP, we showed how to finely adjust the pH, 

the osmolarity and the gelation kinetics for various CS concentrations. The mechanisms involved in the 

peculiar sol/gel transition of this system, both at the molecular and microstructural levels, are complex 

and still poorly understood. In this chapter, we will focus on two main questions: 

Firstly, what are the molecular mechanisms governing the thermosensitive behavior of CS/bGP/AHP 

mixtures? In particular, what are the roles of the nature and of the chemical structure of the salts in the 

sol/gel transition?  

Secondly, what are the mechanisms involved in the emergence of the macroporous structure in 

CS/bGP/AHP mixtures?  

 

III.2. Materials 
Glacial acetic acid (AcOH, 99%) was purchased from Alfa Aesar. Alexa Fluor 488 was purchased from 

Abcam. β-glycerophosphate disodium salt hydrate BioUltra (βGP), ammonium hydrogen phosphate 

BioUltra (AHP), 2-(N-morpholino) ethanesulfonic sodium salt (MES) and sodium hydroxide (NaOH) 

were purchased from Sigma-Aldrich.  

In this chapter, we use one grade of chitosan (CS), which is the same CS low molar mass (viscosity 

30-100 cps) as the one studied in Chapter II. The overlap concentration, c*, was determined by 

viscometry and was found to be around 0.18 ± 0.03 wt% (see Appendix B).  
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III.3.  Molecular mechanisms of the sol/gel transition in CS/bGP/AHP 
mixtures 
As shown in the literature review (Chapter I, section I.3.2), several studies have investigated the gelation 

mechanism of CS/salt mixtures at the molecular level. On the one hand, Supper et al. showed that the 

gelation is more strongly hindered when the size of the polyol moiety of the salt increases and proposed 

that this polyol moiety is responsible for the thermosensitivity by favoring the formation of a hydrated 

shell of ions and water molecules around them, thus preventing interactions between CS chains.1 This 

hypothesis is also supported by a recent calorimetric study by Grinberg et al.2 On the other hand, Lavertu 

et al. suggested that the thermogelling process is induced by the neutralization of the CS positive charges 

due to the temperature dependence of the pKa of the D-glucosamine monomers, whatever the salt is.3 

Other inorganic phosphate salts without polyol moieties, like ammonium hydrogen phosphate 

(NH4)2HPO4,4 dipotassium hydrogen phosphate K2HPO4,5 basic sodium phosphates as NaH2PO4, 

Na2HPO4, or even Na3PO4,6 have also been used to produce thermo-sensitive CS solutions. However, in 

most of these studies, the pH of the CS/salt mixtures was not controlled, whereas it had been shown that 

the gelation time of CS/bGP systems depends exponentially on the pH.7 Therefore, the precise role of 

salts in the thermo-gelling process of CS solutions still remains unclear.  

In this section, we propose to gain a deeper understanding of this role. For that, we investigated the sol-

gel transition in CS/salt mixtures which pH is precisely adjusted. Salts having various characteristic 

features (monovalent without polyol: MES and NaOH, divalent without polyol: AHP, and divalent with 

polyol: bGP) were compared combining rheological studies and direct observations by laser confocal 

scanning microscopy. 

III.3.1. Experimental methods 

3.1.a. Preparation of stock solutions 

Aqueous suspensions of CS were prepared using milliQ water and AcOH at fixed molar ratio 

[AcOH]/[NH2] = 1 and final concentration of CS at 1.33 wt%. The suspensions were stirred at room 

temperature (21 ± 1°C) and were stored at 5°C until further use. The pH of CS stock solutions is about 

5.3 ± 0.1 at 4°C.  

Solutions of bGP, AHP, MES, AcOH at 1 mol.L-1 and NaOH at 0.5 mol.L-1 were prepared in milliQ 

water. 

3.1.b. pH titration 

Stock solutions of titrant as well as CS solution at 0.8 wt% were chilled in an ice bath prior to titration. 

All pH titrations were performed at 4 ± 1°C. The titrant solution was added dropwise to the CS solution 

under vigorous stirring. Titration was carried out with until pH reached the 7.4 value. 
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3.1.c. Rheological measurement 

Physiological formulations prepared with 0.8 wt% of CS and various compositions of salt were studied 

using a strain-controlled rheometer (MCR502, Anton Paar) with a cone-plate geometry (CP50-2TG). 

The temperature was managed by a Peltier controller. Formulations were loaded immediately after 

preparation and silicone oil was added to the interface between the sample and the air to prevent 

evaporation. The values of storage and loss moduli (G’, G”) were measured at a constant oscillatory 

strain of 0.1% and an angular frequency of 1 rad.s-1. 

For isothermal measurements at 4°C, the geometry was previously stabilized at 4°C. The values of 

storage and loss moduli (G’, G”) were measured during a period of 10 min.  

For temperature sweep measurements, two protocols were used. In the first protocol, we reproduced the 

same heating profile as the one created on the laser confocal scanning microscope: the temperature was 

increased by steps from 12°C to 37°C at a rate of 20°C.min-1 with 10 min plateaus at 12°C, 25°C and 

37°C. In the second protocol, the temperature was increased continuously from 4°C to 60°C then 

decreased from 60°C to 4°C, at a rate of 5°C.min-1.  

3.1.d. Confocal microscopy observation 

CS was labelled with Alexa Fluor 488 (Alexa Fluor monomer units:NH2 = 1:150) following a protocol 

adapted from Zhang et al.8 The fluorescently labelled CS was then added to regular CS suspensions 

before the autoclave process. Labelled CS chains represented only 0.5 wt% of the total amount of CS in 

each formulation. The amount of grafted fluorophore was three orders of magnitude smaller than in 

Zhang et al. (AlexaFluor/NH2 units 1:30000). Hence, the perturbation caused by the labelling was 

considered to be negligible. Accordingly, there was no difference in gelation time at 37°C between 

regular CS and fluorescently labelled CS. 

A customized sample holder was filled with a few hundreds of microliters of CS/salt solution 

immediately after mixing. The sample holder was sealed using two glass coverslips and silicon oil was 

added at areas where evaporation might occur. A thermocouple sensor was inserted via a small aperture 

on the side of the sample holder which was then sealed using commercial adhesive paste. The setup is 

illustrated in Figure III - 1. The temperature was monitored using a Peltier controller. The temperature 

was stabilized to 12°C prior to observation. Images of 56 µm ´ 56 µm were recorded at 12°C, 25°C and 

37°C after 10 min of stabilization using confocal microscopy (Zeiss Axiovert 200M) equipped with a 

laser at 488 nm and objective ´40/0.6 Korr.  
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Figure III - 1. Photograph (a) and scheme (b) illustrating the sample holder and the setup for time-

resolved confocal observation at controlled temperature. 

3.1.e. Dynamic light scattering  

Dynamic light scattering (DLS) on CS/bGP and CS/AHP mixtures at fixed pH = 7.4, 4°C and various 

CS concentration ranging from 0.1 to 0.5 wt% were performed using a conventional apparatus 

(ALV/CGS-3 compact Goniometer system). The light source was a He-Ne laser (l = 632 nm). The 

angle ranged from 40° to 90° and q-1 ranged from 40 nm to 100 nm. The temperature was controlled by 

a thermal bath and was stabilized for 10 min before measurements.  
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III.3.2. Results 

3.2.a. Behavior of CS/salt mixtures at 4°C   

The pH titration of CS solutions at an initial concentration of 0.8 wt% and pH = 5.3 ± 0.1 was carried 

out at 4 ± 1°C for various bases or salts: NaOH, MES, bGP and AHP (Table III - 1). NaOH is a strong 

base while MES is a monovalent weak base and bGP, AHP are divalent weak bases. bGP is the only 

base bearing a polyol moiety.  

Table III - 1. Molecular structures and pKa values of the studied bases. 

 

 

Figure III - 2 shows the evolution of the pH as a function of the molar ratio between the concentration 

in titrant and the concentration in D-glucosamine monomer, [NH2]. Both solutions of CS with MES and 

bGP at pH 7.4 and 4°C are transparent and homogeneous to the naked eye. For these two salts, the 

titration curves at 4°C are very similar and the same ratio [titrant]/[NH2] (~ 5.5) is required to reach pH 

7.4. For titration with AHP at 4°C, white macroscopic precipitates appear when the pH reaches the 

vicinity of 7.0 and they continue to growth with increasing [AHP]/[NH2] and pH. A pH of 7.4 is reached 

with [AHP]/[NH2] = 1.8.  For titration with NaOH, precipitates are formed instantaneously when NaOH 

is added into the CS solution but they re-dissolve after a few minutes of mixing. We suggest that these 

precipitates are simply due to the very high pH created locally when droplets of NaOH fall into the 

solution. A transparent solution at pH 7.0 can be obtained at [NaOH]/[NH2] = 0.54. Contrarily to the 
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precipitates formed in the presence of NaOH, the precipitates formed with AHP do not redissolve under 

stirring, and a macroscopic hydrogel is formed in the absence of stirring.  

 

Figure III - 2. Titration at 4°C of CS solutions prepared with an initial concentration of 0.8 wt% with 

various bases or salts. The inset shows photographs taken at the end of the titration experiments.   

The rheological behavior of CS solutions with bGP, with AHP and with a mixture of both salts were 

studied at a fixed pH 7.4 and at 4°C. We focused on these two salts as they are used for preparing our 

system of interest. For the CS/bGP mixture, the ratio [bGP/NH2] was fixed at 5.5. For the CS/AHP 

mixture, the ratio [AHP]/[NH2] was fixed at 1.8. The CS/bGP/AHP mixture was prepared with 

[bGP/NH2] = 1.5 and [AHP/NH2] = 1.4, which corresponds to the physiological formulation, as 

determined in Chapter II. The CS concentration was fixed at 0.8 wt%. The storage, G’, and loss, G”, 

moduli of the three mixtures at 4°C were measured during 10 min immediately after mixing, as shown 

in Figure III - 3. The CS/AHP mixture was already a gel when the measurement started and remained 

stable during the whole measurement. The CS/bGP mixture exhibited macroscopically a liquid behavior 
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after mixing. In rheological measurement, a continuous increase of both moduli was observed. However, 

at 10 min, both moduli remained very weak (< 1 Pa). The CS/bGP/AHP mixture did not exhibit an 

intermediate behavior and stayed completely liquid during the whole 10 min of the measurement.  

 

Figure III - 3. Evolution of the storage, G’, and loss, G’’, moduli of CS/AHP, CS/bGP and 

CS/bGP/AHP as a function of time. CS 0.8 wt%, pH = 7.4 and T = 4°C.  

To further investigate the effect of the chemical structure of the phosphate salt on CS solutions, dynamic 

light scattering measurements were performed using a conventional apparatus which angle ranges from 

40° to 90° and q-1 ranges from 40 nm to 100 nm. Measurements were carried out at 4°C and pH = 7.4 

directly after mixing, for CS/bGP and CS/AHP solutions prepared at different concentrations of CS 

ranging from 0.1 to 0.5 wt%, corresponding to different regimes from diluted to semi-diluted. Figure 

III - 4a shows the normalized intensity correlation function, g2(t) – 1, measured at 90°. The raw data 

are shown in the Appendix C. 

For both CS/bGP and CS/AHP mixtures, g2(t) – 1 is very similar when the concentration of CS is lower 

than the overlap concentration, c* = 0.18 wt%. Above c*, for a CS concentration of 0.5 wt%, there is a 

clear difference in the dynamics between CS/bGP and CS/AHP. While the g2(t) – 1 function of the 

CS/bGP mixture remains similar for the three studied CS concentrations, a significant change is 

observed for the CS/AHP mixture at a CS concentration of 0.5 wt%. This difference was also noticeable 

to the naked eye: at 0.5 wt%, the CS/AHP mixture formed a turbid liquid while the CS/bGP mixture 

was a transparent liquid (Figure III - 4b).  
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Figure III - 4. a) Normalized intensity correlation function, g2 – 1, measured at 90° (q-1 = 53 nm) after 

15 min at 4°C for CS/bGP and CS/AHP mixtures having pH = 7.4 at various CS concentrations. b) 

Photographs showing CS/bGP and CS/AHP mixtures immediately after mixing. 

A characteristic time, t*, was extracted from these normalized intensity correlation functions using a fit 

by a simple exponential decay, exp(-2t/t*). The evolution of t* as a function of the CS concentration 

for both CS/bGP and CS/AHP mixtures is shown in Figure III - 5. For CS/bGP , t* increases very 

slightly from 2 ms for CS 0.1 wt% to 5 ms for CS 0.5 wt%. On the contrary, for CS/AHP, t* rises 

sharply from 3 ms for CS 0.1 wt% to 33 ms for CS 0.5 wt%.  

 
Figure III - 5. Characteristic decay time extracted from the normalized intensity correlation function, 

t*, as a function of CS concentration for CS/AHP and CS/bGP mixtures. pH = 7.4, T = 4°C.  
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3.2.b. Thermally-induced gelation  

The microstructures of fluorescently-labelled CS/AHP, CS/bGP and CS/bGP/AHP mixtures were 

observed by confocal microscopy using a customized setup at controlled temperature. For that, the pH 

of all three mixtures was adjusted to 7.4 at 4°C. After mixing, the mixtures were poured into a 

customized sample holder and placed onto the temperature-controlled stage. The temperature was then 

stabilized at 12°C, then was increased by steps from 12°C to 37°C at a rate of 10°C.min-1 with 10 min 

plateaus at 12°C, 25°C and 37°C. Images were recorded at the end of the 10 min plateau for each 

mixture. In a separate experiment, the evolution of the storage and the loss moduli of these three 

formulations was assessed using oscillatory rheological measurement with the exact same thermal 

history. The results of both experiments are combined and shown in Figure III - 6.   

At 12°C, for the CS/AHP mixture, confocal microscopy observations show a dense network, which solid 

nature is confirmed by rheological measurements (Figure III - 6a-i, ii). The storage modulus increases 

continuously from 0.1 to 0.8 Pa during this period. For CS/bGP, confocal observations show a 

homogeneous aspect and no visible objects are detected at the observation scale during 10 min (Figure 

III - 6b-i, ii). Accordingly, rheology indicates a liquid behavior. The results are similar for the 

CS/bGP/AHP mixture (Figure III - 6c-i, ii).  

Upon heating to 25°C, for CS/AHP, a little decrease of G’ is observed which corresponds to the partial 

disappearance of the previously observed network at 12°C (Figure III - 6a-i, iii). For CS/bGP, the 

homogeneous aspect observed by confocal microscopy and the liquid behavior measured by rheology 

are maintained (Figure III - 6b-i, iii). Similarly, CS/bGP/AHP remains homogeneous and liquid 

(Figure III - 6c-i, iii).  

While heating up to 37°C, for the CS/AHP mixture, a decrease in G’ is observed around t = 1300 s, 

followed by a sharp increase, indicating the formation of a stronger gel than the one formed at 12°C 

(Figure III - 6a-i). Confocal observations indicate the formation of a network looking different from 

the first network observed at 12°C (Figure III - 6a-iv). For CS/bGP, G’ increases rapidly and the gel 

point, determined as the cross-over of G’ and G”, is observed around t = 1500 s (Figure III - 6b-i). 

Correspondingly, the formation of a network is observed by confocal microscopy (Figure III - 6b-iv). 

Similarly, for CS/bGP/AHP, the gel point is detected around t = 1300 s, along with the formation of a 

network (Figure III - 6c-i,iv). Interestingly, all three formulations show a similar structure consisting 

of a heterogeneous and porous network. Moreover, the gel strength depends on the composition of the 

formulation. After 10 min at 37°C the three gels can be ranked as follows: G’(CS/AHP) = 41 Pa > 

G’(CS/bGP/AHP) = 25 Pa > G’(CS/bGP) = 8 Pa.   
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Figure III - 6. Evolution of the storage and loss moduli, and confocal micrographs during a step heating ramp at 12°C, 25°C and 37°C for CS/AHP (a), CS/bGP 

(b) and CS/bGP/AHP (c). CS 0.8 wt%, pH = 7.4 at 4°C. 
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3.2.c. Reversibility of the thermally induced gelation in CS/salt mixtures 

Within the previous rheological experiment, after 10 min of incubation at 37°C, the reversibility of the 

thermally induced gelation process in CS/AHP, CS/bGP and CS/bGP/AHP mixtures was studied by 

monitoring G’ and G” upon cooling from 37°C to 12°C (Figure III - 7a). The storage modulus remained 

constant for CS/AHP and CS/bGP/AHP hydrogels but decreased significantly for CS/bGP.  

In a second experiment, we explored a larger range of temperature, from 60°C to 4°C. All three 

formulations exhibited a partial reversibility of the gelation indicated by a substantial decrease in G’ 

(Figure III - 7b). In particular, the value of G’ at 4°C follows the same trend as for the hydrogels formed 

at 37°C: G’(CS/AHP) = 125 Pa > G’(CS/bGP/AHP) = 32 Pa > G’(CS/bGP) = 10 Pa.  

 

Figure III - 7. Evolution of the storage and the loss moduli for CS/AHP (squares), CS/bGP/AHP 

(circles) and CS/bGP (triangles) upon cooling from 37°C to 12°C (a) or from 60°C to 4°C (b). Cooling 

rate = 5°C.min-1, g = 0.1%, w = 1 rad.s-1. 

III.3.3. Discussion 
In this study, we investigated the temperature-dependence of CS solutions in presence of various salts, 

all prepared at a same fixed initial pH 7.4 at 4°C. Exploring the effect of the nature and the chemical 

structure of the salts provides valuable elements in the understanding of the molecular mechanisms 

governing the behavior of CS/salt mixtures. In the following discussion, we firstly investigate the effect 

of the valence of the salt and the formation of a gel at low temperature via ionotropic crosslinking. 

Secondly, by comparing polyol-free salts (MES, AHP) with bGP, we discuss the role of the polyol 

moiety and the role of the interactions between the salt ions, the CS chains and the water molecules in 

thermosensitivity. Finally, explanations on the molecular mechanisms involved in the thermally-induced 

gelation of CS/salt mixtures are proposed.  
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3.3.a. Ionotropic crosslinking in the presence of divalent salts  

We found that CS/AHP mixtures (CS 0.8 wt%, pH = 7.4 at 4°C) form a weak gel at low temperatures, 

4°C or 12°C, as shown by confocal microscopy and rheology (Figure III - 3, Figure III - 6a-i, ii). This 

phenomenon is very similar to what has been reported for polyvalent salts like TPP (see Chapter I, 

section I.3.2.b) and for divalent salts like dibasic sodium phosphate.9 Li et al. reported the formation of 

a CS gel at 4°C in the presence of dibasic sodium phosphate and speculated that hydrogen bonds are 

responsible for this gelation.9 However, this might not be the unique explanation. We attribute this 

gelation to ionotropic crosslinking due to the electrostatic interactions between the positively charged 

amino groups of CS and the negatively charged phosphate groups of AHP. This hypothesis is confirmed 

when comparing with a monovalent salt (MES) and with a base (NaOH) for which no gelation was 

observed at 4°C. Interestingly, for bGP, which is also a divalent salt, G’ increased only very slightly 

and reached 1 Pa after 10 min at 4°C while the mixture stayed completely liquid after 10 min at 12°C 

(Figure III - 3, Figure III - 6b-i, ii).  These observations are in agreement with the previous results 

reported by Supper et al.1 These authors suggested that the polyol moiety on bGP promotes the 

formation of a hydration protective layer around CS chains, thus contributing to maintain CS in solution 

even at neutral pHs. Thus, we propose that the ionotropic crosslinking is hindered by such a hydration 

layer.  

The idea of ionotropic crosslinking of CS solutions with polyvalent salts is also supported by the 

observed dependence of this process on CS concentration and on the molar ratio [salt]/[NH2]. When the 

CS concentration in CS/AHP mixtures was increased from 0.2 to 0.5 wt%, we observed a clear transition 

from transparent to turbid solutions (Figure III - 4b) and a strong slowing down of the dynamics, as 

shown by dynamic light scattering (Figure III - 5). These changes coincide with the transition from 

dilute to semi-dilute regimes which occurs at the overlap concentration c* = 0.18 ± 0.03 wt%. This is 

consistent with the idea that CS chains need to overlap in order to create a network cross-linked by ionic 

complexes. Additionally, titration experiments at 4°C showed that the CS/AHP solution became turbid 

when the pH reached the vicinity of 7.0 which corresponds to [AHP]/[NH2] = 1 (Figure III - 2). On the 

contrary, no turbidity was observed with the monovalent salts, NaOH and MES, at the same pH 7.0. 

