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Summary 

The present thesis was focused on the development of novel chitosan–based 

hydrogels chemically cross–linked by applying the bases of click chemistry with 

enhanced stimuli–response properties. 

The use of natural occurring polymers to obtain hydrogels acquires great 

importance in the field of biomedicine mainly due to its renewable character. At 

the same time, click chemistry is a formidable candidate for the synthesis of this 

type of biomaterials, since it includes high efficiency reactions, complete selectivity, 

orthogonality, mild reaction conditions and absence of secondary reactions. The 

combination of both concepts leads to the origin of this thesis. 

Chitosan is particularly interesting for biological activities and applications due to 

its adaptable character and excellent properties. Hence, it was endowed with 

specific functionalities, after the controlled insertion of furan, maleimide, thiol or 

tetrazole groups in the main chain of the biopolymer, through the formation of 

amide bonds. Subsequently, hydrogels with different size and molecular structure 

were developed by means of click type cross–linking reactions (Diels–Alder, thiol–

Michael addition and NITEC).  

Hydrogels developed from biopolymers offer high hydrophilicity, stiffness and 

resistance properties close to natural tissues and the ability to accommodate 

biomolecules, characteristics that are crucial for uses such as drug release or tissue 

engineering. For that reason and in view of the future applicability of the 

synthesized biomaterials in the field of biomedicine, relevant properties were 

studied along with drug release experiments of a model antibiotic drug, 

mucoadhesive tests and short–term cytotoxicity assays. 

 

  



 



 
 

INDEX 

CHAPTER I 

I. INTRODUCTION 3 

I.1. MOTIVATION 3 

I.2. CHITOSAN 5 

I.2.1. Origin and structure 5 

I.2.2. General properties 8 

I.2.3. Preparation techniques and applications 11 

I.3. BIOPOLYMER–BASED HYDROGELS 14 

I.3.1. General characteristics 14 

I.3.1.1. Cross–linking strategies 17 

I.3.2. Chitosan–based hydrogels 18 

I.4. CLICK CHEMISTRY FOR HYDROGEL DESIGN 20 

I.5. GENERAL OBJECTIVES 25 

REFERENCES 29 

CHAPTER II 

II. MATERIALS AND CHARACTERIZATION 49 

TECHNIQUES AND METHODS  

II.1. MATERIALS 49 

II.2. CHARACTERIZATION TECHNIQUES AND 52 

METHODS 

II.2.1. Characterization of chitosan 52 

II.2.2. Physico–chemical characterization 54 

II.2.2.1. Fourier transformed infrared spectroscopy 54 

II.2.2.2. Nuclear magnetic resonance spectroscopy 55 

II.2.2.2.1. Liquid–state 1H NMR measurements 55 

II.2.2.2.2. Solid–state 13C NMR measurements 56 



 
 

II.2.2.3. X–ray diffraction 56 

II.2.3. Light–based characterization 57 

II.2.3.1. Ultraviolet–visible spectroscopy 57 

II.2.3.1.1. Monitorization of the click reactions 57 

II.2.3.1.2. Ninhydrin assay for thiol–functionalized chitosan 58 

II.2.3.1.3. Ellman´s test for thiol–functionalized chitosan 59 

II.2.3.2. Fluorescence spectroscopy 59 

II.2.3.3. Nanoparticle analyser 60 

II.2.3.3.1. Dynamic light scattering 60 

II.2.3.3.2. Zeta potential 61 

II.2.4. Thermogravimetric analysis 61 

II.2.5. Morphological and dimensional characterization 61 

II.2.5.1. Scanning electron microscopy 61 

II.2.5.2. Transmission electron microscopy 62 

II.2.5.3. Atomic force microscopy 62 

II.2.5.3.1. Roughness 62 

II.2.5.3.2. Morphology of nanogels 63 

II.2.6. Swelling capacity 63 

II.2.6.1. Swelling parameters 64 

II.2.6.2. pH–sensitivity 64 

II.2.7. Gel fraction 64 

II.2.8. Enzymatic and hydrolytic degradation studies 65 

II.2.9. Rheological characterization 66 

II.2.9.1. Gelation time 66 

II.2.9.2. Frequency sweep test 66 

II.2.9.2.1. Network parameters 67 

II.2.9.3. Shear thinning 67 

II.2.9.4. Yield point 68 

II.2.9.5. Self–healing ability 68 

II.2.10. Specific characterization 69 



 
 

II.2.10.1. Drug delivery measurements 69 

II.2.10.2. Mucoadhesion capacity 70 

II.2.10.3. Antibacterial activity 71 

II.2.10.4. In vitro cell response evaluation 72 

II.2.10.4.1. Cytotoxicity 72 

II.2.10.4.2. Cell adhesion and viability 73 

REFERENCES 74 

CHAPTER III 

III. CHITOSAN DERIVATIVES READY FOR 81 

CLICK REACTIONS 

III.1. INTRODUCTION AND OBJECTIVE 81 

III.2. SYNTHESIS OF FURAN–FUNCTIONALIZED 83 

CHITOSAN (CsFu) 

III.2.1. Experimental part 83 

III.2.2. Results and discussion 85 

III.3. SYNTHESIS OF MALEIMIDE– 89 

FUNCTIONALIZED CHITOSAN (CsAMI) 

III.3.1. Synthesis of 3–(2,5–dioxo–2H–pyrrol–1(5H)–yl) 89 

propanoic acid (AMI) 

III.3.2. Experimental part 90 

III.3.3. Results and discussion 91 

III.4. SYNTHESIS OF THIOL–FUNCTIONALIZED 97 

CHITOSAN (CsSH) 

III.4.1. Experimental part 97 

III.4.2. Results and discussion 99 

III.5. SYNTHESIS OF TETRAZOLE– 107 

FUNCTIONALIZED CHITOSAN (CsTZ) 

III.5.1. Synthesis of (4–(2–(4–methoxyphenyl)–2H–tetrazol–5 107 

–yl)benzoic acid (TBA) 



 
 

III.5.2. Experimental part 108 

III.5.3. Results and discussion 109 

III.6. CONCLUSIONS 113 

REFERENCES 116 

CHAPTER IV 

IV. HYDROGELS FOR DRUG DELIVERY 127 

THROUGH THE DIELS–ALDER REACTION  

IV.1. INTRODUCTION AND OBJECTIVE 127 

IV.2. FURAN/MALEIMIDE CHITOSAN–BASED 129 

HYDROGEL FORMATION (CsFu/CsAMI) 

IV.2.1. Experimental part 129  

IV.2.2. Results and discussion 130 

IV.2.2.1. Physico–chemical characterization 130 

IV.2.2.2. Rheological behaviour 131 

IV.2.2.3. Morphological analysis 134 

IV.2.2.4. Swelling and degradation studies 135 

IV.2.2.5. Drug delivery study 139 

IV.2.2.6. Antimicrobial activity 140 

IV.2.2.7. Biocompatibility 141 

IV.3. FURAN–FUNCTIONALIZED CHITOSAN AND 143 

POLYETHERAMINE–BASED BISMALEIMIDE 

HYDROGELS FORMATION (CsFu/BMI) 

IV.3.1. Experimental part 143  

IV.3.2. Results and discussion 145 

IV.3.2.1. Physico–chemical characterization 145 

IV.3.2.2. Rheological behaviour 147 

IV.3.2.3. Morphological analysis 151 

IV.3.2.4. Swelling, pH sensitivity studies 156 

IV.3.2.5. Drug delivery study 161 



 
 

IV.4. CONCLUSIONS 163 

REFERENCES 166 

CHAPTER V 

V. THE THIOL–MICHAEL ADDITION FOR 177 

IN SITU FORMING HYDROGELS  

V.1. INTRODUCTION AND OBJECTIVE 177 

V.2. THIOL–FUNCTIONALIZED CHITOSAN AND 179 

POLYETHERAMINE–BASED BISMALEIMIDE 

HYDROGELS FORMATION (CsSH/BMI) 

V.2.1. Experimental part 179  

V.2.2. Results and discussion 180 

V.2.2.1. Rheological behaviour 181 

V.2.2.2. Morphological analysis 184 

V.2.2.3. Swelling study 185 

V.2.2.4. Biocompatibility 187 

V.3. CONCLUSIONS 188 

REFERENCES 191 

CHAPTER VI 

VI. DEVELOPING FLUORESCENT 199 

HYDROGELS BY THE NITEC REACTION 

VI.1. INTRODUCTION AND OBJECTIVE 199 

VI.2. TETRAZOLE/MALEIMIDE CHITOSAN–BASED 201 

HYDROGELS FORMATION (CsTZ/CsAMI) 