This result strongly suggests that there a critical molar ratio is required to reach the gel point by 

ionotropic crosslinking between AHP and CS. Similar results have been previously reported for the 

well-known CS/TPP ionogels.10  

Rheological measurements in CS/AHP mixtures at 4°C and 12°C also show that ionogel formation 

strongly depends on temperature. The gel formed at 4°C is much stronger (G’ = 10 Pa) than the one 

formed at 12°C (G’ = 0.8 Pa) (Figure III - 3, Figure III - 6a-i, ii). This can be explained by the 

temperature-dependence of the pKa of the D-glucosamine monomers. According to previous studies by 

Filion, Lavertu and coworkers, the apparent pKa of CS decreases strongly when the temperature 
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increases.3,11 Therefore, the ionization degree of CS at 12°C is lower than at 4°C, thus the complexation 

by electrostatic interactions with AHP is less favorable. This effect would also explain the decrease in 

G’ observed in CS/AHP mixtures during the heating ramp from 12°C to 25°C (Figure III - 6a-i).  

The ionogels formed at low temperatures, 4°C or 12°C, differ from the gels formed when the mixtures 

are heated. Confocal observations in CS/AHP demonstrate that the microstructure of these two gels is 

very different, as shown in Figure III - 6a-ii, iv. The gel formed at 12°C has a dense structure having 

no pores at the microscopic scale, while the gel formed at 37°C possesses macropores having sizes up 

to few tens of microns. This can be explained by the very different physical nature of these two gels. 

The gel at low temperature is a polymer gel formed by ionotropic crosslinking of CS chains while the 

gel obtained during heating emerges from a phase separation process. Interestingly, all phase-separated 

gels formed at 37°C have very similar microstructure whatever the composition of the salts (Figure III 
- 6a-c, iv). This suggests that the formation of a ionogel at low temperature, even if this gel is not 

completely dissolved while heating, does not significantly alter the formation of the phase separated gel.   

3.3.b. Hydration layer governs the thermal stability in CS/salt mixtures 

In Chapter II, we compared CS/bGP and CS/AHP mixtures and showed that the gelation kinetics greatly 

depends on the chemical structure of the salts (Figure II-14). In particular the critical temperature, Tc, 

defined as the temperature above which the sol/gel transition occurs, was found to increase with 

increasing bGP content. Tc is significantly lower for CS/AHP mixtures (4 ± 1°C) than for CS/bGP 

mixtures (18 ± 1°C). This difference in thermal stability is well explained by the presence of polyol 

moieties in bGP, which induce the formation of a hydration layer, as discussed in the previous sections.  

Interestingly, our results show that a polyol-free salt, MES, can be used to neutralize CS solutions 

without inducing immediate precipitation or gelation. In a previous study, Lavertu et al. reported the 

thermally-induced CS precipitation in the presence of MES and concluded that the polyol moiety is not 

essential.3 However, in their study, the pH of the mixture was not given. No clear explanation was 

proposed to clarify why CS chains can remain in solution at neutral pH at room temperature with MES. 

We propose that MES is able to form ionic interactions with the amine groups of CS and to form H-

bonds with water molecules via electronegative atoms, as illustrated in Figure III - 8a. Despite the 

absence of polyol moieties in MES, these interactions should lead to the creation of a hydration shell in 

a similar manner as with bGP, as illustrated in Figure III - 8b. Thus, we suggest that the solubility of 

CS can be maintained at neutral pHs and low temperatures using other salts than bGP as long as the 

conditions required for the formation of the hydration layer are fulfilled. 

Our results show that the liquid state obtained with CS/MES mixtures is more stable than with the 

CS/bGP mixtures: tgel(CS/MES) = 5 ± 0.5 min > tgel(CS/bGP) = 2 ± 0.5 min at 37°C. We propose to 

explain this result by the difference in the strength of the hydration layer formed by these two salts 
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around CS chains. In particular, MES can form a stronger H-bond with the nitrogen atom, OH---N (DH 

= -7.65 kcal.mol-1), than bGP with the oxygen atom, OH---O (DH = -5.02 kcal.mol-1).12 Moreover, the 

distance between the ionizable group and the farthest group forming H-bond is larger in MES than in 

bGP. As reported by Supper et al., larger distances between the ionizable group and the group forming 

H-bond improve the protection of CS chains from self-interaction.1 Therefore, it is reasonable to assume 

that the hydration layer formed in the presence of MES is more stable than the one formed by bGP.   

 

Figure III - 8. Possible H-bonds formed by MES (a) and bGP (b) in aqueous solution. 

 

3.3.c. Mechanism of the thermogelling process in CS solutions 

The three CS/AHP, CS/bGP and CS/bGP/AHP mixtures form a very similar gel after heating. In chapter 

II, we demonstrated that the gelation kinetics obeys to the same power law for all of these systems. 

Moreover, the microstructure of the gel formed at 37°C exhibits the same features whatever the 

composition of the mixture (Figure III - 6a-c, iv). These results strongly suggest that the same 

mechanisms are governing this thermally induced gelation, independently of the interactions between 

the salts and CS chains. This observation is consistent with the explanation by Lavertu and coworkers3,11 

who proposed that the thermosensitivity of CS solutions would be due to the intrinsic temperature-

dependence of the pKa of the D-glucosamine monomers. They found that this pKa decreases strongly 

when the temperature increases. As a result, an increase in temperature leads to a strong decrease in the 

ionization degree of CS chains until a critical value where repulsive CS-CS electrostatic forces are 

overcome by attractive interchain forces, inducing CS aggregation. However, this might not be the only 

explanation.  

Our results showed that in the presence of some specific salts, a hydration layer can be formed and plays 

an important role, which is consistent with the suggestion of Supper et al.1 about the role of the polyol 

moiety. However, we would like to stress that the thermally-induced gelation does not originate from 

a b
MES bGP
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these specific CS-salt and salt-water interactions, as suggested by our observations on the CS/AHP 

mixture. The gelation of CS/salt mixtures should occur when the CS-CS electrostatic repulsion and the 

energy barrier created by the hydration layer can no longer prevent the aggregation driven by attractive 

interchain forces, which can be H-bonds, hydrophobic interactions or crystallization. In other words, CS 

aqueous solutions can intrinsically exhibit a thermosensitive sol/gel transition and the addition of some 

specific salts inducing the formation of a protective hydration layer provides a way to shift this sol/gel 

transition to higher temperatures.  

These molecular mechanisms can also explain the reversibility of thermogelling upon cooling. At 

pH 7.4, a partial reversibility with an large hysteresis was observed for all three studied mixtures (Figure 

III - 7), similarly to previous observations in CS/bGP.13 Upon cooling, the pKa of CS increases, leading 

to the re-ionization of D-glucosamine monomers. On the one hand, this leads to an increase of the 

repulsive electrostatic forces. On the other hand, this restores the interactions between the salt and the 

CS chains, thus inducing the reformation of a hydration layer and a weakening of the gel. For these 

reasons, the reversibility is emphasized when the content in bGP increases. The important hysteresis 

observed in all the systems can be explained by the energy barrier that must be overcome to disrupt the 

previously formed aggregates. This energy barrier is expected to depend strongly on the pH of the 

mixture. For instance, Chenite et al. reported a complete reversibility to liquid state for for CS/bGP 

having pH = 6.85 at 4°C.13 While no clear explanation was given by these authors, we propose that for 

mixtures having lower pH, the ionization degree of CS is higher, thus hindering the aggregation of CS 

chains and making the reversibility easier.     

We remark that the thermogelling process and its reversibility in CS/salt mixtures is very similar to the 

thermosensitive coil-to-globule transition in aqueous solutions of poly(N-isopropylacrylamide), 

PNIPAM. PNIPAM possesses a low critical solution temperature (LCST) in the vicinity of 32°C, below 

which the polymer is in random coil conformation (soluble) and above which the polymer undergoes a 

transition to globule conformation (insoluble).14–18 At temperatures below the LCST, hydrogen bonds 

between the polymer and water molecules are formed along the polymer chain due to the cooperative 

interaction between nearest-neighboring bound water, making PNIPAM soluble.15 When temperatures 

exceeds the LCST, these hydrogen bonds are broken, leading to collapse of PNIPAM chains via 

hydrophobic interactions between nonpolar groups.16  
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3.3.d. Molecular picture of the thermally-induced gelation in CS/bGP or 
CS/AHP mixtures 
 

To summarize, we investigated in this study the behavior of CS solutions in the presence of different 

bases/salts for which the pH was precisely adjusted to 7.4 at 4°C prior to experiments. From these 

results, we propose a picture explaining the molecular mechanisms governing the temperature-

dependent behavior of CS solutions in the presence of bGP or AHP salts. This molecular picture is 

shown in Figure III - 9 and is described below.  

a. At pHs < pKapp and at 4°C or room temperature, CS behaves like a cationic polyelectrolyte, thus is 

soluble thanks to electrostatic repulsion.  

b. At pHs > pKapp and at 4°C, two situations depending on the characteristics of the two studied salts 

are presented below. 

i) For CS/bGP, the solubility of CS is maintained thanks to a hydration layer. This hydration layer 

relies on the electrostatic interactions between the anionic phosphate groups and the cationic amino 

groups, and the H-bonding between the polyol and water molecules. Such hydration layer can be 

induced by other polyol-free salts, such as MES, as long as they can interact with both CS and water. 

Due to the divalent nature of bGP, some interchain ionically crosslinked points can be formed; 

however, this process is strongly hindered by the presence of the hydration layer.  

ii) For CS/AHP, a weak ionogel is formed by ionotropic crosslinking due to the electrostatic 

interactions between the positively charged amino groups of CS and the negatively charged phosphate 

groups of AHP. No hydration layer can be formed in the presence of AHP, therefore the formation of 

the ionogel is more favorable in presence of AHP than bGP.  

c. At pHs > pKapp and T > Tc, CS aqueous solutions intrinsically exhibit a thermosensitive sol/gel 

transition whatever the interactions between CS chains and the salts.  The addition of some specific 

salts, like bGP or MES, inducing the formation of a protective hydration layer provides a way to shift 

this sol/gel transition to higher temperatures.    
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Figure III - 9. Schematic illustration of the molecular mechanisms taking place during the thermally-

induced gelation in CS/bGP and CS/AHP mixtures at CS concentrations higher than c*.
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III.4. Microscopic mechanisms of macropore formation in 
CS/bGP/AHP mixtures 
In section III.3 above, we have shown that the thermally-induced gelation in CS/salt mixtures can be 

well explained by the strong temperature dependence of the pKa of the D-glucosamine monomers and 

the supramolecular interactions occurring between the salts and the CS chains. The molecular 

mechanisms induced by increasing the temperature lead to the phase separation of the CS chains in a 

similar way to what occurs in LCST polymer solutions like PNIPAM in water.  

The gelation by phase-separation in CS/salt mixtures results in the formation of a macroporous structure 

with pore sizes up to tens of microns, as shown previously in the literature.19 The possible interactions 

involved in this process, such as salt-CS complexation, H-bonding, crystallization and hydrophobic 

interactions, do not provide sufficient elements to understand fully the formation and the final properties 

of the  hydrogels. In particular, their macroporous structure cannot be described in terms of the 

molecular scale interactions above. A microscopic characterization is thus needed to capture the 

mechanisms involved in the formation of the hydrogel microstructure and in particular the emergence 

of the macroporosity.     

Control and tuning of macroporosity are essential in the context of injectable cell-laden systems for 

which the microstructure is formed in situ in the presence of cells. In this study, we investigated the 

microscopic mechanisms leading to the formation of macropores in one cytocompatible formulation of 

CS/bGP/AHP (CS concentration = 0.8 wt%, pH 7.4, 300 mOsm.L-1) by combining direct microscopic 

observations and indirect rheological and scattering measurements. More precisely, using a customized 

temperature-controlled setup, we observed in real time by confocal microscopy the formation of 

CS/bGP/AHP hydrogels at a microscopic scale. In addition, we measured using shear rheology the 

mechanical properties of the hydrogels forming under the same thermal history. Finally, the microscopic 

dynamics during the sol/gel transition in these mixtures was quantitatively measured by small angle 

dynamic light scattering.  

This work was carried out in collaboration with Dr. Stefano Aime and Dr. Michel Cloître (C3M, ESPCI 

Paris – PSL). 
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III.4.1. Experimental methods 

4.1.a. Preparation of the cytocompatible CS/bGP/AHP mixture at 0.8 wt% 

A CS/bGP/AHP mixture satisfying physiological conditions (pH = 7.4 ± 0.05 at 4°C, osmolarity = 300 

± 30 mOsm.L-1) was prepared according to the protocol reported in previous study.20 The concentration 

of CS was 0.8 wt%, [bGP]/[NH2] = 1.5 and [AHP]/[NH2] = 1.4 in the final mixture.  

4.1.b. Time-resolved confocal microscopy 

A temperature-controlled stage was used with the same sample holder as described in section III.3. The 

temperature was stabilized to 18°C prior to observation. Once the sample was in place, the temperature 

was raised to 27°C at a rate of 10°C.min-1. However, the thermal transfer was limited by the setup and 

27°C was reached after about 20 min (Figure III - 10). Images of 56 µm ´ 56 µm were recorded every 

2 min using a confocal microscope (Zeiss Axiovert 200M) equipped with a laser at 488 nm and oil 

immersion objective ´40/1.3 oil DIC.   

4.1.c. Rheological measurement 

The evolution in time of the storage and loss moduli (G’, G”) was monitored using a MCR502 apparatus 

(Anton Paar) with a cone-and-plate geometry (CP50-2TG). The temperature was managed by a Peltier 

controller and the geometry was initially stabilized at 18°C. Formulations were loaded immediately after 

preparation and the interface between the sample and the air was sealed with silicone oil to prevent 

evaporation. The temperature was increased to 27°C using a heating profile that reproduces the one 

applied in confocal microscopy (see Figure III - 10). The values of G’ and G” were measured during 

24 h, at constant oscillatory strain of 0.1% and angular frequency of 1 rad.s-1.  

 

Figure III - 10. Heating ramp from 18°C to 27°C used in confocal microscopy observation (continuous 
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line) and in rheological experiment (dotted line). 

4.1.d.  Small angle dynamic light scattering  

The light scattering setup was inspired by the one reported by Tamborini & Cipelletti.21 The light source 

is a He Ne laser (wavelength l = 632 nm). 8-bit images of 2040 ´ 1088 pixels were recorded using a 

CMOS camera (Basler acA2000-340km, pixel size = 5.5 µm).  To capture a wide range of delay times, 

we adapted from Philippe et al.22  a specific acquisition time scheme that enables probing fast dynamics 

at a low average acquisition rate. The exposure time was fixed at 2 ms.  

For a sample having a finite thickness, the scattering angle associated to a pixel located at a distance r 

from the optical axis was calculated according to equation (III - 1).  

! = #$%&'( )!" . #. $+																																																																(III - 1) 

where a-1 = 17.27	mm-1 is the effective focal length of the optical system; n = 1.33 is the refractive 

index of the solvent. The scattering vector, q, corresponding to an annular set of pixels at the same 

distance r to the optical axis, was calculated according to equation (III - 2). 

- = 	 #$"% &'( &'																																																												  (III - 2) 

Our setup probes simultaneously scattering angles, !, in the range of [0.014; 0.21] rad corresponding to 

scattering vectors q in the range of [0.19; 2.77] µm-1 (Figure III - 11).  

 

Figure III - 11. Conversion from the distance to the optical axis, r, to the scattering vector, q. 

From recorded CMOS images, ten annular set of pixels were obtained and were associated to ten regions 

having an average q. For pixels in the same annulus, intensity correlation function was calculated from 

two images taken at t and (t + t) using the following equation: 
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.' − 1 = 1 2 ()(+)!)(+-.)!/!∈#$$%&%'
()(+)/!∈#$$%&%'()(+-.)/!∈#$$%&%'

− 13																																						 (III - 3) 

 

where 4(6)0	is the intensity of the pixel p at time t and < 4(t) >0 is the average intensity of all pixels 

belonging to the same annulus.  

A customized sample holder was prepared using a microscope slide and a glass coverslip with a spacer 

composed of two layers of Parafilm® which thickness is about 200 µm. Immediately after the 

preparation, CS/bGP/AHP mixture was placed in the sample holder and grease was used to seal the 

sample holder interfaces to minimize evaporation. The dynamics of the gelation was monitored for 6 h 

at room temperature (23 ± 1°C).  

III.4.2. Results 

4.2.a. Time-resolved confocal observations  

The evolution of the microstructure of a CS/bGP/AHP mixture was monitored overtime during a heating 

ramp from 18°C to 27°C during the first 20 min followed by an isotherm at 27°C during 24 h. This 

temperature was chosen in order to facilitate observation as the sol/gel transition is slowed down 

compared to 37°C (Chapter II, section II.3). These observations were performed on an area of 56 µm ´ 

56 µm at a 100 µm depth from the sample-glass interface. Images at different times during this 

experiment are reported hereafter in Figure III - 12 (0 -1 h), Figure III - 13 (1 h - 5 h) and Figure III 
- 14 (22 h - 24 h). Movies showing the evolution of the microstructure can be downloaded in this link 

https://dl.espci.fr/ticket/6c6a5598c24869d9e0a1b9b9b5051edc.  
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Figure III - 12. Time-resolved confocal micrographs showing the aggregation of fluorescently-labelled 

CS chains in a physiological CS/bGP/AHP mixture (CS 0.8 wt%) during the heating ramp from 18 to 

27°C (0 to 20 min) then at isothermal condition at 27°C (after 20 min). Scale bar = 10 µm.  

During the first 22 min, the mixture appeared homogeneous at the observed length scale. Bright points 

about 1-2 µm in size, corresponding to aggregates of fluorescently-labelled CS could be distinguished 

starting from 24 min. The number of these aggregates increased continuously up to 42 min. From 44 

min, clusters of several aggregates were observed (white circle in Figure III - 12) and the number of 

these aggregates increased overtime. At this stage (44 min - 54 min), the clusters were very mobile and 

seemed to exhibit thermal random motion. From 60 min to 120 min, the clusters percolated the field of 

view. The motion and the number of individual clusters decreased (Figure III - 13). The network that 

was formed drifted slightly in the vertical direction from 120 min to 180 min, then remained relatively 

unchanged up to 290 min. At very long times, from 22 h to 24 h, the hydrogel microstructure stayed 

completely static during an observation period of 2 h, as shown in Figure III - 14.   

 



 
 

 150 

 

Figure III - 13. Time-resolved confocal micrographs showing the percolation of CS clusters at 27°C 

for the incubation period from 60 min to 290 min. Scale bar = 10 µm. 

 

Figure III - 14. Confocal micrographs showing the structure of CS/bGP/AHP hydrogel after a long 

incubation period (22 - 24 h) at 27°C. Scale bar = 10 µm.  

 

4.2.b.  Rheological characterization of the sol/gel transition 

Figure III - 15 shows the evolution of the storage, G’, and the loss, G”, moduli of the studied 

CS/bGP/AHP mixture. The heating ramp reproduces the same thermal history with a final temperature 

of 27°C as for the confocal microscopy observation (Figure III - 10). The gel point, defined as the 

cross-over of G’ and G”, is detected around 18 min. From this point, G’ increased sharply while G” 

increased at a lower rate during the first hour (Figure III - 15a). From 1 h to 2 h, G’ continued to 

increase rapidly while G” increased at a lower rate (Figure III - 15b). From 2 h to 5 h of incubation at 

60 min 70 min 80 min 90 min 100 min 110 min

170 min160 min150 min140 min130 min120 min

180 min 190 min 200 min 210 min 220 min 230 min

240 min 250 min 260 min 270 min 280 min 290 min

22 h 24 h23 h
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27°C, G’ continued to increase at a lower rate while G” barely changed. Finally, from 5 h to 24 h, both 

G’ and G” reached a regime where they slowly increased with time. In particular, the value of G’ 

increased from 40 Pa at 5 h to 120 Pa at 24 h.   

 

Figure III - 15. Evolution of G’ and G” of a physiological CS/bGP/AHP mixture (CS 0.8 wt%) during 

the customized heating ramp from 18°C to 27°C for the first hour (a) and up to 24 h (b). g = 0.1 %, T = 

27°C. 

The rheological behavior of the CS/bGP/AHP mixture was further assessed at 23°C, the same 

temperature at which light scattering measurements were carried out, using a series of dynamic 

frequency sweeps, as shown in Figure III - 16. At 1 h, the mixture exhibited a fluid-like behavior for 

all probed frequencies. At 2 h, G’ was greater than G” on the whole frequency range, indicating a solid-

like behavior even though the value of G’ is relatively low (~ 1 Pa). Like for the previous isotherm 

measurements at 27°C, both moduli continuously increased overtime after the gel point with G’ 

increasing much faster than G”. 