VI.2.1. Experimental part 201  

VI.2.2. Results and discussion 203 

VI.2.2.1. Physico–chemical characterization 204 

VI.2.2.2. Rheological behaviour 207 



 
 

VI.2.2.3. Morphological analysis 214 

VI.2.2.4. Swelling, pH sensitivity and degradation studies 216 

VI.2.2.5. Biocompatibility 220 

VI.3. CONCLUSIONS 221 

REFERENCES 223 

CHAPTER VII 

VII. NANOGELS DESIGN FOR TARGETED 229 

DELIVERY 

VII.1. INTRODUCTION AND OBJECTIVE 229 

VII.2. THIOLATED CHITOSAN–BASED 233 

NANOGELS FORMATION (CsSH/PEGBCOOH) 

VII.2.1. Experimental part 233  

VII.2.2. Results and discussion 235 

VII.2.2.1. Physico–chemical characterization 236 

VII.2.2.2. Thermal behaviour 238 

VII.2.2.3. pH–responsive swelling properties 239 

VII.2.2.4. Size and morphological analysis 243 

VII.2.2.5. Mucoadhesion property 245 

VII.2.2.6. Assessment as potential nanocarriers for drug delivery 250 

by click chemistry 

VII.2.2.6.1. Experimental part 251 

VII.2.2.6.2. Results and discussion 251 

VII.3. CONCLUSIONS 254 

REFERENCES 257 

 

 



 
 

CHAPTER VIII 

VIII. GENERAL CONCLUSIONS, FUTURE 265  

WORK AND PUBLICATIONS 

VIII.1. GENERAL CONCLUSIONS 265 

VIII.2. FUTURE WORK 271 

VIII.3. LIST OF PUBLICATIONS AND 273 

COMMUNICATIONS 

VIII.3.1. List of publications 274 

VIII.3.2. List of communications 278 

REFERENCES 287 

ANNEXES 

LIST OF FIGURES 293 

LIST OF SCHEMES 302 

LIST OF TABLES 304 

LIST OF ABBREVIATIONS 308 

LIST OF SYMBOLS 311 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER I 
INTRODUCTION 

 

 

 

 

I.1. MOTIVATION 3 

I.2. CHITOSAN 5 
 I.2.1. ORIGIN AND STRUCTURE 5 
 I.2.2. GENERAL PROPERTIES 8 

 I.2.3. PREPARATION TECHNIQUES AND APPLICATIONS 11 

I.3. BIOPOLYMER–BASED HYDROGELS 14 
 I.3.1. GENERAL CHARACTERISTICS 14 
 I.3.1.1. Cross–linking strategies 17 
 I.3.2. CHITOSAN–BASED HYDROGELS 18 

I.4. CLICK CHEMISTRY FOR HYDROGEL DESIGN 20 

I.5. GENERAL OBJECTIVES 25 

REFERENCES 29 

 

 

 

 

 



 

 

 

 

  

 

 

 

 

 

 

 

 

 

 



 

Chapter I. Introduction 

Page │ 3 

I. INTRODUCTION 

I.1. MOTIVATION 

The research works for developing new biomaterials continue being a very 

important issue in both academic and industrial fields due to their application in 

several technologies. This is proved by the impressive number of investigations 

and international scientific publications focused on this scope in the past decades. 

Specifically, the interest in the development of hydrogels, microgels or nanogels 

for biomedicine is greatly high nowadays, since the newest manufacture 

technologies offer magnificent possibilities in disciplines such as controlled 

release of drugs or biomolecules and tissue engineering, among others. 

Traditionally, materials for biomedical purposes have been developed using 

synthetic polymers, which are generally synthesized by traditional radical 

polymerization reactions. Nevertheless, nowadays biopolymers and their 

derivatives are the ones that attract the attention among the research community. 

The use of polymers of natural origin, especially polysaccharides, is interesting in 

any field of research, mainly due to their renewable character but it is in the field 

of biomedicine where it acquires, if possible, greater relevance. This interest is 

driven not only by the outstanding properties of the natural polymers in terms of 

biocompatibility and tissue similarity but also by the growing interest in replacing 

synthetic petrochemicals by renewable raw materials. Indeed, hydrogels 

developed from biopolymers offer high hydrophilicity, stiffness and resistance 

properties close to those of natural tissues, as well as the ability to accommodate 

biomolecules, characteristics that are crucial for uses such as carriers in sustained 

drug release systems or scaffolds in tissue engineering1. Within the last years, 

extensive research focused on gelatin2–6, cellulose7–9, alginate10–13, starch14–17, 

collagen18–20, hyaluronic acid21–23 or chitosan24–27–based hydrogels have been 

reported. Among them, chitosan is gaining increasing interest due to its unique 
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properties and its suitability in multiple biomedical applications, therefore, it has 

been chosen as the starting point of this thesis. 

On the other hand, hydrogels can be classified into three main categories based 

on their major size: macroscopic hydrogels, microgels and nanogels28. Microgels 

and nanogels are particular hydrogels with dimensions on the order of 

micrometres and nanometres, respectively, while the size of macroscopic 

hydrogels is typically on the order of millimetres to centimetres. New 

technologies of fabrication are being applied in numerous fields of study, in which 

the most satisfactory way to create novel devices is investigated by means of very 

diverse methods, usually with associated activity, to develop materials with certain 

stimulus–response behaviour29. The fusion of both concepts leads to design 

hydrogels of any shape and size from biopolymers that, without dissolving or 

losing their structure, are capable of absorbing large amounts of water or 

biological fluids due to physical entanglement and/or chemical cross–linking30. 

Chemical cross–linking between the hydrogel forming macromolecules, even if 

not essential, is desirable since physical hydrogels tend to show poorer stability in 

service. However, it could be a particularly delicate task in the biomedical field, 

since undesired contaminating substances must be avoided or minimized. 

In this regards, the click chemistry is an excellent tool for the synthesis of 

hydrogels, since it includes high–efficiency reactions, complete selectivity, 

orthogonality, mild reaction conditions, no potentially toxic catalysts and absence 

of secondary reactions31. Strain–promoted azide–alkyne cycloaddition (SPAAC), 

radical mediated thiol–ene chemistry, Diels–Alder cycloaddition, Michael 

addition or tetrazole–alkene chemistry, among others, are currently under study 

for the development of biomaterials31, such as intelligent devices for transporting 

biomolecules, cells or drugs32,33, patterned surfaces with precise control over the 

number and nature of functional groups34 or interpenetrated networks35. 
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Therefore, in this thesis, the development of new gel–type biomaterials from 

chitosan with excellent stimuli–responsive properties using different click 

chemistry reactions was proposed. To this end, in the first place, chitosan was 

endowed with specific functionalities, after the controlled insertion of furan, 

maleimide, thiol or tetrazole groups in the main chain of the biopolymer, 

maintaining its original biocompatible character. Hereafter, hydrogels with 

different size and molecular structures were synthesized by means of click type 

cross–linking reactions (Diels–Alder, thiol–Michael addition or nitrile imine–

mediated tetrazole–ene cycloaddition). The final physico–chemical, swelling, 

viscoelastic and morphological properties of the different hydrogel systems were 

studied. So that the new developed biomaterials would be competent in the 

biomedical field biodegradability studies under specific enzymes, controlled drug 

release assays, mucoadhesion experiments with mucin, antibacterial studies 

against Escherichia coli and Staphylococcus aureus and short–term cytotoxicity assays 

were conducted, depending on the intended final application. 

I.2. CHITOSAN 

I.2.1. Origin and structure 

Chitin is the most abundant organic substance in nature after cellulose36. It is 

usually a white and nitrogenous polysaccharide, part of the structural components 

of numerous living organisms, such as arthropods (crustaceans and insects), 

molluscs, yeast and fungi, and, thus, it has become the object of study of a large 

number of investigations worldwide. It is a linear biopolymer, highly insoluble in 

water given its crystallinity as a result of the formation of intra/intermolecular 

hydrogen bonds37. This features of chitin makes any chemical modification and 

application of the polymer difficult, being also insoluble in acids and organic 

media and, hence, causing a low chemical reactivity38,39. 
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Although chitin is biosynthesized by more than 106 species in three polymorphic 

configurations (α, β and γ), at present, it is mainly obtained from the exoskeleton 

of industrially processed crustaceans, particularly lobsters, crabs and shrimps40. 