 

Figure III - 16. a) Frequency sweep measurements for the physiological CS/bGP/AHP mixture (CS 0.8 

wt%) at different incubation times; b) Evolution of G’ and G” overtime at 1 Hz. g = 0.1 %, T = 23°C. 

a b
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4.2.c. Microscopic dynamics during the sol/gel transition 

The dynamics at the microscopic scale in CS/bGP/AHP mixtures was monitored during the sol/gel 

transition at room temperature (23 ± 2°C) using small angle dynamic light scattering. Figure III - 17 

shows the intensity correlation functions, g2(t) – 1, calculated after different incubation times for a given 

scattering angle corresponding to a characteristic length q-1= 0.89 µm. The intensity correlation 

functions were fitted to simple exponential decays, exp(-2t/t*), with t* the characteristic decay time. 

Figure III - 18 shows the evolution of t* as a function of the incubation time for different q-1 values 

ranging from 0.36 to 2.19 µm.  

 

Figure III - 17. The intensity correlation function, g2(t) – 1, for physiological CS/bGP/AHP mixture 

(CS 0.8 wt%) at 23 ± 2°C measured at different incubation times. 

During the first hour of incubation, g2(t) – 1 exhibits very little evolution, as shown in Figure III - 17. 

For each q value, t* shows very slight increase, as shown in Figure III - 18a.  For example, for q-1 = 

0.89 µm, t* only increases from 8 s at 0 min to 24 s at 60 min. From 1 h to 2 h, g2(t) – 1 showed an 

abrupt transition and significantly evolved towards longer delay times. In particular, for q-1 = 0.89 µm, 

t* increases about 60 times from 40 s at 1 h to 2500 s at 2 h (Figure III - 18b). This transition indicates 

a substantial slowing down of the microscopic dynamics. For incubation times longer than 2 h, g2(t) – 

1 shows a continuous albeit slower evolution towards larger delay times. Moreover, in these last curves, 

the correlation function did not decay completely to zero, corresponding to some very slow dynamics, 

which can be observed in a gel network.  

These results shown in Figure III - 17 and Figure III - 18 suggest the existence of a least two distinct 

regimes: 1) t* remains fairly constant at a given q during the first hour; and 2) t* increases abruptly 

between 1 h and 2 h and continues to increases overtime. Using linear interpolation, we determined that 
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the abrupt increase in t* occurs at an incubation time of about 90 min, as shown in Figure III - 18c for 

q-1 = 1.62 µm.  

Figure III - 18d shows the evolution of the characteristic decay time, t*, as a function of q-1 for different 

incubation times. During the first 2 h of incubation, t* scales with q-a with a = 1.2. This exponent 

indicates that the motion at the probed length scales does not purely correspond to a simple Brownian 

motion. Beyond 2 h, no clear dependency is found between t* and q. Similar observations were 

previously reported for colloidal gels by Cho et al.23 This was interpreted as the signature of the 

domination of the motion at the length scale of clusters over the gel dynamics, once the network is 

formed. In our case, we thus propose that once the gelation occurs, the motion of CS colloidal-like 

particles is confined by the other neighboring particles.  

 

Figure III - 18. Characteristic decay time, t* as a function of the incubation time for various q-1 in 

semi-log plot (a) and in linear plot (b). Linear fitting to determine the transition time, as indicated by 

the black arrow (c). t* as a function of q-1 at different incubation times (d). T = 23 ± 2°C.  

  

a b

c d
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III.4.3.  Microscopic picture for the emergence of macroporosity in 
thermosensitive CS/salt mixtures  
We characterized the formation of the hydrogel microstructure by a combination of direct and indirect 

observations during the sol/gel transition at 23 or 27°C of a CS/bGP/AHP mixture. In particular, 

rheological measurements and time-resolved confocal microscopy were carried out using a very similar 

heating ramp followed by an isotherm at 27°C (Figure III - 10). Despite our careful attention, we expect 

that the temperature was not as homogeneous in the confocal set-up than in the rheometer. Some heat 

exchange most likely occurred near the contact between the sample holder heated by the Peltier stage 

and the microscope lens thermalized at room temperature. As a result, the temperature of the sample in 

the observed area (100 µm away from the glass slide) might have been different from the one measured 

by the thermocouple, which was closer to the Peltier stage (Figure III - 1). Because of the strong 

thermosensitivity of CS/bGP/AHP mixtures, such a temperature difference between the two protocols 

would be enough to create a substantial discrepancy in the gelation kinetics. For example, the gelation 

time increases from 10 ± 2 min at 27°C to 40 ± 5 min at 25°C (Chapter II, section II.3). Consequently, 

it is difficult to relate with a good precision the confocal observations and the mechanical properties, 

especially at the beginning of the measurement, where the temperature is not stabilized yet, and close to 

the gel point. However, these observations along with light scattering measurements still provide 

valuable information to better understand the mechanisms involved in the formation of the hydrogel 

microstructure and in particular the emergence of the macroporosity. We propose here a microscopic 

picture explaining the different steps of this thermally-induced gelation. These steps are illustrated in 

Figure III - 19 and are discussed in more detail below. 
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Figure III - 19. Schematic representation of the proposed microscopic mechanisms leading to the formation of macroporous gels in thermosensitive CS/salt 

mixtures. c > c*, T > Tc.  
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4.3.a. Formation of CS colloidal-like particles  

The characterization techniques used in this study do not allow us to access the events that occur below 

the microscopic scale. In particular, the small-scale events occurring during the first 10 – 20 min of the 

gelation process at 23-27°C could not be observed. However, interpretations can be proposed based on 

previous studies. Using SANS observations, Crompton et al. demonstrated the formation of CS particles 

having two characteristic length scales in CS/bGP hydrogels.24 They proposed that these CS individual 

particles are highly heterogeneous objects composed of hydrophobic domains (~ 350 Å) and hydrophilic 

domains (~ 120 Å) (see Chapter I, section I.3.2.b for more details).  

We suggest that the formation of CS colloidal-like particles in our liquid homogeneous CS/bGP/AHP 

mixtures upon heating would be preceded by the formation of small hydrophobic domains involving 

several CS chains. This chain aggregation should lead to the growth of microscopic objects in the form 

of CS colloidal-like particles. In our CS/bGP/AHP formulation at 27°C, the appearance of such CS 

colloidal-like particles was the first detected microscopic event and occurred at 24 - 26 min, as shown 

in Figure III - 12. These particles have sizes about 1 µm. Individual particles of about the same size 

were previously observed by Crompton et al. for CS/bGP hydrogels prepared with CS concentrations 

ranging from 0.5 to 0.8 wt%.24  

As time goes by, the number of CS colloidal-like particles continuously increases, as observed from 24 

to 44 min (Figure III - 12). At this stage, these particles are very mobile, and the sample rheology is 

liquid-like, as demonstrated in frequency sweep experiments at 23°C (Figure III - 16). Light scattering 

measurements indicate that the dynamics of these colloidal-like particles is not purely Brownian. First, 

the characteristic decay times, t*, scales with q-1.2 indicating hyperdiffusive dynamics (Figure III - 

18d). Second, t* is larger than expected for sub-micrometer particles: effective diffusion coefficient 

extracted from measurements at q-1 = 0.89 µm would decrease from 4.4 ´ 10-14 m2.s-1 at 0 min to 2.3 ´ 

10-14 m2.s-1  at 40 min, which corresponds to hydrodynamic diameters of about 4 µm and 10 µm, 

respectively. Our direct confocal observations show much smaller particles (Figure III - 12).  

A possible explanation can be proposed for this hyperdiffusive dynamics if we assume that there are no 

artefacts from the setup, such as evaporation or convection, that can induce a collective displacement. 

An analogy could be made with colloid-polymer dispersions for which a hyperdiffusive dynamics was 

previously reported.25 For instance, Srivastava et al. studied the dynamics of colloidal dispersions of 

laponite nanoparticles in the presence of poly(ethylene oxide) (PEO) in a semi-diluted regime and 

reported an exponent of 1.5.25 They suggested that in this regime, the polymers behave like an uniform 

polymer matrix that might exert some elastic forces on the laponite nanoparticles. In our study, 

CS/bGP/AHP mixtures were prepared in the semi-dilute regime (c = 0.8 wt% > c* = 0.18 wt%). Hence, 

we propose that there is a hybrid regime where the CS particles are surrounded by an entangled network 
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of CS chains and the observed hyperdiffusive motion of these particles would be a response to the local 

forces created by the polymer matrix.  

4.3.b. Clustering of CS colloidal-like particles  

As the density in CS particles increases, a second step occurs, consisting in the aggregation of these 

particles into clusters. These clusters are formed by the attachment of several colloidal-like particles, as 

shown by confocal microscopy from 44 min to 60 min (Figure III - 12). We observed that the number 

of clusters increases overtime and fewer individual colloidal-like particles are observed. Previous 

studies on CS/bGP reported a fractal-like structure with a fractal dimension of 2.3-2.5,19,26 which is in 

accordance with a reaction-limited aggregation. As previously demonstrated and discussed in section 
III.3, a similar regime was found in CS/salt mixtures regardless of the salt. Therefore, we propose that 

the clustering in CS/bGP/AHP mixtures is also described by a reaction-limited aggregation process. 

4.3.c. Percolation into a network 

At some point, clusters percolate into a network spanning the whole probed volume, as directly shown 

by confocal microscopy images from 60 to 120 min (Figure III - 13). This process is accompanied by 

a significant slowing-down of the dynamics and an increase in the storage modulus. The slowing-down 

of the dynamics was directly observed by confocal (Figure III - 13) and quantitatively measured by 

light scattering (Figure III - 17) with t* increasing from 40 s at 1 h to 2500 s at 2 h (Figure III - 18). 

Using linear fitting, we determined the transition time around 90 min at 23°C. This time is consistent 

with the gelation time determined by the tube inversion method and by frequency-sweep rheological 

measurements (Figure III - 16).  

4.3.d.  Ageing of the hydrogel 

After gelation by the percolation of clusters, the hydrogel keeps evolving through an ageing process. 

Direct observations by confocal microscopy indicate that the microstructure still evolves after 2 h, even 

if the motion is much slower compared to the previous steps (Figure III - 13). The storage modulus 

increases continuously from 10 Pa at 2 h to 120 Pa at 24 h, as shown in Figure III - 15b. The dynamics 

continues to slow down beyond 2 h: t* increases from 2.5.103 s at 2 h to 1.5 x 105 s at 6 h (Figure III - 

17, Figure III - 18). Similar slowing down of the dynamics and strengthening of the storage modulus 

have been observed and interpreted for colloidal gels in several previous studies.27–30 As a matter of fact, 

a shrinking process is usually reported for hydrogels, which is opposed by the adhesion of the gel to the 

sample holder walls. The competition of these two phenomena induces internal stress that produce 

intermittent micro-collapses or local re-organization events.29 For our CS/bGP/AHP hydrogels, we 

indeed observed syneresis when the hydrogel was not confined in all three dimensions (data not shown). 
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In addition, this tendency for the gel to shrink is also supported by the continuous increase of the absolute 

value of the normal force after the gel point, as measured by rheology (Figure III - 20). 

 

Figure III - 20. Evolution of the normal force measured for CS/bGP/AHP mixture at 27°C during 24 h. 

III.5. Conclusions  
Our results bring several new insights into the molecular and microscopic mechanisms involved in the 

thermosensitivity of CS/salt mixtures. 

By comparing mixtures with different salts, we highlighted that the formation of a hydration layer is 

crucial for maintaining the solubility of CS at neutral pHs and low temperatures. We showed that the 

formation of this hydration layer does not require exclusively the presence of polyol moieties and could 

be achieved with salts that are able to associate with both CS chains and water molecules. In particular, 

we identified another cytocompatible salt able to fulfill this function: MES. We demonstrated the 

existence of a hydrogel at low temperature in the presence of divalent salts such as AHP and explain its 

formation by ionotropic crosslinking. This gel is completely different from the phase separated gel 

induced by heating. These results give rise to promising perspectives for the control of thermal stability 

and gelation kinetics, which are crucial features in the design of injectable cell-laden matrices.  

To the best of our knowledge, our study presented in section III.4 is the first one that reported time-

resolved characterization of the formation of the microstructure in thermosensitive CS/salt mixtures. By 

coupling direct observations and indirect rheological and light scattering measurements, we 

demonstrated the emergence of the microstructure by the clustering and percolation of CS particles in a 

similar manner to the formation of other colloidal gels. Interestingly, our observations suggest that there 

is a regime where the colloidal-like particles and entangled CS chains in solution co-exist, thus inducing 

some peculiar dynamics. Further investigations using adequate techniques for monitoring submicronic 

length scales, such as SAXS, would be interesting to gain more insights into this peculiar combination 

of colloidal and polymer behavior.  
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CHAPTER IV 

THE MICROSTRUCTURE IN CS/bGP/AHP HYDROGELS 
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Résumé en français 
La microstructure de la matrice est un paramètre crucial régissant la survie et l’activité des cellules qui 

y sont encapsulées. Par conséquent, il est essentiel de caractériser la porosité et la distribution de la taille 

des pores de nos hydrogels. Comme décrit dans le Chapitre III, les mélanges thermosensibles 

CS/bGP/AHP forment des hydrogels macroporeux par un processus d’agrégation et de percolation, 

d’une manière très similaire aux gels colloïdaux. Ces macropores ont des formes allongées et sont 

interconnectés. Les images au microscope confocal semblent révéler une taille caractéristique atteignant 

des dizaines de microns, mais il est beaucoup plus difficile d’analyser quantitativement la distribution 

des tailles de pores dans des microstructures aussi complexes et tortueuses, que dans des structures ayant 

des pores sphériques bien définis. Dans ce chapitre, nous avons caractérisé quantitativement la 

microstructure de nos systèmes en développant des méthodes et des outils basés sur l’analyse d’images 

obtenues en microscopie confocale.  

Dans une première partie (IV.2), nous avons développé un protocole d’analyse d’images permettant de 

quantifier la porosité, définie comme la fraction totale de pores, et la distribution de taille de pores pour 

les hydrogels CS/bGP/AHP. La validation de ce protocole a été démontrée sur les hydrogels 

physiologiques préparés à différentes concentrations en CS. Nous avons trouvé une bonne corrélation 

entre la concentration en CS, et la porosité et la taille moyenne de pores. La porosité diminue 

linéairement avec l’augmentation de la concentration de CS, de 75 ± 5% pour CS 0.5 wt%, à 63 ± 7% 

pour CS 0.8 wt%. La taille moyenne des pores augmente avec la diminution de la concentration de CS, 

de 5.4 ± 0.4 µm pour CS 0.8 wt%, à 7.5 ± 0.9 µm pour CS 0.5 wt%. 

Dans une seconde partie (IV.3), nous avons exploré les effets de différentes caractéristiques du CS 

(distribution de masse molaire, origine) sur les propriétés des hydrogels, en particulier la microstructure. 

Pour cela, des formulations CS/bGP/AHP ayant un pH fixé à 7.4 à 4°C ont été préparées selon 

l’approche développée au Chapitre II. Utilisant notre protocole d’analyse d’images, nous montrons que 

la microstructure de ce système peut être ajustée en utilisant différents grades de CS. En particulier, 

pour une concentration fixe à 0.8 wt% de CS, nous avons pu obtenir une gamme de taille moyenne de 

pores allant de 4.9 ± 0.3 µm à 14.3 ± 1.8 µm et une gamme de porosité allant de 57 ± 1% à 83 ± 1% en 

variant les caractéristiques du CS. De plus, nous avons trouvé que le module élastique évolue avec la 

fraction volumique effective des hydrogels selon une loi de puissance, de manière similaire à des gels 

colloïdaux. 

Dans une troisième et dernière partie (IV.4), nous avons exploré l’incidence de la présence de cellules 

sur la gélification et sur la microstructure des hydrogels CS/bGP/AHP. Pour cela, nous avons comparé 

la microstructure d’un hydrogel ne contenant pas de cellules à des hydrogels contenant des cellules à 

une concentration de 106 ou 5.106 cellules.mL-1. Considérant que le volume typique de la plupart des 

cellules de mammifères est de l’ordre de 4000 µm3, cette plage de concentrations correspond à une 
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fraction volumique allant de 0.05 à 0.25 %. Nous avons montré de manière quantitative que les cellules 

peuvent être dispersées de manière homogène dans des hydrogels CS/bGP/AHP jusqu’à 5.106 

cells.mL-1. Un effet intéressant de la présence de cellules sur la microstructure de l’hydrogel a été mis 

en évidence : la sédimentation des cellules pendant la phase de gélification crée des pores allongés dont 

la taille va jusqu’à des dizaines de microns. La vitesse de sédimentation dépend de plusieurs paramètres 

dépendant des caractéristiques du type cellulaire, et de la formulation. En particulier, il est bien connu 

que la viscosité des solutions de polymère évolue de manière significative avec la concentration en 

polymère. Par conséquent, nous nous attendons à ce que la formation de ces pores allongés soit 

accentuée dans les formulations préparées avec une concentration de CS inférieure. Ce phénomène doit 

être considéré dans le contexte des systèmes thermosensibles où la microstructure se forme in situ et en 

présence des cellules. 
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IV.1. Introduction 
In Chapter I, section 1.6, we reported on works showing that the microstructure is a crucial parameter 

governing the cell viability and mobility in cell-laden hydrogels for cell encapsulation and delivery.1,2 

Hence, it is essential to properly characterize the porosity and the pore size distribution of our 

CS/bGP/AHP mixtures to assess their compatibility with cell encapsulation. As shown in Chapter III, 

CS/bGP/AHP mixtures undergo a thermally-induced phase separation, resulting in the formation of 

macroporous hydrogels. These macropores present elongated shapes and are interconnected. The 

confocal microscopy images seem to reveal some characteristic size reaching tens of microns, 

nevertheless it is much more challenging to analyze quantitatively the distribution in pore sizes in such 

complex and tortuous microstructures than in structures having well-defined spherical pores. In this 

chapter, we characterized quantitatively the microstructure of our systems by developing methods and 

tools based on the analysis of images acquired by confocal microscopy. 

Several existing techniques allow to observe the microstructure of porous materials. However, most of 

them require a pre-treatment which can strongly alter the pore structure.3 Confocal microscopy is a 

powerful non-destructive technique allowing to explore porous materials without any pre-treatment 

provided that they are transparent enough, which is particularly interesting to observe hydrogels in their 

swollen-state.4 The image processing includes deconvolution and thresholding operations in order to 

improve the image quality, thus the identification of the structure of interest. In a first part, we propose 

an image analysis method to calculate the overall porosity and the pore size distribution of fluorescently 

labelled CS/bGP/AHP mixtures. The validation of this methodology was demonstrated on physiological 

formulations prepared at four different CS concentrations. 

In the second and third parts of this chapter, these developed methods and tools were used to investigate 

two questions concerning the microstructure of this system. The first question (section 0) is about the 

possible effect of different CS characteristics on the hydrogel properties and more particularly on the 

microstructure. For that, we use the rational formulation approach presented in Chapter II to design 

thermosensitive CS/bGP/AHP mixtures from CS having various molar mass distributions, deacetylation 

degree (DD) and origins. The second question (section 0) is about the possible effect of the presence of 

cells on the gelation and on the microstructure of CS/bGP/AHP hydrogels. The typical cell 

concentrations in cell-laden systems range from 106 to 107 cells.mL-1. Considering that the typical 

volume of most mammalian cells is of the order of 4000 µm3,5 this concentration range corresponds to 

a volume fraction ranging from 0.05 to 0.5 vol%. In systems where the structure is formed in situ, the 

presence of a third component at such a concentration has to be considered. To address this question, 

we characterized the hydrogel microstructures in the presence of fluorescently-labelled cells at two 

concentrations: 106 and 5.106 cells.mL-1.    
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IV.2. Quantitative analysis of the microstructure of CS/bGP/AHP 
hydrogels 
This section is devoted to the development of an image analysis protocol for characterizing 

quantitatively the microstructure of thermosensitive CS/salt hydrogels. The goal was to determine the 

overall porosity and the pore size distribution of these hydrogels using confocal microscopy images. 

The following work was realized in collaboration with Dr. Etienne Decencière (Centre de Morphologie 

Mathématique, MINES ParisTech – PSL) and Pierre Marquaille in the context of his research project 

(C3M, ESPCI Paris – PSL). 