Therefore, it can be presented in different crystal structures, according to its 

biological function and its natural source; these polymorphic forms are 

differentiated depending on the arrangement of the carbohydrate chains41. The α 

form has chains arranged alternately antiparallel, the β form has all chains in 

parallel and the γ–chitin has two chains in one direction with an additional 

inverted chain42–45, being a variant of the α family and rarely studied42,46. Figure 

I.1 shows the polymorphic configuration of the three different crystal allomorphs 

designated as α, β and γ–chitin. The α–chitin is the most common and abundant 

form and has higher thermodynamic stability, probably due to the hydrogen 

interactions between chains, whereas the β–chitin has weaker intermolecular 

interactions between the strands (lower density) while is more reactive and shows 

higher affinity for solvents39. Chitin found in crab and shrimp shell wastes is in α 

form47. 

 

Figure I.1. Schematic disposal of chitin chains in α, β and γ–chitin. 

The worldwide total production rate of chitin has been estimated to be 

approximately 1011 tons annually39,48. The increasing use of chitin, as well as its 

derivatives, has been motivated by the fact that, unlike oil derivatives, it is 

obtained from the by–products of several industries, mainly from fisheries. More 

concretely, the total production of aquatic products (aquaculture plus fishing) in 
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the European Union in 2017 was of 7,034,104 tons, suffering an increase of 7.3 

% compared to the previous year (APROMAR report). It is worth noting that the 

75–85 % of the life–weight of the seafood processing industry (prawns, crabs, 

etc.) is waste (shells, heads and legs), which pollutes the environment and 

becomes an economic burden for the processing industries due to its problematic 

and expensive elimination, turning it in a highly solid waste generator49. 

Considering this, it is of great relevance to search for technological alternatives 

for the processing of these wastes and their conversion into useful products such 

as chitin. These residues generally contain 14–35 % of chitin associated with 

proteins (30–40 %), lipids, pigments and calcium deposits (30–50 %), estimating 

therefore, an annual world production of chitin in this kind of wastes of about 

120,000 tons. 

In industrial processing, chitin is extracted by acid treatment to dissolve the 

calcium carbonate followed by alkaline solution to dissolve proteins. In addition, 

a decolourization step is often added in order to remove pigments and obtain a 

colourless pure chitin. All those treatments must be adapted to chitin source, 

owing to differences in the ultrastructure of the raw material, to produce first a 

high–quality chitin38. 

As explained, being a highly insoluble and chemically rather unreactive material, 

chitin has more applications while transforming to chitosan. Thus, chitosan (Cs) 

is obtained from chitin by partial deacetylation under alkaline conditions, leaving 

the amino group of carbon 2 (C2) free. This process never reaches 100 %, being 

the chitosan a random copolymer with a molar fraction DAc (degree of 

acetylation) of β–(1→4)–N–acetyl–D–glucosamine (GlcNAc) and a fraction (1–

DAc, DDc) (degree of deacetylation) of  β–(1→4)–D–glucosamine (GlcN) 

(Figure I.2). 
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Figure I.2. Chemical structure of chitin and chitosan as integral structural components 

of different living organisms. 

I.2.2. General properties 

Chitosan is particularly interesting for biological activities and applications due to 

its adaptable character, especially in medicine, pharmaceutics, cosmetics, 

biotechnology, food and agriculture50–52. It has received a great deal of attention 

due to its well–documented renewability, biocompatibility, biodegradability by 

human enzymes, adsorption properties and the presence of lots of hydroxyl and 

amino groups on its surface53–55. As a unique positively charged polysaccharide, 

the primary amines in the chitosan main chain are responsible for properties such 

as mucoadhesion (adheres to negatively charged mucus surfaces), in situ gelation, 

antimicrobial activity, permeation enhancement, etc.52,56,57. Consequently, it 
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promotes attachment, proliferation and viability of cells, being considered a very 

interesting biomaterial. 

The average molecular weight (MW) and the degree of deacetylation (DDc) are 

the main physico–chemical properties of chitosan that determine its functional 

and biological properties, without neglecting other parameters like the 

crystallinity index (CIXRD) or the polydispersity (PdI). In fact, chitosan with very 

different molecular weight (20–2000 kDa), viscosity (1 % chitosan in 1 % aqueous 

acetic acid (HAc), < 2000 mPa·s) and degree of deacetylation (40–98 %) can be 

found43. Thus, depending on the source of natural chitin and the conditions of 

its production, chitosan can differ in size (average molecular weight), DDc and 

other physicochemical properties39. 

The degree of deacetylation (DDc) is the percentage of amino groups that remain 

free in the chitosan and is characterized as a percentage of acetylation (100–DAc 

%), which is closely related with its solubility. As a consequence of the hydrolysis 

of the N–acetyl group, the hydrophilic character of chitosan increases and 

become soluble in dilute acid solutions (acetic, formic, chloric, among others) 

since the pKa of the primary amino group of chitosan is ∼ 6.558. Thus, chitosan 

is soluble in acidic solutions but insoluble at pH > 6.5 and in most organic 

solvents. The protonation of these groups in acidic medium gives to the chitosan 

a highly reactive character. Namely, it can be readily functionalized by the 

attachment of new pendant moieties to the main chain, providing it with specific 

reactivity and the ability to respond to particular purposes. Thus, the free amino 

groups of chitosan not only are responsible for most of the distinct properties 

attributed to it59, but also serve as reactive sites for the synthesis of new chitosan 

derivatives. Thus, novel modified chitosan can exhibit new properties, displaying 

controlled responses to one or several stimuli60. Thereby, the chemical functional 

groups can be modified to achieve specific goals, making it a polymer with 

tremendous range of potential applications. 
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On the other hand, chitosan is formed by repeated units of D–glucosamine, so 

the length of the chain and, therefore, its molecular weight, is an important 

characteristic of the compound. A good approximation to determine the 

viscosity–average can be obtained using viscometry methods61. 

The effect of average molecular weight and degree of deacetylation on the 

physico–chemical and biological properties of chitosan has been intensively 

investigated to date52,62–64. Selected relationships between the structural DDc and 

MW parameters and the physico–chemical and biological properties are presented 

in Table I.1. 

In general terms, physico–chemical properties are mostly affected by the degree 

of deacetylation, even if the biodegradability of chitosan in living organism 

depends at the same time on the molecular weight of the polymer. On the other 

hand, biological properties are greatly enhanced when the degree of deacetylation 

is higher, confirming the suitability of chitosan against chitin. On the other hand, 

various studies indicate that low MW chitosans have a greatly enhanced biological 

activity when compared to the high MW polymers61. In fact, low MW chitosans, in 

the order of several tens of kDa, exhibit more pronounced antimicrobial and 

antifungal effects65,66. 
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Table I.1. Influence of the degree of deacetylation (DDc) and molecular weight (MW) on 
the physico–chemical and biological properties of chitosan samples (↑ directly 
proportional to the property; ↓ inversely proportional to the property)39. 

 Properties DDc MW 

Physico–
chemical 

Solubility 

Crystallinity 

Viscosity 

Biodegradability 

Biocompatibility 

↑ 

↓ 

↑ 

↓ 

↑ 

 

 

 

↓ 

 

Biological 

Antimicrobial 

Analgesic 

Antioxidant 

Haemostatic 

Mucoadhesive 

Permeation enhancing effect 

Antitumor 

↑ 

↑ 

↑ 

↑ 

↑ 

↑ 

 

↓ 

 

↓ 

 

↑ 

↑ 

↓ 

I.2.3. Preparation techniques and applications 

Chitosan displays great diversity and can be moulded into required shape and 

physical form for use in a wide range of applications. It can be easily processed into 

various products56, including hydrogels67, membranes68,69, fibres70,71, beads72, 

conjugates73, microspheres74,75, nanoparticles58,76, scaffolds77,78, etc. depending on 

the function and final purpose. Figure I.3 represents various chitosan–based end 

products according to the fabrication technique they follow. 
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As mentioned previously, the selection of the physical form depends mainly on the 

system configuration to be used for particular applications. Table I.2 summarizes 

the main applications of chitosan as a biomaterial, showing the wide variety of 

choices. 

 

Figure I.3. Chitosan–based systems and their preparation techniques56. 