IV.2.1. Theoretical background 

2.1.a. Point spread function (PSF) 

In fluorescence microscopy, the resolution is limited by the diffraction of light. Accordingly, the image 

of a point is a blurred point. This process can be mathematically described using the point spread 

function (PSF), which is defined as the 3D diffraction pattern of light emitted from an infinitely small 

source and transmitted to the image plane.6–8 Thus, the image of a single point is a 3D spread point 

which is the convolution of the point and the PSF and thus the image of an object is the sum of all points 

composing the object (Figure IV - 1).9 

 

Figure IV - 1. Scheme illustrating how a single point and an extended object are transformed by the 

convolution with the PSF. Reproduced from Pawley et al.9 

The PSF can be obtained either by experimental measurements or by theoretical calculations.10,11 The 

PSF of an ideal microscope, i.e. aberration free, is a circularly symmetric function and is given by 

equation (IV - 1).12 

!"#(%) = (2 !!(#$)$ *
&	
+,-ℎ	0 = 	 &()*+ 																																														 (IV - 1) 

Where J1 is a Bessel function of the first kind, 1	is the wavelength and NA is the numerical aperture of 

the lens. 
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2.1.b. Deconvolution 

Assuming that the imaging process is linear and shift-invariant, the image of any object can be 

determined knowing the PSF.13 Therefore, the estimate of the real object structure can be improved by 

deconvoluting the observed image by the PSF.14,15 This procedure is illustrated in Figure IV - 2. Many 

algorithms have been developed for computational deconvolution of fluorescence microscopy images 

and detailed review can be found in reference 15. 

 

Figure IV - 2. Scheme illustrating the imaging process and the deconvolution procedure. 

 

2.1.c. Binarization (thresholding) 

Image segmentation is the process in which an image is partitioned into various groups of pixels, 

allowing to reduce the image complexity and facilitate the image analysis.16 Nowadays, image 

segmentation in one of the most exploited technique in medical image analysis.17 When the 

segmentation results into two groups of pixels, one talks about binarization or thresholding. This method 

is based on a threshold value and transforms a gray-scale image (pixel values range 0-255) into binary 

image (pixel value is 0 or 1). The key step of this method is the determination of the threshold value, 

and to transform pixels which value is below the threshold to black and the others to white. Numerous 

algorithms have been developed and can be classified as global or local thresholding.18 According to the 

characteristics and the properties of the image, once should choose the relevant approach. On the one 

hand, global thresholding algorithms are based on global statistics of the histogram of the image, 

allowing to choose a constant threshold value. On the other hand, local thresholding algorithms consist 

in analyzing local properties in the histogram, e.g., minima and maxima. In comparison with the global 
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approach, the local approach is more appropriate when the background of the image is not uniform. 

However, it is significantly more sensitive to noise. Two most well-known and widely used global 

thresholding techniques are reported by Otsu19 and Li et al.20,21 The Otsu’s method selects the threshold 

which minimizes the intra-class intensity variance while the Li’s method is based on the minimization 

of the cross entropy between segmented image and the original image. 

2.1.d. Morphological sieve technique 

The morphological sieve technique was first introduced in image analysis by Matheron.22 This method 

has been applied to calculate the size distribution of groups of objects.23–25 Its principle is very similar 

to sieving a powder.24 In laboratory, the powder is passed through sieves with decreasing mesh size and 

a size distribution is obtained by measuring the quantity of power staying on each sieve. In image 

analysis, an analogous process is applied in an inverted order using morphological filters. Firstly, a 

structuring element having a given shape and size is defined and used as a probe. Secondly, this 

structuring element is used to scan the whole image. During this step, each time the structuring element 

passes above a smaller object, this object is removed, usually using a closing operation.23 The 

corresponding area of removed objects is calculated. This step is repeated by increasing the size of the 

structuring element and scanning the image until complete removal of all objects. Therefore, a size 

distribution of the objects can be obtained. The process is illustrated in Figure IV - 3. 

 

Figure IV - 3. Simplified scheme illustrating the principle of the morphological sieve technique to 

calculate size distribution of objects. Here, the structuring element is a square. 

 

IV.2.2. Experimental methods and image processing 

2.2.a. Confocal microscopy observation 

A customized sample holder, as described in Chapter III, was filled with a few hundreds of microliters 

of fluorescently labelled CS/bGP/AHP solution, sealed to prevent evaporation and incubated in a regular 

oven at 37°C for 30 min. The hydrogels prepared with 0.8 wt% or 0.5 wt% of CS were then observed at 

room temperature using Laser Confocal Scanning Microscopy (LCSM, Zeiss Axiovert 200M). For each 

sample, stacks of 10 images of (512 ´ 512 pixels, 225 µm ´ 225 µm) with an interval of 1 µm were 

recorded in eight random positions at 100 µm depth. Oil immersion objective ´40/1.3 DIC was used. 

Binary closing Binary closing
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2.2.b. Deconvolution and binarization 

The image processing was realized using ImageJ.26 The PSF was computed using the Diffraction PSF 

plugin in ImageJ (Robert Dougherty). This plugin takes for input experimental parameters (the index of 

refraction of the media, the numerical aperture of the objective, the emission wavelength, the image 

pixel spacing, the image size and the depth of the stack) and calculate a theoretical PSF based on 

analytical derivation using Fraunhofer diffraction. The calculated PSF was used for deconvoluted image 

stacks using the Iterative Deconvolve 3D plugin (Robert Dougherty) which is based on the DAMAS 

algorithm.27 A despeckle filter was then applied to the deconvoluted image in order to reduce noise, 

following by binarization by either Li’s or Otsu’s method. 

2.2.c. Porosity 

The overall porosity of a hydrogel can be estimated as the fraction of the water-rich phase (pores). From 

binarized images, the porosity is calculated following equation (IV - 2). For each sample, the porosity 

value is averaged over 8 stacks of images. 

!2%23,-4	(%) = 	 ,-#./	0123-4
,-#./567183	0123-4 	 . 100	%																																										(IV - 2) 

2.2.d. Pore size distribution 

We developed a customized program in Python based on the morphological sieve technique. This 

program takes for input deconvoluted images, proceeds to binarization and calculates a distribution of 

pore fraction in which an increasing size structuring element can be fitted. The pore size distribution is 

averaged over 4 stacks of images for each sample. 

 

IV.2.3. Results & Discussion 

2.3.a. Deconvolution and binarization of confocal microscopy images 

The performance of the image processing was evaluated on confocal microscopy images of 

CS/bGP/AHP hydrogels. The PSF was theoretically calculated for a stack of 10 slices of 215 ´ 215 µm 

spacing of 1 µm. The structure of a CS/bGP/AHP hydrogel prepared at 0.5 wt%, after 30 min at 37°C 

is shown in Figure IV - 4a. The hydrogel has heterogeneous structure composed of CS-rich phase 

(bright) and water-rich phase (dark). Figure IV - 4b shows the result of the deconvolution process on 

this image. Figure IV - 4c shows the intensity profile of pixels belonging to a line crossing the width of 

the image. The quality of the signal is clearly improved and the background is better defined after 

deconvolution. Hence, the deconvolution process is relevant for analyzing the microstructure of our 

system of interest. For the binarization, the global approach was chosen because the background of our 
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images is uniform. Thresholding was performed on deconvoluted images using either Otsu’s or Li’s 

method, the two most well-known global algorithms. For the image shown in Figure IV - 4b, the 

calculated threshold value is 22 for Otsu’s method and 16 for Li’s method. Comparing the images 

obtained with both methods (Figure IV - 5), it turned out that the threshold value given by Otsu’s 

method was too high, inducing a partial loss of the information. Therefore, the Li’s method was chosen 

for further analyses. 

 

Figure IV - 4. Image processing for one micrograph of CS/bGP/AHP hydrogel at CS 0.5 wt%: a) 

original micrograph; b) deconvoluted image and c) comparison of the intensity profile of a horizontal 

line at y = 100 µm between the original and the deconvoluted image. 

 

Figure IV - 5. Images obtained after thresholding process by Otsu’s or Li’s method on the deconvoluted 

image shown in  Figure IV - 4b. 
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2.3.b. Effect of the CS concentration on the hydrogel microstructure 

In Chapter II, we demonstrated the possibility to vary the CS concentration while maintaining 

physiological conditions of pH and osmolarity. This provides a way to adjust the properties of the 

hydrogels, in particular, their microstructure. Using the protocol for image processing presented above, 

the effect of the CS concentration on the microstructure was quantitatively investigated for four 

hydrogels ranging from 0.5 to 0.8 wt%. Figure IV - 6a shows the microstructure of physiological 

hydrogels prepared at CS concentration of 0.5 or 0.8 wt%. 

 

Figure IV - 6. (a) Original confocal microscopy images of fluorescently labelled CS/bGP/AHP 

hydrogels prepared with 0.5 or 0.8 wt% after 30 min at 37°C, white circles show circular structuring 

elements having the mean diameter determined by a morphological sieve algorithm. (b) Hydrogel 

porosity as a function of CS concentration. (c) Pore size distributions determined by morphological 

sieve technique for CS/bGP/AHP hydrogels prepared with 0.5 and 0.8 wt%. 

Assuming that the structure of these hydrogels is isotropic, we measured the porosity from 8 binary 

stacks of 10 images. We found that the porosity decreases linearly with increasing CS concentration, as 

shown in Figure IV - 6b, from 75 ± 5% for CS 0.5 wt% to 63 ± 7% for CS 0.8 wt%. Such a linear 

relationship was reported earlier for CS/bGP.28 Our linear relationship extrapolates a porosity of 100% 

for CS concentration = 0 wt% and a porosity = 0 % for CS concentration = 2.2 wt%. On the one hand, 

this result indicates that there are very few free CS chains in the water-rich phase. On the other hand, 

this suggests that for all the studied formulations, the CS concentration in the CS-rich phase is about 2.2 

wt% and the CS-rich phase is therefore still highly swollen by water. This is in agreement with previous 

a

100 µm 

CS 0.5 wt%

100 µm 

CS 0.8 wt%

b c

20 µm 

CS 0.5 wt%

20 µm 

CS 0.8 wt%
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observations in CS/bGP hydrogels reported by Crompton et al.29 who carried out SANS measurements 

and proposed that the CS-rich phase is composed of two phases, small hydrophobic domains in a highly 

swollen phase. 

Besides porosity, the pore size is another crucial parameter governing cell-cell interactions and 

vascularization.30 Targeted pore sizes vary from tens to hundreds of micrometers depending on the cell 

type and on the application.30,31 With the present systems, we observed large interconnected elongated 

macropores. The longest dimension of the largest pores was found to reach 15 µm for CS 0.8 wt% and 

up to 30 µm for CS 0.5 wt%. The pore size distributions measured using a morphological sieve algorithm 

are shown in Figure IV - 6c. These distributions show the fraction of porosity able to fit a circular 

structuring element of a given diameter. This analysis clearly reveals that the characteristic size of the 

macropores increases with decreasing CS concentration. Indeed, 98% of the porosity can contain 

structuring elements having diameters ranging from 1 to 9 µm for CS 0.8 wt% and from 1 to 14 µm for 

CS 0.5 wt%. The mean diameter of the structuring element, which represents the mean pore size, 

increases with decreasing CS concentration, from 5.4 ± 0.4 µm for CS 0.8 wt% to 7.5 ± 0.9 µm for CS 

0.5 wt%. For the sake of simplicity, in the following, the diameter of the structuring element will be 

considered as the pore size. However, we should be careful while interpreting these results because our 

system of interest possesses very elongated pores and the used image processing captures only the 

smallest dimension of the pores. 
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IV.3. Effect of CS characteristics on the properties of CS/bGP/AHP 
hydrogels 
Several studies have reported investigations on the effect of various CS characteristic (molar mass 

distribution and DD) on the mechanics and the microstructure of CS/bGP mixtures.32–35 However, in 

these studies, no attention was paid to the control of pH of CS/bGP mixtures. As previously shown in 

Chapter II, section II.3.3, the gelation kinetics evolves strongly with the pH for a given CS grade. In our 

study, the pH of CS/bGP/AHP hydrogels is finely adjusted to 7.4 at 4°C according to the formulation 

approach reported in Chapter II to correctly evaluate the effect of CS characteristics on the hydrogel 

properties. 

The following work was realized in collaboration with Andrey Kolosov in the context of his M1 

internship at C3M laboratory, ESPCI Paris-PSL and Sonia Ortega, Dr. Raphaël Michel and Pr. Rachel 

Auzély-Velty from CERMAV, CNRS. 

IV.3.1. Materials & experimental methods 

3.1.a. Materials 

Seven grades of chitosan (CS) having high purity (impurity level < 1.0%) and various characteristics 

(origin, molar mass, dispersity) were purchased from Glentham Life Sciences Limited. The 

characteristics are given in Table IV - 1. All CS grades originate from chitin extracted from shrimp, 

except for CS3, which is from squid. 

3.1.b. Experimental methods 

Preparation of physiological formulations with different CS grades 

CS stock solutions were prepared by dissolving CS in acetic acid, AcOH, aqueous solution. The quantity 

of AcOH was adjusted in function of the DD in order to obtain the ratio [AcOH]/[NH2] = 1. 

Physiological CS/bGP/AHP formulations at a fixed CS concentration of 0.8 wt% were prepared with 

various grades of CS according to the results of Chapter II. Briefly, the [bGP]/[NH2] ratio was fixed at 

1.5 and the [AHP]/[NH2] ratio was adjusted using the equation of the iso-pH which is calculated for 

each DD. 

Characterization of the molar mass distribution of CS 

The molar mass distribution of the studied CS was obtained from gel permeation chromatography 

(GPC). Measurements were conducted on TSKgel GMPW XL (Tosoh Bioscience GmnH) column 

coupled to a refractive index detector (Optilab T-rEx) and multi-angle light scattering detector (Dawn 

Heleos II). The mobile phase was AcOH 0.2 M /AcONH4 0.15 M. Samples of CS were prepared at 0.2 

– 2.0 mg.mL-1 in function of the CS grades using the mobile phase as solvent. The concentration was 2 
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mg.mL-1 for CS1 and CS2, 1 mg.mL-1 for CS3, 0.6 mg.mL-1 for CS4 and 0.2 mg.mL-1 for CS5, CS6, 

CS7. All samples were filtered using syringe filters (MCE membrane, 0.45 µm) before experiment and 

a second filtration (0.1 µm) was realized before injection into the column. CS solutions were analyzed 

under the flow rate of 0.5 mL.min-1 at 30°C. Each measure was duplicated. Pullulan having Mw = 2.105 

g.mol-1 was used as a standard for column verification. The value dn/dc = 0.192 was used for all 

samples. 

Determination of gelation time 

The gelation times were determined by the same test tube inversion method as in Chapter II, section 

II.2.2. 

Rheological measurements 

Rheological properties of CS/bGP/AHP formulations at 37°C prepared using various CS grades were 

studied using rheometer MCR502 (Anton Paar) with a cone-and-plate geometry (CP50-2TG) using the 

same protocol as in Chapter II. The values of storage and loss moduli (G’, G”) were measured during 

6 h, at a constant oscillatory strain of 0.1% and an angular frequency of 1 rad.s-1 . 

 

IV.3.2. Results & Discussion 

3.2.a. Characterization of the molar mass distribution 

The molar mass distribution of different CS grades was studied using GPC equipped with a special 

column adapted for CS. The differential weight distributions of the seven studied CS grades are shown 

in Figure IV - 7. The characteristics including the number-average molar mass, Mn, the mass-average 

molar mass, Mw, and the dispersity of the studied CS grades are shown in Table IV - 1. It is worth to 

notice that the viscosity-average molar mass, Mv, given by the supplier is noticeably different from the 

one obtained by our GPC measurements. This can be explained by the different methods and solvents 

used to characterize these CS grades. In general, for polymers having chains of various sizes, the 

relationship between these averaged molar masses is: Mn < Mv < Mw. However, the Mv given by the 

supplier is significantly higher than Mw determined by GPC. Therefore, the difference between the data 

given by the supplier and our analysis should arise from the used solvent. Indeed, the supplier used a 

solution of AcOH at 1 wt% while we used a buffer solution of 0.2 M AcOH/0.15 M AcONH4, which 

was reported as a good solvent for CS thus minimizing the presence of agregrates.36 Therefore, we 

suggest that the Mv value given by the supplier is overestimated due to the presence of aggregates. The 

overlap concentration, c*, as we determined from viscometry, confirms that CS solutions used in GPC 

analysis was in the diluted regime (Appendix B). 
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The values of DD were given by the supplier and were determined by potentiometric titration. These 

values were used to calculate the quantities of AcOH for the solubilization and of phosphate salts for 

the preparation of physiological CS/bGP/AHP formulations using different CS grades according to our 

previous study.37 Accordingly, all CS CS/bGP/AHP formulations had a pH = 7.4 ± 0.05 at 4°C. The 

values of the dispersion, Ð, determined from GPC results, indicate that the dispersion is not uniform 

between the studied CS grades. Nonetheless, Ð ranges from 1.5 to 2.9, which can be considered as 

relatively low for a polymer of natural origin. 

In the following discussion, whenever necessary, the notation CS grade-Mw-DD will be used, for 

example CS1-45kDa-95 for the CS1 grade. 

Table IV - 1. Characteristics of the studied CS grades. 

CS 

grade 

Mv* 

(kDa,viscometry) 

DD* 

(%, titration) 

Mw** 

(kDa, GPC) 

Mn** 

(kDa, GPC) 

Ð** 

Mw/Mn 

CS1 30 95 45 22 2.1 

CS2 250 91 188 84 2.1 

CS3 590 94 205 62 3.3 

CS4 890 95 225 77 2.9 

CS5 1250 90 408 232 1.7 

CS6 1500 90 540 260 2.1 

CS7 1800 91 564 370 1.5 

* from the supplier, solvent = AcOH 1 wt% 

** from our GPC measurements, solvent = 0.2 M AcOH/0.15 M AcONH4 
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Figure IV - 7. Differential distributions of the molar mass of the studied CS grades. The area under 

each curve is normalized to 1. 

3.2.b. Gelation kinetics 

Physiological CS/bGP/AHP formulations at a fixed CS concentration of 0.8 wt% were prepared with 

various grades of CS according to the formulation approach reported in our previous study.37 The iso-

pH equation at pH = 7.4 was determined for each CS grade knowing the DD. The [bGP]/[NH2] ratio 

was fixed at 1.5 and the [AHP]/[NH2] ratio was adjusted following the calculated iso-pH equation. We 

verified that all solutions had a pH = 7.4 ± 0.05 at 4°C. The difference in DD between the CS grades 

being relatively low (≤ 5%),	the calculated osmolarity for all CS grades was in the physiological range 

(300 ± 30 mOsm.L-1). This confirms the robustness of our designed platform for preparing 

thermosensitive CS/bGP/AHP formulations respecting the physiological conditions.37 

The gelation time at 37°C was determined both by the inversion tube method and by rheology. For the 

inversion tube method, the gelation time is defined as the time at which the mixture does not flow 

anymore. For rheological measurements, the gelation point is taken as the time at which G’ crosses G”. 

Figure IV - 8 shows rheological measurement in oscillatory mode for a period of 12 min for all the 

studied formulations. CS2 to CS7 formulations showed a gelation time of 2 ± 0.5 min, as determined by 

both methods. For the formulation prepared with CS1, the gel point was determined at 2.5 min by 

rheological measurement but at 20 ± 5 min by the inverted tube method. We attribute this discrepancy 

to the weakness of this gel (G’ ~ 1 Pa), rending the measurement by the inverted tube method very 

delicate. 
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Figure IV - 8. Time-sweep measurement at 37°C of the storage modulus, G’, and the loss modulus, G”, 

for CS/bGP/AHP formulations prepared with various CS grades. CS concentration = 0.8 wt%, pH = 

7.4 at 4°C, w = 1 rad.s-1, g = 1%. 

The gelation kinetics of three formulations prepared with three different CS grades (CS2-188kDa-91, 

CS4-205kDa-95, CS5-408kDa-90) was investigated in more detail. The gelation time at various 

incubation temperatures was determined using the inverted tube technique. The results for CS2-188kDa-

91 were already shown in Chapter II. For all the three CS grades, the gelation time decreased by at least 

four orders of magnitude when the temperature increases from 15°C to 37°C, as shown in Figure IV - 
9a. 
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Figure IV - 9. Gelation kinetics of formulations having fixed CS 0.8 wt% and pH = 7.4 prepared with 

various CS grades: gelation time as a function of temperature (a) and of (T-Tc) (b), continuous lines 

show fits by a power law. 

At a given temperature, the gelation time follows the order: CS5-408kDa-90 < CS2-188kDa-91< CS4-

205kDa-95. This trend is emphasized with decreasing temperature, especially between CS4-205kDa-95 

and the two other grades. At 21°C, the gelation time is almost two orders of magnitude longer for CS4-

205kDa-95 than for the two others. We propose to interpret this trend as follows. 