Even if most of the materials produced from chitosan are intended for applications 

in the biomedical sector (Table I.2), other potential areas cannot be ignored. 

Thereby, the antimicrobial properties and biodegradability make chitosan a suitable 

material for plant and seed protection, stimulation of its growth and controlled 

release of fertilizers in agriculture79; as well as an interesting natural preservative for 

the food industry80. Furthermore, chitosan is used in various cosmetics applications, 

especially in the treatment of skin, hair and teeth as it maintains skin moisture, 

improves elasticity and reduces the static electricity in hair79. It also has the ability to 

act as a natural chelate, which makes this polymer suitable for wastewater treatments 

as it binds to metal anions, such as copper, lead, mercury and uranium81. Hence, it 

has been used to remove negatively charged dyes and solids from water streams and 

processing media. 
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Table I.2. Main applications of chitosan as a biomaterial38. 

Form Application 

Capsules Delivery vehicle 

Microspheres Surface modification/microcarrier 

Tables Compressed diluent/Disintegrating agent 

Beads Drug delivery/Enzyme immobilization 

Films Wound care/Dialysis membrane 

Nanoparticles 
Encapsulation of proteins/Sustained 

release 

Conjugates Ligand 

Hydrogels 
Delivery vehicle/Implants, coatings/Tissue 

engineering 

(nano)Fibres Medical textiles/Sutures 

Powder 
Adsorbent for pharmaceutical and medical 
devices/Surgical glove powder/Enzyme 

immobilization 

Solutions 
Cosmetics/Anticoagulants/Bacteriostatic, 

haemostatic, anti–tumour agent 

In particular, during the last years hydrogels derived from chitosan have received a 

great deal of attention53, being imposing the number of procedures for preparing 

hydrogels from this biopolymer82,83. Softness, smartness and the capacity to store 

water make hydrogels unique materials. Specifically, chitosan–based hydrogels are 

intended to be the materials that mimic better the natural extracellular matrix (ECM) 

in terms of composition, structural characteristics and mechanical properties, as well 

as potential carriers for delivery of different drug molecules or cell transplantation 

and tissue regeneration. 
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I.3. BIOPOLYMER–BASED HYDROGELS 

I.3.1. General characteristics 

Hydrogels are three dimensional, hydrophilic, polymeric networks which can absorb 

large amount of water, biological fluids and/or bioactive compounds (up to 

thousands times their dry weight) while maintaining their 3D structure35,84. The 

ability of hydrogels to absorb water arises from the hydrophilic functional groups 

attached to the polymer backbone while their resistance to dissolution arises from 

cross–links and entanglements between the macromolecular chains. Considering 

the advantages that natural polymers provide in terms of biodegradability and low 

cost, along with their matrix complexion, they can provide structural integrity to 

tissue constructions, drug control and protein delivery to tissues and cultures, and 

serve as adhesives or barriers between tissue and material surfaces since they 

resemble to the extracellular matrix85. 

The gel is a state that is neither completely liquid nor completely solid. These half 

liquid–like and half solid–like properties cause many interesting relaxation 

behaviours that they are not found in either a pure solid or a pure liquid. Thereby, 

from the point of view of their mechanical properties, hydrogels are characterized 

by a viscous modulus which is considerably smaller than the elastic modulus in 

the plateau region86. 

The suitability of the hydrogels as biomedical materials and their performance in a 

particular application depend to a large extent on their structure. There are features 

in hydrogels with length scales spanning from centimetres to sub–nanometres 

(Figure I.4). The macroscopic design of hydrogels includes the size and porous 

structure, which largely determines the routes by which hydrogels can be 

introduced into the human body. Hydrogels can be either non–porous or contain 

macroscopic pores of 10–500 μm, which will dramatically affect the overall 

properties. On the nanometric scale, the space between cross–linked polymeric 
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chains in the network (mesh size) is tunable from around 5 to 100 nm, which will 

govern how biomolecules in general diffuse inside the hydrogel network. Finally, 

at the molecular scale, chemical interactions between molecules may occur. This 

multiscale architecture enables the ad–hoc design of hydrogels, which can serve 

as versatile platforms to meet specific application–based requirements28. 

 

Figure I.4. Multiscale properties of hydrogels. 