For CS grades having similar DD, like CS5-232kDa-90 and CS2-84kDa-91, tgel decreases with 

increasing chain length. This reduction of gelation time with higher Mw can be explained by the fact that 

interchain interactions are more favorable for long chains. Following the proposed molecular 

mechanisms (Chapter III), this effect would accelerate the aggregation of CS chains and the formation 

of CS particles. 

For CS grades having similar molar mass distributions, like CS2-188kDa-91 and CS4-205kDa-95, tgel 

increases strongly with increasing DD. Our results are inconsistent with the ones previously reported by 

Chenite et al. who measured the gelation temperature, Tgel, using temperature-ramp experiments and 

found that Tg decreases with increasing DD.32 In particular, they found that Tgel decreases from 66°C to 

37°C with increasing DD from 70% to 91%. However, the same amount of bGP was used to prepare 

their mixtures whatever the CS characteristics. According to our calculations (Chapter II), the pH would 

be different for mixtures prepared with CS having different DD, therefore their conclusion regarding 

the DD might be arguable. Our results concerning the DD-dependency of tgel can be explained by the 

fact that the difference in DD might induce changes in the molecular interactions involved in the sol/gel 

transition. First, when DD increases, the quantity of N-acetyl units contributing to hydrophobic 

interactions decreases, thus making the aggregation less favorable. Second, with increasing DD, the 
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quantity of D-glucosamine monomers increases, thus favoring the electrostatic repulsion and the 

creation of the hydration layer. However, the critical ionization degree at which aggregation occurs, 

only decreases slightly when DD increases, as shown in previous studies.38,39 Therefore, the energy 

barrier to overcome is higher for higher DD. 

Like in Chapter II, the evolution of the gelation time as a function of the temperature is successfully 

fitted with a critical-like model tgel = k(T-Tc)g  for the three CS grades, where Tc is a critical temperature 

above which the sol-gel transition occurs and g is a constant exponent (Figure IV - 9b). Interestingly, 

the value of Tc was found to be the similar for the three CS grades, 8 ± 1°C for CS4-205kDa-95 and 

CS5-408kDa-90, and 9 ± 1°C for CS2-188kDa-91. These results suggest that at fixed pH and 

[bGP]/[NH2] ratio, the value of Tc does not depend on the characteristics of the CS (molar mass 

distribution and DD). 

 

3.2.c. Microstructure and mechanical properties 

The microstructure of the hydrogels prepared with different CS grades at a fixed CS concentration of 

0.8 wt% (pH = 7.4 ± 0.05 at 4°C and 300 ± 30 mOsm.L-1) was characterized using confocal microscopy. 

Figure IV - 10 shows deconvoluted images of hydrogels formed after 2 h of incubation at 37°C. 
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Figure IV - 10. Deconvoluted confocal microscopy images (225 ́  225 µm) for physiological CS/bGP/AHP hydrogels prepared with different CS grades. Images 

were taken after 2 h of incubation at 37°C. CS 0.8 wt%, pH = 7.4 ± 0.05 at 4°C and 300 ± 30 mOsm.L-1. Scale bar = 50 µm. 

CS1 CS2 CS3

CS5 CS7CS6

CS4
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All hydrogels show a heterogeneous structure composed of a CS-rich phase (bright) and a water-rich 

phase (dark). The porosity and pore size defined as the area fraction and the characteristic size of the 

water-rich phase, respectively, vary remarkably with the different CS grades, even though the CS 

concentration is fixed. The porosity and the mean pore size were quantitatively determined based on the 

image analysis process described in the last section. The results are reported in Table IV - 2. The pore 

size measured with the molecular sieve method corresponds here to the mean diameter of a circular 

structuring element able to fit inside a pore, as described above in section IV.2. 

Table IV - 2. Porosity, mean pore size and storage modulus,G’, of physiological CS/bGP/AHP 

hydrogels prepared with different CS grades after 2 h at 37°C. CS 0.8 wt%, pH = 7.4 ± 0.05 at 4°C and 

300 ± 30 mOsm.L–1. 

CS grade Mw 

(kDa, GPC) 

Mn 

(kDa) 

Ð, 

Mw/Mn 

Porosity 

(%) 

Mean pore 

size (µm) 

G’ 

(Pa) 

CS1 45 22 2.1 73 ± 2 9.4 ± 0.8 15 

CS2 188 84 2.1 65 ± 1 6.1 ± 0.4 230 

CS3 205 62 3.3 83 ± 1 14.3 ± 1.8 5 

CS4 225 77 2.9 70 ± 2 8.1 ± 0.5 85 

CS5 408 232 1.7 68 ± 4 6.8 ± 0.5 119 

CS6 540 260 2.1 75 ± 2 7.4 ± 0.5 72 

CS7 564 370 1.5 57 ± 1 4.9 ± 0.3 960 

 

Due to the natural origin of CS, it is complicated to control and adjust CS characteristics such as the 

chain length and the dispersity. Hence, it is very difficult to study separately the effect of a unique 

characteristic for a large number of CS grades. No obvious trend was found between the porosity or the 

mean pore size, and the CS molar mass and dispersity (Appendix D.1).  

For the chosen CS concentration of 0.8 wt%, the overall porosity and the pore size distribution can be 

nevertheless tuned using CS with various characteristics. For the seven studied CS grades, we found a 

good correlation between the mean pore size and the overall porosity, as shown in Figure IV - 11. We 

obtained a three-fold increase in the mean pore size going from 4.9 ± 0.3 µm for the CS7 hydrogel 

having a porosity of 57 ± 1% to 14.3 ± 1.8 µm for the CS3 hydrogel having a porosity of 83 ± 1%. 
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Figure IV - 11. Evolution of the mean pore size as a function of the overall porosity for hydrogels 

prepared with different CS grades at a fixed concentration of CS at 0.8 wt%. 

The CS-rich phase is itself heterogeneous as it is highly-swollen, as demonstrated in the section IV.0 

and in previous study.28  For CS2, we found the concentration in the CS-rich phase around 2.2 wt%. In 

a similar manner, the concentration of CS in the CS-rich phase was determined for all studied CS grades 

and was found to range from 1.8 to 3.2 wt%. Figure IV - 12 shows the evolution of porosity as a function 

of the concentration of CS in the CS-rich phase. Interestingly, a more porous hydrogel has a denser 

polymer-rich phase. Hence, the difference in porosity between hydrogels prepared with different CS 

grades can be explained by how concentrated is the CS-rich phase. The formation of the CS-rich phase 

is a result of the aggregation and phase separation process. We speculate that these processes might 

depend on the characteristics of the used CS including the molar mass distribution, the dispersity and 

the crystallinity. 

The mechanical properties of the hydrogels prepared with different CS grades (pH = 7.4 ± 0.05 at 4°C 

and 300 ± 30 mOsm.L-1) were characterized using oscillatory rheology at isothermal conditions at 37°C. 

Values of the storage modulus, G’, at 2 h are reported in the Table IV - 2. In a similar manner as the 

microstructure, no obvious trend was observed as function of the CS molar mass (Appendix D.2). 
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Figure IV - 12. Evolution of the porosity as a function of the concentration of CS in the CS-rich phase 

for hydrogels prepared with different CS grades at a fixed concentration of CS = 0.8 wt%. 

CS3 is the only grade that is obtained from squid-derived chitin while the others are originated from 

shrimp-derived chitin. CS3 shows a particularly high porosity and pore size compared to other CS 

grades. It was previously reported in the literature that the crystallinity of CS varies in function of its 

origin.40,41 Chitin is essentially in the a phase in shrimp and crab shells while the b-chitin is usually 

found in squid pens. In a-chitin, there are two antiparallel molecules per unit cell while there is only 

one in b-chitin. Interchain hydrogen bonds were observed only for a conformation. Moreover, the 

crystal size was also found to depend on the origin of CS in this following order: shrimp > fungal ~ 

squid.42 Therefore, CS3 is expected to have a lower crystallinity in comparison with the other studied 

CS grades. This would make this grade more soluble than the others and the formation of CS aggregates 

would be less favorable. This specificity could explain the unexpectedly higher porosity and lower 

storage modulus of the CS3 hydrogel. Hence, the crystallinity level and the nature of the crystalline 

phase are also important parameters affecting the microstructure and the mechanical properties of the 

resulting hydrogel.  

Interestingly, comparison of the different CS grades reveals a strong correlation of the elastic modulus, 

G’, with the effective volume fraction of the CS-rich phase, as shown in Figure IV - 13a. Here, the 

effective volume fraction, feff, is defined as (1-p) where p is the porosity. We find that G’ scales with 

feff following a power law, G’ ! feff
m  with m = 4.8 (Figure IV - 13b). Such a power law has been already 

interpreted for colloidal gels using the Ball and Brown’s scaling theory.43–45 By assuming that the 

network consists of interconnected fractal clusters, the theory predicts that the elastic modulus of a 

colloidal gel scales with the colloid volume fraction as fm, with m = 3.5 ± 0.2 for diffusion-limited 
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aggregation (DLA) and m = 4.5 ± 0.2 for reaction-limited aggregation (RLA). On the one hand, DLA 

occurs when repulsive forces between the colloidal particles are negligible, so the aggregation rate is 

limited by the time for particles to diffuse and to encounter each other (strong-link type). On the other 

hand, RLA regime happens when particles need to encounter each other several times to form aggregates 

(weak-link type).46 Such a power law and comparable exponents have been previously found for various 

colloidal gels.43,45,47–49 Here, for CS/bGP/AHP hydrogels, the value of exponent m = 4.8 suggests that 

the aggregation would follow a RLA process. This result is in agreement with previous studies on 

CS/bGP hydrogels that reported a fractal structure with fractal dimension around 2.3–2.5, which is close 

to the fractal dimension corresponding to RLA.28,50 Therefore, these results suggest that the interactions 

between CS colloidal-like particles in CS/salt mixtures are rather weak, which is similar to some protein-

based colloidal gels.51 

 

 

Figure IV - 13. Storage modulus, G’, of physiological CS/bGP/AHP hydrogels (after 2 h at 37°C) at 

CS concentration of 0.8 wt% as a function of the effective volume fraction, feff, for different CS grades: 

(a) lin-lin representation; (b) log-log representation, full line is a fit by a power law feff
m

 with m = 4.8. 
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IV.4. Effect of the presence of cells on the microstructure of 
CS/bGP/AHP hydrogels 
This section focuses on exploring the incidence of the presence of cells on the microstructure of 

CS/bGP/AHP hydrogels. The studied cell concentrations correspond to the ones classically found in 

cell-laden systems. For that, the microstructures of regular hydrogel (without cells) and hydrogels 

containing 106 and 5.106 cells.mL-1 are quantitatively compared using the previously described method 

in section I.3. Both CS and cells are fluorescently labelled using different dye, allowing simultaneous 

observations by confocal microscopy. 

This work was carried out in collaboration with Rémy Agniel and Dr. Carla Palomino-Durand 

(ERRMECe, CY Cergy Paris Université). 

IV.4.1. Materials & Methods 

4.1.a. Materials & Cells 

In the following part, the study was performed with the same chitosan grade as in Chapter II also referred 

to as CS2 in the section IV.3. a-MEM  phosphate buffer saline without calcium and magnesium (PBS) 

was purchased from Gibco. Membright 560 nm was obtained from Idylle Labs. 4’,6-diamidino-2-

phenylindole (DAPI) and ProLong™ Gold was purchased from Thermo Fischer Scientific. 

MC3T3-E1 pre-osteoblastic cells were obtained from ATCC®. 

4.1.b. Experimental methods 

Preparation and sterilization of reactants 

The preparation and sterilization of reactants were realized as described in Chapter II. 

Preparation of physiological CS/bGP/AHP mixtures 

All the study was carried out on the formulation with fixed CS concentration at 0.8 wt%, pH = 7.4 and 

300 mOsm.kg-1. 

Cell membrane staining 

The membrane of MC3T3-E1 cells was stained using recently reported fluorescent probe, MemBright.52 

The excitation wavelength, 560 nm, was chosen to avoid overlap with the one corresponding to 

fluorescently-labelled CS, 488 nm. Parameters such as the concentration of the fluorescent probe and 

the incubation time were optimized for MC3T3-E1 cell line. 

The protocol was as follows: 1) A stock solution of MB560 was previously prepared at 2 µmol.L-1 in 

DMSO; 2) Cells were trypsinized and re-suspended in serum-free media at 106 cells.mL-1; 3) The stock 

solution of MB560 nm was added to the cell suspension at a final concentration of 50 nmol.L-1; 4) The 
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mixture was then incubated at 37°C for 30 min; 5) At the end of the incubation period, the mixture was 

centrifugated and the cell pellet was resuspended in serum-free media. 

For the verification of the staining of MC3T3-E1 cells using MB560, the stained cells were seeded onto 

glass coverslips. After 4 h, cells were fixed using paraformaldehyde at 4 wt% and the nuclei was stained 

using DAPI solution at 5 µg.mL-1. The glass coverslips were then mounted using Prolon™ Gold and 

observed by confocal microscopy (LSM 710, Zeiss) using lasers at 405 nm and 561 nm. By 

simultaneously observing the signals from MB560 and from DAPI, we found that 100 % of the cell 

membrane was stained, as shown in Figure IV - 14. Thanks to this staining protocol, the plasma 

membrane of living cells can be observed, allowing to evaluate cellular behavior. At 4 h following 

staining by MB560, MC3T3-E1 cells showed signs of cellular adhesion, indicating a good cell viability 

and a normal cell behavior. 

 

Figure IV - 14. Confocal micrograph of cells having membrane stained with MB 560 (yellow) and 

nuclei with DAPI (cyan). 

The possibility of staining adherent cells was also investigated (see Appendix E for more details). We 

found that the cell density altered the staining efficiency. In particular, no staining could be achieved on 

adherent cells at confluence, indicating that high cell density is unfavorable for the interaction between 

the fluorescent probe and the plasma membrane. Therefore, the most convenient method is to carry out 

staining on cell suspensions which concentration can be easily controlled. 

Cell encapsulation in CS/bGP/AHP hydrogels 

Cell encapsulation was performed at two concentrations: 106 and 5.106 cells.mL-1. For both cell 

concentrations, the encapsulation protocol was as follows: (1) cells were previously stained with MB560 

and re-suspended in serum-free media, then mixed gently with CS/bGP/AHP solutions; (2) 300 µL of 

the mixture containing cells were dispensed into a 8-well culture plate (IBIDI) and incubated for 1 h at 
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37°C and 5% CO2 to induce gelation; (3) 1 mL of culture medium supplemented with 10%v/v fetal calf 

serum and 1%v/v penicillin-streptomycin was added into each well. The cell suspensions were added to 

CS/bGP/AHP solutions at 1/9 vol/vol. The concentration of the cell suspension was 107 and 5.107 

cells.mL-1 for a final cell concentration in the cellularized solutions of 106 and 5.106 cells.mL-1, 

respectively. Hydrogels without cells were also prepared by replacing the cell suspension by culture 

medium. Each formulation was realized in triplicate for observation at 1 h, 24 h and 72 h. 

Confocal observation 

The microstructure of hydrogels and cell-encapsulated hydrogels were observed at 1 h, 24 h and 72 h of 

incubation using confocal microscopy (LSM 710, Zeiss) using lasers at 488 nm and 561 nm. The image 

acquisition was performed respecting the protocol developed in section 0: for each sample, stacks of 10 

images of (512 ´ 512 pixels, 225 µm ´ 225 µm) with an interval of 1 µm were recorded in eight random 

positions at 100 µm depth using oil immersion ´40 objective. One stack of 100 images of (512 ´ 512 

pixels, 225 µm ´ 225 µm) with an interval of 1 µm was recorded for each sample using ´20 objective. 

Quantitative image analysis 

The porosity of the regular CS/bGP/AHP hydrogel was determined using ImageJ following the protocol 

described in section 0. For the hydrogels containing cells, the area fraction occupied by the CS-rich 

phase and the area fraction occupied by the cells were determined separately. For that, the channel 

corresponding to cells was analyzed using the 3D object counter plugin,53 following by thresholding by 

the Li’s method and the pore fraction corresponding to the cells surface was calculated (Figure IV - 

15). 

The pore size distribution was determined by the morphological sieve method (section IV.2) using the 

channel corresponding to signal from fluorescently-labelled CS. 

 

Figure IV - 15. Image processing of the channel corresponding to cells for calculating the pore fraction 

corresponding to the cells surface. 
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IV.4.2. Results and discussion 

4.2.a. Cell distribution in hydrogels 

MC3T3-E1 cells were encapsulated in physiological CS/bGP/AHP hydrogel at CS 0.8 wt% at two 

different final cell concentrations: 106 or 5.106 cells.mL-1. The distribution of encapsulated MC3T3-E1 

cells within the hydrogels was observed using confocal microscopy at different incubation times (1 h, 

24 h and 72 h). The staining by MB560 allows to localize cells within the hydrogel, and the 

microstructure of fluorescently-labelled CS/bGP/AHP hydrogels and stained-cells were observed 

simultaneously, as shown in Figure IV - 16a. 

 

Figure IV - 16. a) Confocal micrographs of CS/bGP/AHP hydrogels (CS 0.8 wt%) containing 106 

cells.mL-1 or 5.106 cells.mL-1at 24 h post-encapsulation of MC3T3-E1; b) Number of cells per stack for 

three incubation times. 

Figure IV - 16b shows the number of MC3T3-E1 cells measured in 8 different locations at different 

incubation times for both cell concentrations. We found that the number of cells did not significantly 

change overtime, indicating that the staining of the plasma membrane was stable for 72 h. We counted 

between 0 and 3 cells per stack of images for the hydrogel containing 106 cells.mL-1 and between 3 and 
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7 cells per stack for the hydrogel containing 5.106 cells.mL-1. In average, we found 1 ± 1 cell per stack 

for the concentration of 106 cells.mL-1 and 5 ± 1 cells per stack for the concentration of 5.106 cells.mL-1. 

These numbers of cells per stack are consistent with the theoretical values: considering the volume of 

one stack, we should find 0.5 cell and 2.5 cells per stack for hydrogels containing 106 and 5.106 

cells.mL-1, respectively. Hence, we conclude that the cells can be homogeneously dispersed in 

CS/bGP/AHP hydrogels with concentrations up to 5.106 cells.mL-1. 

4.2.b. Effect of cells on the porosity and the pore size distribution 

The microstructures of cell-laden hydrogels were compared to the one of the same hydrogel without 

cells. At 100 µm depth in the sample, confocal microscopy images over a 225 µm ´ 225 µm area show 

a similar structure both for the hydrogel without cells and the hydrogel containing 106 cells.mL-1. For 

the hydrogel containing 5.106 cells.mL-1, the structure clearly looks more porous (Figure IV - 16a). 

The porosity was calculated for the hydrogel without cells and for the two cell-laden hydrogels by 

analyzing the signals from the fluorescently-labelled CS and from the stained cells. The results are 

shown in Figure IV - 17a. No significant difference was detected in the overall porosity between the 

hydrogel without cells and the hydrogels containing cells at both concentrations of 106 and 5.106 

cells.mL-1.  

 

Figure IV - 17. Quantitative analysis of the microstructure for hydrogels containing different cell 

concentrations (0, 106 and 5.106 cells.mL-1) at 24 h post-encapsulation: overall porosity (a) and pore 

size distribution (b). 

Concerning the pore size distribution, we observed in the confocal micrographs larges pores up to 50 

µm in the hydrogel containing 5.106 cells.mL-1 (Figure IV - 16a). These observations were confirmed 

by quantitative analysis by the morphological sieve technique, as shown in Figure IV - 17b. At 106 
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cells.mL-1, the pore size distribution barely changes compared to the regular hydrogel. At 5.106 

cells.mL-1, macropores which size ranges from 15 to 45 µm are detected. These results clearly indicate 

that the presence of cells has an effect on the formation of the microstructure in CS/bGP/AHP hydrogels. 

These observations and results were made on stacks of 10 images with an interval of 1 µm by assuming 

that the structure of the hydrogel is isotropic. Interestingly, observations of greater volumes from stacks 

of 100 images with an interval of 1 µm, indicate the presence of large elongated pores in the z-direction. 

Moreover, cells are observed at the bottom of each one of these pores, as shown in Figure IV - 18. Such 

elongated pores were observed on cellularized hydrogels for both cell concentrations, 106 and 5.106 

cells.mL-1. However, the difference in the pore size distribution between the hydrogel at 106 cells.mL-1 

and the regular hydrogel is not significant (Figure IV - 17a). Since the number of these elongated pores 

are much less in the hydrogel with 106 cells.mL-1, the small stacks of 10 images analyzed by our protocol 

are not sufficient to capture this effect in this sample. 

 

Figure IV - 18. 3D reconstruction from confocal micrographs for a region of 30 µm ´ 30 µm for 

hydrogel containing 5.106 cells.mL-1 at 72 h post-encapsulation. 

We explain the formation of these large elongated macropores by the fact that cells undergo 

sedimentation during the sol/gel transition. By assimilating a cell to a particle having a defined density, 

the velocity at which the cell settles can be calculated following equation (IV - 3) defined by the Stokes 

law.54 
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                                                     (IV - 3) 

where rcell is the cell density estimated at 1050 kg.m-3,55 rmedium is the formulation density estimated at 

1000 kg.m-3 (water), g is the gravitational acceleration (9.8 m.s-2), d is the cell diameter approximated 
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to 10-6 m and "*+,-.* is the dynamic viscosity taken as 5.10-3 Pa.s (value for a solution of CS at 1 

wt%). 

With those values, we estimate the velocity of a cell in the vicinity of 0.5 µm.s-1. The typical duration 

of the gelation phase in our system is from 60 s to 120 s, therefore, the distance travelled by a cell is 

from 30 to 60 µm. This calculation is in perfect agreement with direct observations by confocal 

microscopy. The size of these elongated pores depends on the duration of the gelation phase and the 

sedimentation velocity. As shown in equation (IV - 3), the sedimentation velocity depends on several 

parameters depending on the characteristics of the cell type, and of the formulation. In particular, it is 

well known that the viscosity of polymer solutions changes significantly with the polymer concentration. 

Therefore, we expect that the formation of these elongated pores would be emphasized in formulations 

prepared with lower CS concentration. These results and observations were obtained from in vitro 

encapsulation in which the cellularized formulations were simply deposited into culture wells and 

incubated thereafter at 37°C. Even if the situation can be completely different for in vivo injections in 

which the cellularized formulations will be injected into biological media with much more complex 

fluid flows, one should keep in mind that the motion of cells during the gelation phase might contribute 

to the formation of pores within in situ forming hydrogels. 
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IV.5. Conclusions 
In this chapter, the microstructure of CS/bGP/AHP hydrogels was characterized quantitatively using 

our methods and tools based on the analysis of images acquired by confocal microscopy. From confocal 

microscopy images, the overall porosity and the pore size distribution were calculated. These methods 

and tools have proven to be performant for investigating the effect of the various characteristic and 

origins of CS and the presence of cells on the microstructure of these hydrogels. 

Our results on seven CS grades suggested that the microstructural and mechanical properties of the 

hydrogel strongly depend on the characteristics and origin of CS. We showed that the microstructure of 

this system can be tuned using various CS grades. In particular, for a fixed concentration at 0.8 wt% of 

CS, a three-fold increase in the mean pore size going from 4.9 ± 0.3 µm corresponding to a porosity of 

57 ± 1% to 14.3 ± 1.8 µm corresponding to a porosity of 83 ± 1% was obtained. We reported exciting 

findings about the power-law between the storage modulus and the effective volume fraction, similarly 

to colloidal gels. It would be interesting to further investigate the interparticle interactions because such 

understanding could provide ideas to control and tune the clustering process and the resulting gel 

microstructure. 

We showed that cells can be homogeneously dispersed in CS/bGP/AHP hydrogels up to 5.106 

cells.mL-1. An interesting effect of the presence of cells on the hydrogel microstructure was 

demonstrated: the sedimentation of cells during the gelation phase creates elongated pores which size 

goes up to tens of microns. This observation suggests that the hydrogel microstructure is not isotropic 

in the presence of cells. Therefore, it would be more adequate to develop tools for analyzing the porosity 

and the pore size distribution in 3D in further studies. 
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Résumé en français 
Dans le Chapitre II, la cytocompatibilité des hydrogels CS/bGP/AHP a été démontrée par 

l’encapsulation in vitro de deux types cellulaires : la lignée cellulaire pré-ostéoblastique MC3T3-E1 et 

les fibroblastes gingivaux humains (HGF). Cependant, la plupart des cellules présentaient une 

morphologie arrondie qui indique l’absence d’adhésion entre les cellules et la matrice de CS. Cette 

observation est en accord avec des études précédentes sur des hydrogels composés de CS et de sels. Il 

est bien connu que les interactions qui se produisent entre les cellules et leur environnement tissulaire 

local gouvernent l’activité cellulaire. Par conséquent, l’objectif de ce chapitre est, dans une première 

partie, de comprendre les raisons causant la morphologie arrondie des cellules lorsqu’elles sont 

encapsulées dans des hydrogels CS/bGP/AHP. Deux hypothèses étaient : 1) l’inadéquation entre les 

propriétés mécaniques des hydrogels CS/bGP/AHP et des tissus natifs de ces cellules ; et 2) l’absence 

de signaux biochimiques permettant l’adhésion cellulaire. Dans une seconde partie, des stratégies visant 

à améliorer l’activité des cellules encapsulées seront explorées.  

Dans la première partie de ce chapitre (V.2), le comportement des cellules cancéreuses impliquées dans 

les tumeurs malignes de la gaine nerveuse périphérique (MPNST), en culture 2D ou 3D dans des 

hydrogels CS/bGP/AHP, est étudié. Ces cellules se développent généralement dans des tissus mous dont 

les modules élastiques (10 - 1000 Pa) sont comparables à celles de nos hydrogels. Deux formulations 

physiologiques préparées à des concentrations de CS 0.5 ou 0.8 wt% ont été étudiées. Les résultats ont 

mis en évidence l’absence de cytotoxicité du système et sont très encourageants car presque toutes les 

cellules encapsulées dans l’hydrogel CS 0.5 wt% sont restées vivantes après 6 jours. Cependant, peu de 

signes d’adhérence cellulaire ont été observés dans les deux conditions (2D et 3D). Ces observations 

suggèrent que même lorsque les propriétés mécaniques globales des hydrogels correspondent au tissu 

natif, les signaux biochimiques sont cruciaux pour permettre l’adhésion cellulaire. 

Par conséquent, dans la seconde partie (V.3), des stratégies pour incorporer dans des formulations 

CS/bGP/AHP une séquence peptidique contenant du RGD ou de la fibronectine (FN) visant à améliorer 

l’activité cellulaire ont été explorées. La séquence peptidique a été greffée avec succès sur des chaînes 

CS et le greffage n’altère pas le processus de thermogélification. Cependant, les observations des 

cellules MC3T3-E1 ne montrent pas de signe d’adhésion sur l’hydrogel préparé avec du CS greffé RGD. 

Pour la FN, les observations et analyses ont montré que la protéine était effectivement incorporée dans 

les hydrogels CS/bGP/AHP soit par un simple mélange soit par un greffage covalent sur des chaînes CS 

avant gélification. Pour les deux approches, la formulation résultante présentait une gélification rapide 

à 37°C. Cependant, l’adhésion de cellules n’étaient pas améliorée en présence de la FN, ce qui pourrait 

être expliqué par une distribution inhomogène et l’agrégation de la FN dans l’hydrogel. D’autres études 

seront nécessaires pour développer des stratégies permettant un meilleur contrôle à la fois de la 

distribution et de la conformation de la FN. 
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V.1. Introduction 
In Chapter II, the cytocompatibility of CS/bGP/AHP hydrogels was demonstrated by in vitro 

encapsulation of two cell types: MC3T3-E1 pre-osteoblastic cell line and primary human gingival 

fibroblasts (HGF). At a cell concentration of 106 cells.cm-3, both cell types showed good viability, at 

least 80%, at 24 h post-encapsulation. However, most of the cells presented rounded morphology, 

indicating a poor cellular adhesion to the CS matrix. This observation is in agreement with previous 

studies on CS/salt hydrogels.1,2 It is well known that the interactions that occur between cells and their 

local tissue environment guides physiological processes (Chapter I, section I.1.3). Hence, the goal of 

this chapter is firstly, to investigate on the possible reasons of the rounded morphology of cells when 

they are encapsulated within CS/bGP/AHP hydrogels and secondly, to explore strategies aiming at 

improving the cellular activity. 

Mechanical properties have been shown to have an important role in dictating cellular behavior. We 

suggest that the unusual morphology of encapsulated MC3T3-E1 and HGF cells in CS/bGP/AHP 

hydrogels might be due to a mismatch between the stiffness of the hydrogel and the one of native tissues 

of these cells. Indeed, the storage modulus, G’, for a CS/bGP/AHP hydrogel prepared with 0.8 wt% of 

CS is in the range of a few hundreds of Pa, which is very low compared to the natural environment of 

MC3T3-E1 and HGF cells, i.e. bone (~ GPa) and gingiva (~ MPa).3,4 

The biochemical properties of the scaffold surface are also crucial to cell adhesion and proliferation. It 

is well known that cell integrin binding plays a significant role in dictating cellular behavior. CS is not 

inherently cell adhesive because it does not possess cell binding moieties.5–8 Nevertheless, one might 

wonder if CS can promote cell adhesion thanks to the positively charged D-glucosamine monomers as 

the cell membrane is negatively charged.9 However, in the thermally-induced gelation in CS/salt 

mixtures, CS chains are neutralized.10 Therefore, the rounded cell phenotype might be partially 

explained by the lack of biochemical signals allowing cell attachment. 

In this chapter, studies were carried out in order to better elucidate these two points. Firstly, in section 

V.2, the behavior of cancer cells involved in the malignant peripheral nerve sheath tumors (MPNST), 

which usually grow in soft tissue, in contact with CS/bGP/AHP hydrogels is investigated. Secondly, in 

section V.3, strategies aiming to improve the bioactivity of the hydrogels by incorporating a small 

peptide sequence or a protein bearing cell binding sites are explored.  
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V.2. Encapsulation of MPNST cancer cells in CS/bGP/AHP 
hydrogels 

In this section, we explore the behavior of cancer cells encapsulated within CS/bGP/AHP hydrogels. 

These cells are Schwann cells involved in the malignant peripheral nerve sheath tumors (MPNST) 

usually associated with neurofibromatosis type 1.11 They grow in soft tissues such as fat, lymph and 

blood vessels, nerves, which elastic moduli are in the order of 10 – 1000 Pa.12–14 Today, there is still no 

treatment to prevent their malignant transformation and to inhibit the development of tumors.15 The 

research team of Dr. Piotr Topilko (Institut Mondor de Recherche Biomédicale) developed genetically 

engineered mouse models to study the origin and pathogenic mechanisms of MPNST.16 Schwann cells 

at different development stages can be isolated from the tumors.  

The present study has therefore two aims. Firstly, there is now a need to have an in vitro model in order 

to investigate in depth the behavior of these cells alone or in co-culture with other nerve fiber elements. 

Our CS/bGP/AHP hydrogels can be good candidates as their soft nature could mimic the tissue on which 

MPNST cells like to grow. Secondly, this study would elucidate whether the previously observed 

rounded phenotype of MC3T3 and HGF is due to a mismatch in mechanical properties.  

In this preliminary study we investigated the behavior of MPNST cells in contact with CS/bGP/AHP 

hydrogels. Two conditions were realized, 2D culture on preformed hydrogels or encapsulation within 

the hydrogels. Two physiological formulations at CS concentration of 0.8 wt% or 0.5 wt% (pH = 7.4 ± 

0.05 and 300 ± 30 mOsm.L-1) will be investigated.  

This work was carried out in collaboration with Dr. Laure Lecerf and Dr. Piotr Topilko (Institut Mondor 

de Recherche Biomédicale). 

 

V.2.1. Materials & Methods 

2.1.a. Materials & cells 

In this study, we used the same grade of chitosan CS as the one studied in Chapter II. It corresponds to 

a relative low molar mass (viscosity 30-100 cps) (CS2 in Chapter IV). 

MPNST cells were isolated from tumors in genetically engineering mice. These mice were genetically 

modified allowing the expression of the Tomato fluorescent protein (lex/lem = 554/581 nm). Cells of 

passage < 10 were used.  
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2.1.b. Experimental methods 

Preparation of physiological formulations  

Stock solutions of CS, bGP and AHP were prepared and sterilized according to protocol described in 

our previous study (Chapter II).17 Physiological CS/bGP/AHP formulations (pH = 7.4 ± 0.05 and 300 ± 

30 mOsm.L-1) at CS concentration of 0.8 or 0.5 wt% were prepared following the formulations reported 

our previous study (Chapter II).17 

2D culture of MPNST cells on CS/bGP/AHP hydrogels 

CS/bGP/AHP hydrogels having thickness about 1.5 mm were prepared by pouring 300 µL of freshly 

prepared formulations into 24-well culture plate (polystyrene). The formulations were then incubated 

for 1 h at 37°C and 5% CO2 to induce gelation. MPNST cells were trypsinized and resuspended in 

DMEM medium supplemented with 10 %v/v fetal calf serum and 1 %v/v penicillin-streptomycin. Cell 

suspension was added onto CS/bGP/AHP hydrogels at a density of 15.104 cells.cm-2. The medium was 

changed after 3 days of incubation. Each formulation was realized in duplicate. For control, cells were 

seeded directly onto culture well at a density of 15.104 cells.cm-2. 

Observations were made using fluorescence phase contrast microscope (Zeiss Axiovert 40 CFL) 

equipped with ´4 and ´10 objectives at different incubation times (1, 3, 6 days). Images of (563 µm ´ 

422 µm) were recorded at random positions in the hydrogel.  

Encapsulation or 3D culture of MPNST cells in CS/bGP/AHP hydrogels 

Encapsulation for MPNST cells was carried out using the same protocol as for MC3T3-E1 and HGF 

cells (Chapter II). The final cell concentration was 106 cells.cm-3. Hydrogels without cells were also 

prepared by replacing the cell suspension by culture medium. The medium was changed after 3 days of 

incubation. Each formulation was realized in triplicate.  

Observations were made using fluorescence phase contrast microscope (Zeiss Axiovert 40 CFL) 

equipped with ´4 and ´10 objectives at different incubation times (1, 3, 6 days). Images of (1408 µm ´ 

1056 µm) and (563 µm ´ 422 µm) were recorded at two z positions: at the bottom (close to the bottom 

of the culture well) and in the middle of the sample.  

Evaluation of the cell viability: the cell viability at Day 6 was estimated using trypan blue dye exclusion 

test. 1 mL trypan blue solution at 50 %vol in DMEM was added into each well. Dead cells are stained 

by trypan blue and appear as dark point under white light source. Live cells show red fluorescence. The 

cell number was determined using the Cell counter plugin in ImageJ. The cell viability is determined as 

the ratio of live cells over the total number of cells and is averaged on six random areas of (1408 µm ´ 

1056 µm) sample for each formulation.  
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V.2.2. Results & Discussion 

2.2.a. The choice of CS/bGP/AHP formulations 

Two formulations at different CS concentrations (0.5 and 0.8 wt%) were studied in order to explore the 

effect of the mechanical properties and the microstructure on MPNST cells behavior. The hydrogel 

prepared with CS 0.5 wt% possesses lower storage modulus with higher porosity and larger pores than 

the CS 0.8 wt% hydrogel. The properties of these hydrogels were characterized in previous chapters. 

Briefly, the storage modulus G’, measured by rheology, reaches approximately 30 Pa for 0.5 wt% and 

180 Pa for 0.8 wt% after 1 h of incubation. After 6 h, G’ reaches 60 Pa for 0.5 wt% and 300 Pa for 0.8 

wt%. The porosity was found to be 75 ± 5% for CS 0.5 wt% and 63 ± 7% for CS 0.8 wt%. Both hydrogels 

possess interconnected elongated pores which size can go up to 15 µm for CS 0.8 wt% and 30 µm for 

CS 0.5 wt%. 

2.2.b. 2D culture of MPNST cells on CS/bGP/AHP hydrogels 

MPNST were seeded at a density of 15.104 cells.cm-2 on preformed physiological CS/bGP/AHP 

hydrogels prepared with CS concentration at 0.5 or 0.8 wt% (pH = 7.4 ± 0.05 and 300 ± 30 mOsm.L-1). 

Cells were directly seeded onto culture wells at the same density for control. Figure V - 1a shows 

images at different incubation times. For the control, cells showed a well spread morphology, which is 

the normal phenotype of MPNST cells, and good proliferation as the confluence was reached after 3 

days. When being cultured on CS/bGP/AHP hydrogels, some cells exhibited a prolongation of the 

cytoplasm from Day 3 for both formulations, as shown in Figure V - 1b. However, most of the cells 

showed rounded morphology up to 6 days whatever the CS concentration. These observations suggest 

that the surface of CS/bGP/AHP hydrogels is not favorable for the adhesion of this cell type.  
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Figure V - 1. 2D culture of MPNST cells: a) Images of cells in control condition or on CS/bGP/AHP 

hydrogels prepared at CS concentration of 0.5 or 0.8 wt% at Day 1, 3 and 6. b) Zoom on cells showing 

cytoplasmic extension at Day 3. 
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2.2.c. Encapsulation of MPNST cells in CS/bGP/AHP hydrogels 

MPNST cells were encapsulated at a concentration of 106 cells.cm-3 in two physiological CS/bGP/AHP 

hydrogels (pH = 7.4 ± 0.05 and 300 ± 30 mOsm.L-1) prepared with a CS concentration of 0.5 or 0.8 

wt%. Figure V - 2 shows the microscopy images taken at two different focus showing cells at bottom 

or in the middle of the sample. For both formulations, cells at the bottom showed spread morphology 

after 1 day while those in the middle showed rounded morphology up to 6 days. More cells were found 

at the bottom position for CS 0.5 wt% than for CS 0.8 wt%. This might be explained by the fact that the 

hydrogel CS 0.5 wt% actually broke into pieces due to its very weak mechanical properties. This 

situation fosters cell motion to reach the tissue culture polystyrene surface. Thus, cells were found to be 

in the optimal cell culture condition at the bottom, therefore showed good proliferation. For CS 0.8 wt%, 

all sample remained macroscopically intact. Hence, cells remained embedded within the hydrogel.  

In order to evaluate the viability of the encapsulated MPNST cells at Day 6, we used trypan blue dye 

exclusion test. The trypan blue molecule only passes through the membrane of dead cells and stain them 

in a distinctive dark blue color. The live cells do not absorb trypan blue but show red fluorescence as 

they express the Tomato protein. Typical images obtained after the trypan blue test are shown in Figure 

V - 3a-b. The homogeneity of the cell dispersion was verified by cell counting in six random areas for 

each position, at the bottom or in the middle of the sample, and for each formulation. Cell counting was 

not possible for the CS 0.5 wt% sample at the bottom position as the cells were well spread. Figure V - 

3c shows the local cell concentration, which is in agreement with the initial concentration of 

encapsulated cells, 106 cells.cm-3.  

Figure V - 3d shows the viability of encapsulated MPNST cells at Day 6 by averaging on six images of 

(1408 ´ 1056 µm) per position for each formulation. The viability of encapsulated MPNST was 51 ± 

7% for CS 0.8 wt% (average for both positions) and 97 ± 3% for CS 0.5 wt% (middle position). The 

cell viability is significantly higher for CS 0.5 wt%, which have lower storage modulus and larger pore 

size than CS 0.8 wt%. These results suggest that the survival of MPNST cells is more favorable with 

lower CS concentration. However, despite encouraging cell survival (nearly all encapsulated cells in the 

CS 0.5 wt% hydrogel remained alive after 6 days), poor signs of cell adhesion were observed within the 

hydrogel.   
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Figure V - 2. Images of encapsulated MPNST cells in CS/bGP/AHP hydrogels prepared at a CS 

concentration of 0.5 wt% (a) or 0.8 wt% (b) at different incubation times. 
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Figure V - 3. a-b) Red tomato expression and trypan blue staining on encapsulated MPNST cells in 

CS/bGP/AHP hydrogels prepared with 0.5 wt% (a), white arrows indicate dead cells, or 0.8 wt% (b) of 

CS; c) Cell counting and d) Cell viability at Day 6. 
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V.3. Bio-functionalization of CS/bGP/AHP hydrogels  
Results in section V.2 suggest that biochemical signals are crucial for cell adhesion even when the 

overall mechanical properties of the hydrogels match with those of the native tissue. To improve the cell 

adhesion in CS/bGP/AHP hydrogels, we explored strategies consisting in incorporating to the 

formulation a peptide sequence or a protein which may be recognized by cell adhesion receptors.  

The first strategy consisted in covalently grafting CS chains with a peptide sequence containing the 

arginine-glycine-aspartate (RGD) sequence. RGD is the smallest and the most common peptide 

sequence responsible for cell adhesion as it is found in many adhesive proteins such as fibronectin, 

laminin and vitronectin.18 The RGD peptide can be recognized by a large number of integrins, providing 

cell-ECM interactions.19,20 For this reason, peptide sequences containing RGD have been widely studied 

to improve cell adhesion and control cell behavior for various cell types.21–35 In particular, peptide 

sequences containing RGD have been successfully grafted to CS films or scaffolds.23,24,30,36 For an 

efficient recognition by integrins, the RGD peptide must be well presented and accessible to cells. It has 

been showed in previous studies that a spacer arm having a minimum number of four glycine units 

favored adhesion and growth of fibroblasts in alginate scaffolds.37,38 Accordingly, a sequence containing 

the RGD moiety and a spacer of six glycine units, GRGDSPG6 was used in this study (Figure V - 4). 

The same sequence GRGDSP as the one found originally in fibronectin was maintained. 

  

Figure V - 4. Chemical structure of the peptide sequence GRGDSPG6 used in this study. 

The second strategy consisted in incorporating fibronectin, FN, one of the most important cell-adhesive 

protein in the ECM. FN is widely expressed in multiple cell types and plays an important role in cellular 

functions such as adhesion, migration, growth and differentiation.39 FN is a high molar mass 

glycoprotein (~ 500 kDa) composed of two subunits which are linked through hydrogen bonds and 
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through disulfide bonds near the C-terminal. Each subunit contains about 2500 amino acids.39 FN can 

be recognized by a large number of integrins depending on its structural conformation.40 Indeed, FN 

contains not only one RGD sequence per subunit but also others binding domains, as shown in Figure 

V - 5, thus offering multiple docking points for cells.40 Moreover, a synergistic effects on cell adhesion 

induced by the simultaneous presence of RGD and PHSRN sequences were previously reported.41 FN 

has been widely studied for improving the bioactivity of 2D or 3D cell scaffolds.42–48 In particular, it has 

been showed that covalently immobilized FN induced better cell adhesion than simply adsorbed FN.42 

In this study, the incorporation of FN in CS/bGP/AHP hydrogels via simple mixing or covalent grafting, 

was investigated.   

 

Figure V - 5. Structure of FN single subunit. Repeats and binding domains (BD) are indicated. Adapted 

from Parisi et al.40 

The efficiency of both strategies was assessed on the MC3T3-E1 cell line. These cells are able to interact 

with RGD through avbv, avb5 integrins and with FN through a5b1, avb5 integrins.49 

This study was carried out in collaboration with Dr. Carla Palomino-Durand (ERRMECe, CY 

University). 

V.3.1. Materials & methods  

3.1.a. Materials & cells  

In this study, we used the grade of chitosan corresponding to the low molar mass chitosan (viscosity 30-

100 cps) studied in Chapter II (CS2 in Chapter IV). GRGDSPG6 was purchased from Genscript®. 

Fibronectin was purified from human blood plasma following the protocol reported by Poulouin et al.50 

EDC and sulfo-NHS were purchased from Sigma Aldrich. The Live/DeadTM kit and AlamarBlueTM 

reagent were purchased from Invitrogen.  

MC3T3-E1 pre-osteoblastic cells were obtained from ATCC®. 
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RGD
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3.1.b. Experimental methods  

Grafting of GRGDSPG6 onto CS 
The GRGDSPG6 sequence was covalently grafted onto CS chains using carbodiimide chemistry with a 

protocol adapted from Mansur et al.51 The reaction was carried out in sterile conditions. Briefly, stock 

solution of CS at 2 wt% was prepared using acetic acid, AcOH, at a molar ratio of [AcOH]/[NH2] = 1. 

The pH of CS solution was then adjusted to 6.0 using NaOH 0.1 M in an ice bath (4°C). Aqueous 

solutions of EDC and sulfo-NHS were prepared at 1 wt% and 2.5 wt%, respectively. GRGDSPG6 was 

dissolved in water at 2 mg.mL-1. In an ice bath, EDC and sulfo-NHS were added into GRGDSPG6 

solution at a molar ratio of [EDC]:[NHS]:[GRGDSPG6] = 0.5:1:1 and the mixture was stirred for 15 

min for activation of G6RGD. CS solution was added into the activated peptide at a molar ratio of 

[GRGDSPG6]:[CS monomer] = 1:200 and the system was incubated under stirring at room temperature 

(21°C) for 1 h. The resulting solution, noted CS-RGD, was dialyzed using molecular weight cut-off 

membrane (4-6 kDa) during 4 days to eliminate excess reagents. The final CS-RGD solution having a 

CS concentration of 0.87 wt% was mixed with a regular CS stock solution at 2 wt% to obtain a stock 

solution at concentration of 1.33 wt%. Therefore, the theoretical grafting ratio decreased to 

[GRGDSPG6]:[CS monomer] = 1:300.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Infrared spectroscopy characterization 
Solutions of regular CS and peptide grafted CS, CS-G6RGD, were analyzed using infrared spectroscopy. 

0.5 g of each solution was dried at 40°C under vacuum during 4 h to obtain a thin film. The films were 

then analyzed by infrared spectroscopy using the ATR mode. Measurements were realized between 400 

and 4000 cm-1 using 32 scans and a resolution of 2 cm-1.  

Grafting of FN onto CS 
The same protocol in sterile conditions as for the grafting of GRGDSPG6 was applied to the grafting of 

FN. Pre-activated FN solution was added into CS solution which pH was adjusted to 6.0 at a molar ratio 

in monomer of [FN]:[CS] = 1:100. After dialysis, the final solution of functionalized CS, CS-FN, 

presented a concentration in CS of 0.94 wt%. This solution was then mixed with a regular CS stock 

solution at 2 wt% to obtain a stock solution of 1.33 wt% in CS. Therefore, the theoretical grafting ratio 

decreased to [FN]:[CS] = 1:140. 

Preparation of bio-functionalized hydrogels 
Thermosensitive hydrogels were prepared using functionalized CS, CS-RGD or CS-FN following the 

protocol described in Chapter II.  
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For formulations in which FN was incorporated by simple mixing, a small amount of culture medium 

in the formulation (5 %vol.) was substituted by stock solution of FN in HEPES buffer and was added to 

CS/bGP/AHP mixture. The final concentration of FN in the hydrogel was 50 µg.mL-1.  

Microstructure of CS-FN/bGP/AHP and CS/bGP/AHP/FN hydrogels 

For confocal observations, CS was fluorescently labelled by AlexaFluor 488 and FN with AlexaFluor 

568. The same protocol as described in Chapter III was used for labelling CS. A similar protocol was 

applied for labelling FN. The ratio of [Alexa Fluor 568]:[FN monomers] was 1:300.  

For the simple mixing approach, fluorescently-labelled CS was added to regular CS (labelled CS/regular 

CS = 0.5 wt%) prior to mixing with the salts.  For the covalently grafting approach, fluorescently-

labelled FN was grafted onto mixtures of regular CS with fluorescently labelled CS (labelled CS/regular 

CS = 0.5 wt%).  

The microstructure of the hydrogels and the distribution of FN was observed using confocal microscopy 

(LSM 710, Zeiss) using lasers at 488 nm and 561 nm. Each hydrogel sample was scanned from bottom 

to 300 µm depth at 8 random positions. Stacks of images were taken at ´10 magnification and a 512 ´ 

512 pixel resolution with the pinhole at 1 Airy unit and interval of 4 µm. 

2D culture of MC3T3-E1 cells 

2D cultures of MC3T3-E1 cells were carried out on preformed CS/bGP/AHP and CS-RGD/bGP/AHP 

hydrogels. Hydrogel having thickness about 1.5 mm were prepared by pouring 300 µL of freshly 

prepared formulations into 24-well culture plate. The formulations were incubated for 1 h at 37°C and 

5% CO2 to induce gelation. MC3T3-E1 cells were trypsinized and re-suspended in aMEM medium 

supplemented with 10 %v/v fetal calf serum and 1 %v/v penicillin-streptomycin. Cell suspension was 

added onto CS/bGP/AHP or CS-RGD/bGP/AHP hydrogels at a density of 104 cells.cm-2. For control, 

cells were seeded directly onto culture well at a density of 104 cells.cm-2. 

Observations were made at 4 h and 24 h after cell seeding using phase-contrast microscopy.  

Encapsulation of MC3T3-E1 cells and Live/Dead assay  

Encapsulation of MC3T3-E1 cells in CS/bGP/AHP, CS-FN/bGP/AHP and CS/bGP/AHP/FN hydrogels 

was carried out following the protocol described in Chapter II. The final cell concentration was fixed at 

106 cells.cm-3. 

After 24 h, the encapsulated MC3T3-E1 cells were stained using Live/Dead assay following the protocol 

described in Chapter II. The distribution and the state of the cells were visualized using a laser scanning 

confocal microscope (LSM 710, Zeiss) using lasers at 488 nm and 561 nm. Each hydrogel sample was 
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scanned from bottom to 250 µm depth at the center of the sample. Stacks were taken at ´20 

magnification and a 512 ´ 512 pixel resolution with the pinhole at 1 Airy unit and interval of 4 µm.  

 

V.3.2. Results & discussion 

3.2.a. Characterization of the bio-functionalization  

Bio-functionalization by RGD-containing peptide sequence 

In this study, GRGDSPG6 was grafted onto CS chains using the carbodiimide crosslinker chemistry 

involving EDC and sulfo-NHS. This reaction has been widely studied in bioconjugation of polymers by 

proteins or peptides.20,27,28,30,42,51–56 EDC reacts with carboxylic acid groups to form a highly reactive O-

acylurea intermediate that can react with primary amine, leading to a stable amide bond. However, the 

reactive O-acylurea intermediate is very unstable and can easily undergo hydrolysis before reacting with 

the amine function. For this reason, sulfo-NHS is usually added to this coupling reaction to create an 

NHS ester that is considerably more stable than the O-acylurea intermediate. The NHS ester 

intermediate then forms amide bond by reacting with amine. Here, the –COOH terminal in GRGDSPG6 

sequence was activated in the presence of EDC/sulfo-NHS, leading to the formation of a reactive 

intermediate that reacted with primary amine functions on CS. The grafting ratio, [GRGDSPG6]:[CS 

monomer] = 1:200, was chosen according to previous studies in the literature, which reported a positive 

effect on the cell adhesion for [peptide]:[monomer] ranging from 1:10 to 1:600.34,51,57   

IR spectroscopy was performed to characterize the reaction between GRGDSPG6 and CS. The typical 

region associated with amide bond for regular CS and peptide grafted CS (CS-RGD) is shown in Figure 

V - 6. The absorption peak at 1650 cm-1 corresponds to the C=O stretching of the secondary amides 

(amide I band).58 The absorption peak around 1550 cm-1 comes from the N-H bending vibrations in the 

primary amine NH2 and from the N-H bending and C-N stretching in secondary amides (amide II 

band).58 While comparing the regular CS and CS-RGD, the ratio between the intensities of the 1650 

cm-1 and 1550 cm-1 peaks clearly increases. These measurements indicate that the reaction between 

GRGDSPG6 occurred and biofunctionalized CS-RGD was produced.  
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Figure V - 6. IR spectra of CS and CS-RGD films after drying at 40°C in vacuum for 4 h. 

Due to the dialysis step that eliminates excess reactants, the obtained CS-RGD solution has a CS 

concentration of 0.87 wt%. This solution was mixed with a solution of regular CS at 2.0 wt% to obtain 

a stock solution of 1.33 wt% that was then used to prepare CS/bGP/AHP mixtures at 0.8 wt% of CS. 

The final grafting ratio was [GRGDSPG6]:[CS monomer] = 1:300. We verified that the mixture resulted 

in a transparent and liquid solution having a pH = 7.4 at 4°C. Upon heating to 37°C, this mixture turned 

into a gel within 2 min. Therefore, the presence of RGD moiety immobilized on CS chains does not 

alter the thermally-induced gelation process in CS/bGP/AHP mixtures. 

Bio-functionalization with FN 

FN was incorporated to CS/bGP/AHP formulations through two approaches: by simple mixing or by 

covalent conjugation using carbodiimide chemistry. For simple mixing, FN was added after the mixing 

of bGP and AHP to the CS solution to avoid precipitation and/or denaturation of FN due to the acidic 

pH of the CS stock solution. The final concentration of FN in the hydrogel was 50 µg.mL-1, which 

corresponds to a molar ratio in monomer of [FN]:[CS] = 1:100. FN was conjugated onto CS chains 

using the same protocol as for the conjugation of GRGDSPG6 with the same targeted grafting ratio as 

for the simple mixing approach. The CS-FN solution after dialysis had a CS concentration of 0.92 wt%. 

The CS concentration was then adjusted to 1.33 wt% by adding of stock solution at 2.0 wt%. Therefore, 

the theoretical molar ratio in monomer was [FN]:[CS] = 1:140. We verified that mixtures prepared with 

CS-FN and phosphate salts presented pH = 7.4 at 4°C and turned into a gel within 2 min at 37°C. 

The distribution of FN within the CS/bGP/AHP mixtures as well as the efficiency of the conjugation 

reaction were evaluated using confocal microscopy using fluorescently-labelled FN and CS.  

Amide I

-NH2 + Amide II
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Confocal microscopy images of CS/bGP/AHP, CS/bGP/AHP/FN and CS-FN/bGP/AHP hydrogels 

recorded using lasers 488 nm and 560 nm at a position of 100 µm depth in the sample are shown in 

Figure V - 7. As expected, no signal of FN was observed in the CS/bGP/AHP (Figure V - 7a). For 

CS/bGP/AHP/FN hydrogel, a gradient concentration of FN is observed with higher concentration at the 

interface between the hydrogel and the medium (Figure V - 7b, ii). In CS-FN/bGP/AHP hydrogel, red 

dots corresponding to the signal from FN are observed. We suggest that these points might be aggregates 

of FN. In the 3D reconstructed volumes from stacks of images, we observe that FN aggregates are 

distributed within the hydrogel, however, these are mostly on the interface between the hydrogel and 

the culture medium (Figure V - 7c, ii). It is worth to note that the distribution of these aggregates stayed 

unchanged even after rinsing by PBS (data not shown), suggesting that they were grafted onto CS. 

Although FN is not homogenously distributed in the final CS/bGP/AHP hydrogel in both strategies, 

signal from FN is clearly detected in the bulk of the hydrogel (Figure V - 7b-c, i).  

From these observations, it seems that when FN is simply mixed with CS/bGP/AHP mixtures, a phase 

separation occurs between FN and CS. Indeed, only a part of FN is distributed in the hydrogel but most 

of FN chains migrated or were expulsed to the hydrogel edges. We assumed that by covalently grafting 

FN onto CS chains, this phenomenon could be avoided. Nevertheless, FN were found in an aggregated 

form. We hypothesize that the aggregation of FN might occur during the activation step by EDC/sulfo-

NHS as both reactive functions, carboxylic acid and primary amine, are present in FN.  
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Figure V - 7. Confocal microscopy images taken at 100 µm depth inside the sample (i) and volumes 

reconstructed from stacks of images (ii) for regular CS/bGP/AHP hydrogel (a), CS/bGP/AHP/FN 

hydrogel (b) and CS-FN/bGP/AHP hydrogel (c). CS concentration = 0.8 wt%, CS is labelled with 

AlexaFluor 488 and FN with AlexaFluor 568. 
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3.2.b. Preliminary evaluation of the efficiency of bio-functionalization strategies 

In order to evaluate the efficiency of the studied bio-functionalization strategies, the behaviors of 

MC3T3-E1 cells in 2D or 3D culture either with the regular hydrogel or with bio-functionalized 

hydrogels were compared.  

Bio-functionalization by RGD-containing peptide sequence 

The efficiency was evaluated in an in vitro 2D culture of MC3T3-E1 on CS/bGP/AHP hydrogels 

prepared with regular CS or RGD-grafted CS (CS-RGD). For control conditions, cells were directly 

seeded onto culture wells (polystyrene for tissue culture). Observations at two different incubations 

times, 4 h and 24 h, are shown in Figure V - 8.  

 

 

Figure V - 8. Microscope images of 2D cultures of MC3T3-E1 cells seeded on the culture wells 

(control), CS/bGP/AHP or CS-RGD/bGP/AHP hydrogels at 4 h or 24 h. Scale bar = 100 µm. 

In control conditions, MC3T3-E1 cells showed normal behavior. Cell spreading was observed at 4 h 

after seeding. At 24 h, all the cells showed a spread morphology and the proliferation was confirmed by 

a clear increase in the number of. For cells seeded on preformed CS/bGP/AHP hydrogel, cells showed 

rounded morphology at 4 h. At 24 h, they remained rounded and no proliferation was observed. This 

observation is in agreement with previous studies that reported that no cell spreading was observed in 

2D culture on CS films.5–8 For the hydrogel prepared with CS-RGD with a theoretical grafting ratio at 

[RGD]:[CS monomer] = 1:300, cells showed a similar behavior as for the regular hydrogel. These 

Control CS/bGP/AHP CS-RGD/bGP/AHP

4 
h

24
 h
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unsatisfactory results might be explained by the insufficient peptide density that is available at the 

surface of the hydrogel, assuming CS-RGD chains homogeneously distributed in the hydrogel volume.  

Bio-functionalization with FN 
The efficiency of the incorporation of FN on the cellular behavior was evaluated by in vitro 

encapsulation of MC3T3-E1 cells. Cells were encapsulated into CS/bGP/AHP hydrogels prepared with 

either regular or functionalized CS with FN, CS-FN, and the hydrogel in which FN was added by simple 

mixing. The concentration in CS was fixed at 0.8 wt% in all studied formulations. The viability and 

morphology of encapsulated cells were assessed using Live/Dead staining. Representative images 

recorded by confocal microscopy are shown in Figure V - 9. Although the cell viability was not 

quantified in this study, most of the encapsulated cells were alive at 24 h post-encapsulation. According 

to the results presented in Chapter II, the cell viability is expected to be around 80% at 24 h for the 

CS/bGP/AHP formulation. Most of encapsulated cells exhibit a rounded morphology in the three 

hydrogels. However, some signs of cytoplasm extension were observed for cells encapsulated in the two 

bio-functionalized formulations, CS/bGP/AHP/FN and CS-FN/bGP/AHP, as indicated by white arrows 

in Figure V - 9 .  

 

Figure V - 9. Confocal microscopy images of Live/Dead assays for MC3T3 cells encapsulated in the 

regular hydrogel, CS/bGP/AHP, and in bio-functionalized hydrogels with FN, CS/bGP/AHP/FN and 

CS-FN/bGP/AHP at 24 h post-encapsulation. Images are obtained from the projection of 66 slices taken 

at a random position in the hydrogel with a field of 425 ´ 425 ´ 300 µm. Scale bar = 100 µm. 

The observed cell behavior can be explained by the heterogeneous distribution of FN within the 

CS/bGP/AHP hydrogel, as previously discussed. For the approach in which FN was simply mixed to 

the formulation after adding the salt, FN was observed in the bulk of the hydrogel, but most of FN signal 

was detected at the hydrogel edges. Therefore, the quantity of FN accessible to encapsulated cells might 

not be sufficient for enhancing cell attachment. For the approach in which FN was covalently grafted 

onto CS chains, FN was mostly found in an aggregated form. Hence, cell binding sites on FN might not 

CS/bGP/AHP CS/bGP/AHP/FN CS-FN/bGP/AHP
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be correctly exposed and accessible to cells. Such issues related to the use of proteins was already 

reported in the literature.52,59,60 In particular, no cell attachment and spreading was observed when cells 

were seeded onto a surface coated with FN aggregates.60 Therefore, in both functionalization approaches 

explored in this study, the distribution and the accessibility to cell binding sites on FN need to be better 

controlled in order to improve cell activity in CS/bGP/AHP hydrogels.  

 

V.4. Conclusion 
In this chapter, studies were carried out to investigate the origin of the rounded phenotype of 

encapsulated cells in CS/salt hydrogels. In the first study, the behavior of MPNST cells, which native 

tissues have a stiffness to that of CS/bGP/AHP hydrogels, was investigated in 2D or 3D cultures. The 

results clearly evidenced the absence of cytotoxicity and are very encouraging as nearly all encapsulated 

cells in the CS 0.5 wt% hydrogel remained alive after 6 days. Despite encouraging cell survival, poor 

signs of cell adhesion were observed. These results and observations suggest that even when the overall 

mechanical properties of the hydrogels match with the native tissues, biochemical signals are crucial for 

cell adhesion.   

In the second study, we incorporated biochemical signals – RGD-containing peptide sequence or 

fibronectin (FN) – into the formulations to improve the cell activity in CS/bGP/AHP hydrogels. The 

peptide sequence was successfully grafted onto CS chains and the grafting did not alter the 

thermogelling process. However, the cellular response of MC3T3-E1 cells showed no signs of cellular 

adhesion, suggesting that further optimization is needed. For FN, the protein was incorporated into 

CS/bGP/AHP hydrogels either by a simple mixing or covalent grafting onto CS chains prior to gelation. 

In both approaches, the resulting formulations exhibited fast gelation at 37°C. However, the distribution 

and the conformation of FN in the hydrogel was not optimal for cell attachment. Formulation strategies 

are needed to better control the distribution and the conformation of FN within these hydrogels in order 

to efficiently favor cell attachment.  
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CONCLUSION 
 

Along with the tremendous development of cell-based therapies, there is a growing need for injectable 

matrices able to support the retention and survival of injected cells. Based on the literature review 

presented in Chapter I, we identified that thermosensitive injectable hydrogels have a great potential 

for this application. Unfortunately, most of the proposed hydrogels consist in a macromolecular network 

having a submicron mesh size. Therefore, the macroporosity required for cell proliferation and migration 

is lacking. In this PhD thesis, I studied thermosensitive hydrogels in which macroporosity emerges from 

a phase separation between a polymer and water. 

This thermosensitive system, which is composed of chitosan (CS) and phosphate salt(s), shows 

interesting features for use as a cell-laden hydrogel. These mixtures can remain liquid at neutral pHs at 

room temperature and turn into a gel within minutes at body temperature. Interestingly, the resulting 

hydrogels present a heterogeneous structure composed of interconnected CS-rich regions and water-rich 

regions (pores). In this project, we proposed to take advantage of this peculiar process and 

hypothesized that thermosensitive cell-laden hydrogels having adequate macroporosity for cell 

survival and proliferation can be prepared by finely controlling the sol/gel transition. By gaining 

a deeper understanding of the physical-chemistry of this system, my goal was to design 

thermosensitive and injectable hydrogels based on CS/salt mixtures having tunable macroporosity 

for cell encapsulation and delivery. 

A major limitation of the CS/bGP system, which have first been identified, is its cytotoxic osmolarity 

induced by the high bGP (b-glycerophosphate) concentrations required to reach physiological pHs. 

Strategies have been explored in the literature to improve this standard system, by partially or totally 

replacing bGP by other salts. Nevertheless, a rational platform was still lacking to prepare 

thermosensitive mixtures composed of CS and salts in which pH, osmolarity and therefore gelation 

kinetics and cytocompatibility can be controlled whatever the CS concentration. In Chapter II, we 

presented a rational formulation design by combining bGP with a second phosphate salt, AHP. With 

this third component, the pH and the osmolarity of the mixture can be adjusted finely and independently 

by playing with the ratios [salt]/[NH2], thus giving the possibility to prepare physiological formulations 

having tunable CS concentration. Injectable CS solutions having pH 7.4 at 4°C and an osmolarity of 

300 ± 30 mOsm.L-1 were obtained for CS concentrations ranging from 0.4 to 0.9 wt%. We demonstrated 

the existence of a critical temperature above which the sol/gel transition occurs with a gelation kinetics 

following a power-law as a function of the temperature. Varying CS concentration allowed us to tune 

the microstructural and mechanical properties of these hydrogels. The cytocompatibility of the 
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CS/bGP/AHP hydrogel prepared with 0.8 wt% of CS was demonstrated by in vitro encapsulation of two 

cell types. These results provided a proof-of-concept of the relevance of our platform allowing to 

formulate cell-laden thermosensitive CS solutions with two phosphate salts. This work was published 

in Carbohydrate Polymers. 

In Chapter III, we investigated the molecular and microscopic mechanisms involved in the 

thermosensitivity of the CS/salt mixtures. At the molecular level, our results, combined with previous 

studies in the literature, showed that the sol/gel transition is due to the intrinsic temperature-dependence 

of the pKa of the D-glucosamine monomers, regardless of the salt. We highlighted that in the presence 

of some specific salts, a hydration layer forms, providing a way to shift the sol/gel transition to higher 

temperature. We demonstrated that the presence of polyol moieties is not mandatory and that bGP can 

be replaced by other salts able to interact with both CS and water molecules. We identified MES as an 

interesting cytocompatible alternative to bGP. At the microscopic level, the dynamics of emergence of 

the macroporous structure in thermosensitive CS/bGP/AHP hydrogels was observed in situ in real time 

and quantitatively characterized using original setups. From these results and observations, we proposed 

a molecular and microscopic picture explaining how this macroporous structure arises from the 

clustering and percolation of CS colloidal-like particles. 

From the understanding on the mechanisms of the sol/gel transition, one might expect that the 

characteristics of CS (molar mass distribution, deacetylation degree, origin) and the presence of cells 

might have an effect on the hydrogel microstructure. This question was explored in Chapter IV. We 

firstly developed tools and methods to quantitatively characterize the microstructure of CS/bGP/AHP 

hydrogels. Using these methods, we found that the porosity and the pore size can be tuned using CS 

having different characteristics while maintaining the physiological conditions. We showed that cells 

can be homogeneously encapsulated in our hydrogels up to a concentration of 5.106 cells.mL-1, without 

having an effect on the matrix microstructure. We observed that, by a purely mechanical effect, cells 

create elongated large pores of tens of µm by settling down during the gelation phase. 

The behavior of different encapsulated cell types in CS/bGP/AHP hydrogels indicated a need for a better 

cell-hydrogel adhesion, therefore a bio-functionalization of the matrix was investigated. Strategies 

incorporating either an RGD-containing peptide sequence or fibronectin (FN) into the formulations were 

explored in Chapter V. The peptide sequence was successfully grafted onto CS chains and the grafting 

did not alter the thermogelling process. However, no significant improvement in cellular adhesion was 

observed for MC3T3-E1. With FN, observations and analysis showed that the protein was effectively 

incorporated into CS/bGP/AHP hydrogels, either by a simple mixing or by a covalent grafting onto CS 

chains prior to gelation. For both approaches, the resulting formulations exhibited a fast gelation at 
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37°C. However, the heterogeneous distribution and the aggregated conformation of FN in the hydrogels 

probably did not provide a good accessibility for cells to the protein binding sites. 

To conclude, in this PhD project, I succeeded in designing a robust platform to prepare thermosensitive 

CS mixtures with phosphate salts, bGP and AHP, which are compatible with cell injection and survival. 

I demonstrated that this approach can be applied to functionalized CS or to CS having various molar 

mass and deacetylation degree. Such a general platform was lacking in the literature despite numerous 

studies on CS/salt mixtures. We reported interesting findings on the gelation kinetics with the existence 

of a critical temperature, and on the molecular mechanisms by elucidating the importance and the 

conditions of formation of a hydration layer ensuring the thermal stability of CS chains at low 

temperatures. These results open new routes to tune the thermal stability and the gelation kinetics of 

these systems. At the microscopic level, we highlighted the similar features between CS/salt gels and 

colloidal gels, which suggests ideas and strategies to adjust the sol/gel transition temperature and the 

microstructure of the gels. By developing tools and methods to process confocal microscopy images, 

we explored parameters affecting the hydrogel microstructure, such as the concentration and 

characteristics of CS, as well as the presence of cells. These methods can still be optimized to better 

analyze the 3D structure of the gels. Finally, several bio-functionalization strategies were explored in a 

preliminary study and are currently the object of further research. 

Perspectives for further studies will be exposed in the following section. 
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PERSPECTIVES 
 

Tuning of the thermal stability of CS/salt mixtures 

In Chapter III, we identified that MES is an interesting candidate to formulate thermosensitive and 

cytocompatible CS solutions. The use of MES is biologically relevant as it is already widely used as a 

buffer in biology. The strength of the hydration layer induced by the salts directly governs the thermal 

stability of CS/salt mixture at neutral pHs. In particular, we showed that the thermal stability is greater 

in the presence of MES than in the presence of bGP. These results suggest that the thermal stability of 

CS/salt mixture can be finely tuned by controlling the energy of the interactions between the salts and 

water molecules. Therefore, it would be interesting to study the osmolarity, gelation kinetics, mechanical 

and microstructural properties as well as the cytocompatibility of CS/MES mixtures in further studies. 

 

Understanding and tuning of the interparticle interactions 

In Chapter III, we also showed that the macroporous structure in CS/salt mixtures emerges from the 

clustering and percolation of colloidal-like CS particles. This process was found to follow a reaction-

limited aggregation (RLA) regime. In colloidal gels, it is well known that a network resulting from 

diffusion-limited aggregation (DLA) is more porous than the one from reaction-limited aggregation 

(RLA). The probability for two particles to bind together at contact is equal to 1 for DLA and less than 

1 for RLA.1 By making an analogy with colloidal gels, we can imagine to tune the interactions between 

CS particles as a way to switch from one regime to the other. For that, it is necessary to firstly gain a 

deeper understanding on the inter-particle interactions, then secondly to develop strategies to tune these 

interactions. 

In that context, a quantitative analysis of the dynamics of the clustering and percolation process would 

be interesting. For this, image analysis of the direct observations by LSCM can be carried out. For tuning 

the interparticle interactions, one can imagine to chemically modify the CS structure. For example, 

introducing hydrophobic functions would be a way to strengthen the interactions which can be tuned by 

varying the size and the grafting density of these functions. However, this approach can be time-

consuming and an optimization of the formulation design to prepare physiological mixtures might be 

needed. Other strategies inspired from previous studies on colloidal gels for tuning the interparticle 

interactions can be applied to our system.2–4 For example,  one could study the possibility to induce extra 

attractive interactions between CS particles by adding a small amount of another polymer to create 
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depletion effects. By playing with the concentration of the added polymer, the interparticle interactions 

may be tuned, as well as the macroporosity and the mechanical properties. 

 

In vitro injection model for investigating the microstructure 

In Chapter IV, we showed that the presence of cells affected the microstructure. Encapsulated cells 

create elongated pores while settling under the effect of gravity during the short gelation phase. In our 

image analysis, the microstructure is assumed to be isotropic. This protocol would need to be revised to 

better account the anisotropic pores created by cells. 

Moreover, it would be interesting to investigate the microstructure in a configuration which is closer to 

the reality of in vivo injections of the cell-laden formulation into a cavity filled with fluid. For that, in a 

preliminary study, a setup was realized to simulate such situations (Figure P-1a). Agarose hydrogel at 

1 wt% was used as a tissue model. Then, cavities of controlled size were realized using cutters. Using a 

syringe-pump, the formulation was injected into the cavity which is immersed in PBS at 37°C. We found 

that the formulation turns into a gel quasi-instantaneously to fill in the cavity (Figure P-1b). For further 

studies, the microstructure of the hydrogel and the effect of various parameters, such as the injection 

rate and volume, the size and geometry of the cavity, will be investigated quantitatively using confocal 

microscopy and our image analysis protocol. 

 

Figure P - 1. In vitro injection model: a) schematic illustration of the setup; b) photograph showing 

agarose hydrogel with filled cavity (d = 6 mm, h = 10 mm) by the CS/bGP/AHP hydrogel. Injection rate 

= 250 µL.min–1. 
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Optimization of the biofunctionalization 

The biofunctionalization of CS/bGP/AHP mixtures need to be further optimized to produce relevant 

materials for cell delivery or 3D culture. In Chapter V, two strategies consisting in incorporating either 

a RGD-containing peptide sequence or an ECM protein containing cell-binding sites were explored. 

Both strategies did not show satisfactory results concerning the behavior of encapsulated MC3T3 in 

biofunctionalized hydrogels. Therefore, potential approaches for better characterizing and improving 

these two strategies are exposed below. 

Incorporation of RGD-containing peptide sequences: 

Firstly, the distribution of the grafted RGD-containing peptide sequence in CS solutions and in 

CS/bGP/AHP hydrogels needs to be better characterized. Indeed, grafting RGD-containing 

peptide sequences might affect the physico-chemical properties of CS chains, thus leading to a 

phase separation between grafted CS chains and regular CS chains. Thus, the grafted CS chains 

and the RGD-containing peptide sequences would not be homogeneously distributed within the 

hydrogels. To study this question, we could use a model system by grafting a fluorescent probe 

having a similar structure and molar mass to the targeted peptide sequence. LSCM observations 

would provide information about the distribution of the peptide sequence. 

Secondly, our preliminary study was performed with a grafting ratio [peptide]:[CS monomer] 

= 1:200, which was chosen according to the values found in the literature, ranging from 1:10 to 

1:1000. Our in vitro study suggests that this grafting ratio need to be optimized for specific cell 

types. 

Incorporation of fibronectin or other ECM proteins: 

We saw in Chapter V that the distribution and the conformation of fibronectin FN are crucial 

parameters for the efficiency of the biofunctionalization strategy. This should be considered 

when incorporating proteins in the system, either by simple mixing or covalent grafting. Hence, 

in further studies, there is a real need to firstly understand the origin of the aggregation of FN 

observed in the final hydrogel. Investigations should be carried out from the activation of FN 

by EDC/NHS, through the grafting reaction onto CS chains to the formation of the FN-grafted 

CS and salts mixture. For instance, confocal observations of systems containing fluorescently-

labelled FN would provide a way to characterize systematically the conformation and the 

localization of FN in the hydrogel. 
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APPENDICES 
 

A. Determination of the dissociation constants of bGP and AHP 
Dissociation constants of bGP and AHP were determined by classical pH titration experiments at 4°C 

and 25°C (± 1°C). In brief, a solution of HCl at 1 mol.L-1 was added to 15 mL of solutions of each salt 

at 0.1 mol.L-1 under vigorous agitation and the pH was recorded as a function of the added volume of 

HCl. Solutions of salts were placed in an ice bath for measurements at 4°C. For pH ranging from 9 to 

1, only one equilibrium was completely observed for both salts. Dissociation constants determined as 

pH at ½ of the equivalent volume are	p%/01,3= 6.7, p%451,3= 6.2 and were not dependent on the 

temperature. For the present study, only these two values are needed as the pH of interest is near 

neutral.  pH titration for bGP and AHP are shown in Figure A-1. 

 

Figure A-1. pH-titration curves (squares) and their derivatives (circles) as a function of added HCl for 

bGP at 4°C (a) and 25°C (b), AHP at 4°C (c) and 25°C (d). 
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B. Viscometric study on various CS grades 
The intrinsic viscosities, [h], and the overlap concentrations, c*, six CS grades, having the same origin 

from shrimp, were determined using viscometry. 

These measurements have been realized in collaboration with Sonia Ortega and Prof. Rachel Auzély-

Velty (CERMAV, CNRS). 

For estimating c*, the dynamic viscosity,	&678, of solutions of CS in AcOH 0.2M/AcONH4 0.15M (the 

same solvent as for GPC measurements) having concentrations ranging from 0.1 to 0.4 g.mL–1 was 

measured using capillary viscometer. Measurements were duplicated for each CS grade. 

The intrinsic viscosity, [h], was determined according to the Huggins equation (B-1). 

9!"
: = [&] +	+;[&]3,																																																																					 (B-1) 

where &<=  is the specific viscosity and &<=  = 
9#$%	'		()	

	9)	
 with 	&>	 the viscosity of the solvent; c the 

concentration of CS solutions and kH the Huggins parameter depending on the quality of the solvent. 

Figure B-1 shows the Huggins plot for the six studied CS grades. From these plots, [h] and c* were 

determined and the results are shown in Table B-1. 

Table B-1. Intrinsic viscosity, [h], and overlap concentration, c*, as determined by viscometry for the 

six studied CS grades. 

CS grade [&] (mL/g) c* (%wt) 

CS1 158 ± 8 0.63 ± 0.03 

CS2 555 ± 10 0.18 ± 0.03 

CS4 594 ± 30 0.17 ± 0.08 

CS5 1220 ± 10 0.082 ± 0.006 

CS6 1470 ± 75 0.068 ± 0.003 

CS7 1750 ± 73 0.057 ± 0.002 
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Figure B-1. Huggins plots for the six studied CS grades. T = 20°C. 
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The weight average molar mass, Mw, determined by GPC shows good correlation with the intrinsic 

viscosity, as shown in Figure B-2. 

 

Figure B-2. Mw, determined by GPC, as a function of [h], determined by viscometry. 
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C. DLS measurements 
The raw data for the DLS measurements previously presented in Chapter III, section 3.2.a are shown 

in Figure C-1. 

 

Figure C-1. Raw intensity correlation function, g2 – 1, measured at various angles after 15 min at 4°C 

for CS/bGP and CS/AHP mixtures having pH = 7.4 prepared at various CS concentrations: 0.1 wt% 

(a), 0.2 wt% (b) and 0.5 wt% (c). 
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D. Effect of various characteristics of CS on the microstructural 
and mechanical properties of CS/bGP/AHP hydrogels 
D.1.   Microstructural structure 

 

Figure D-1.  Evolution of the overall porosity as a function of Mn (a), Mw (b), dispersity (c) and of the 

mean pore size as a function Mn (d), Mw (e), dispersity (f) for CS/bGP/AHP hydrogels prepared with 

different CS grades after 2 h at 37°C. CS 0.8 wt%, pH = 7.4 ± 0.05 at 4°C. 
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D.2.   Mechanical properties 

 

Figure D-2.  Evolution of the storage modulus, G’, as a function of Mn (a), Mw (b), dispersity (c) for 

CS/bGP/AHP hydrogels prepared with different CS grades after 2 h at 37°C. CS 0.8 wt%, pH = 7.4 ± 

0.05 at 4°C.
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E. Staining of cell membrane by Membright 560 (MB560) 
The possibility of staining adherent MC3T3-E1 cells by MB560 was investigated. For that, MC3T3-E1 

cells were seeded at 104 cells.cm–2 onto 24-well plate. After incubation time t = 1 night or 6 days 

(confluence), the cells were stained using the protocol described in Chapter IV, section IV.4.1. Cells 

were fixed using paraformaldehyde and the nuclei was stained using DAPI solution. 

Figure E-1 shows confocal microscopy image of simultaneous signals from MB560 and from DAPI. 

We observed that adherent cells were efficiently stained for t = 1 night but no cell was stained for t = 6 

days. 

 

Figure E-1.  Confocal micrographs of adherent MC3T3-E1 cells which membrane is stained with 

MB560 at t = 1 night (a) or t = 6 days (b) after seeding.  Yellow = MB560 (membrane), cyan = DAPI 

(nuclei).  Scale bar = 50 µm.

  

a b



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 
 
Thermosensitive hydrogels are highly valuable matrices for cell encapsulation and delivery. Here, 
our approach is based on a thermosensitive system in which the sol/gel transition is induced by a 
phase separation in aqueous mixtures of chitosan and phosphate salts. These mixtures can be 
held liquid at physiological pHs and room temperature while exhibiting a quick sol/gel transition at 
37°C to form a macroporous hydrogel. Firstly, we developed a rational formulation design to 
prepare thermosensitive mixtures in which crucial parameters, like pH, osmolarity, gelation kinetics, 
can be precisely and independently controlled. The cytocompatibility of these finely adjusted 
physiological systems was demonstrated. The mechanisms of the sol/gel transition, both at 
molecular and microscopic levels, were investigated in depth. In particular, we were able to capture 
using time-resolved direct and indirect observations the emergence of the macroporous 
microstructure throughout phase separation. Influence of various characteristics of chitosan as well 
as effect of the presence of cells on hydrogel formation and properties were investigated. Finally, 
biofunctionalization strategies aiming at improving the activity of encapsulated cells were explored.  

MOTS CLÉS 
 
hydrogel thermosensible, matrice injectable, délivrance de cellules, encapsulation de cellules, 
chitosan, macroporosité, hydrogel à séparation de phase  

RÉSUMÉ 
 
Les hydrogels thermosensibles sont des matériaux prometteurs pour l’encapsulation et la 
délivrance de cellules. Notre approche est basée sur un système thermosensible dans lequel la 
transition sol/gel est induite par une séparation de phase dans des solutions aqueuses de chitosan 
et de sels phosphates. Ces mélanges peuvent être maintenus liquides à température ambiante à 
des pH physiologiques, et possèdent une transition sol/gel rapide à 37°C pour former un hydrogel 
macroporeux. Dans un premier temps, nous avons développé une approche rationnelle pour 
préparer des mélanges thermosensibles dans lequel les paramètres cruciaux, pH, osmolarité, 
cinétique de gélification, sont finement contrôlés indépendamment. La cytocompatibilité de ces 
systèmes est démontrée. Les mécanismes de la transition sol/gel, tant au niveau moléculaire que 
microscopique, ont été étudiés en profondeur. En particulier, nous avons réalisé des observations 
directes et indirectes résolues en temps permettant de suivre l’émergence de la microstructure 
macroporeuse. L’influence de diverses caractéristiques du chitosan, ainsi que l’effet de la présence 
de cellules sur les propriétés de l’hydrogel, ont été étudiés. Enfin, des stratégies de 
biofonctionnalisation visant à améliorer l’activité des cellules encapsulées ont été explorées. 
 

KEYWORDS 
 
thermosensitive hydrogel, injectable vehicle, cell delivery, cell encapsulation, chitosan, 
macroporosity, phase-separated hydrogel 