In fact, the so–called `smart´ hydrogels have emerge as a most versatile and viable 

platform for sustained protein release, targeted drug delivery and tissue engineering 

since they present a microporous structure with tuneable porosities and pore sizes 

and dimensions spanning from those of human organs, cells to viruses31. At the same 

time, the resulting 3D microstructure of the hydrogels would also be a determining 

factor for the control of the swelling/shrinking ability and kinetics87. Pores 

homogeneously distributed within the hydrogel are expected to result in fast–

responsive materials, turning the response–rate into a direct function of the 

microstructure. 
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In the same line, `smart´ hydrogels may exhibit drastic volume changes in 

response to specific external stimuli, such as temperature, solvent, pH, electric 

field, etc. Depending on the design of the hydrogel matrices, this volume change 

may occur continuously over a range of stimulus level or discontinuously at a 

critical stimulus level86. Indeed, the design of scaffolds exhibiting environment–

responsive faculties is crucial in many potential application areas of 3D materials. 

Thus, these flexible polymeric structures can be considered as the future biomaterials 

in biomedicine. 

Other relevant parameters related with the inner microstructure of the hydrogels 

that are used to characterize their network structure include the molecular weight of 

the polymer chains between two neighbouring cross–links (Mc), the corresponding 

mesh size (ξ) and the effective network density (ne). These structural parameters 

are inter–related and can be determined by applying the rubber–elasticity theory 

based on rheology studies1,88,89. 

On the other hand, hydrogels can be formed into practically any shape and size, 

depending on the requirements of the route of incorporation into the human 

body. Thus, hydrogels can be synthesized in the form of macroscopic networks 

or confined to smaller dimensions such as microgels or nanogels. Microgels and 

nanogels have tunable size from nanometres to several micrometres and a large 

surface area for multivalent bioconjugation90. Figure I.5 shows a schematic 

representation of the most commonly used procedures for the implantation of 

different size hydrogels into the human body. Namely, macroporous hydrogels 

are generally used for transepithelial delivery and placement inside the body for 

guided cell growth and tissue regeneration. Besides, hydrogels of this size can also 

be introduced by local injection in the case of in situ gelling hydrogels, shear–

thinning hydrogels and hydrogels that can undergo reversible dramatic volumetric 

changes. In addition, microgels are suitable for oral, pulmonary and intrabony 



 

Chapter I. Introduction 

Page │ 17 

sustained delivery or 3D cell culture, whereas nanogels are suitable for systemic 

administration of molecules or drugs28,31. 

 

Figure I.5. Implantation route for hydrogels of different size. 

I.3.1.1. Cross–linking strategies 

In the past decade, various physical and chemical cross–linking strategies have been 

developed to fabricate gel–type materials90–92. Physical hydrogels (reversible 

hydrogels) are generally cross–liked by non–covalent bonds such as hydrophobic 

interactions93–95, electrostatic interactions96, hydrogen bonds97, metal 

coordination98,99, stereocomplex crystallization100 or even through changes in 

environmental conditions (i.e. thermosensitive hydrogels)101,102. Even if they are 

formed under particularly mild conditions, physically cross–linked networks are 

typically weak and exhibit poor long–term stability (uncontrolled dissolution may 

occur), difficult control of pore size and low mechanical properties67,92,103,104. In 

contrast, chemically cross–linked hydrogels (permanent hydrogels), which can be 

obtained by free radical polymerization105,106, irradiation107,108 or enzymatic cross–
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linking109–111, are generally characterized by better stability, durability and 

mechanical properties31, due to the irreversible bonds formed during the covalent 

cross–linking. Moreover, hydrogels based on reversible covalent bonds also 

represent an attractive topic for research at both academic and industrial level. 

The molecular reversibility can be achieved either by making use of equilibrium 

reactions or through dynamic exchange reactions, such as cycloadditions, redox 

reactions, imine and enamine formation, acylhydrazone or borax acid reaction 

with hydroxyls112. The general idea is that the use of dynamic covalent bonds 

allows the polymeric network to adjust itself as a result of an external stimulus. 

Nevertheless, regardless the type, traditional chemical procedures often require 

the use of an initiator or catalyst or organic solvents that might introduce potential 

toxicity concerns113. 

I.3.2. Chitosan–based hydrogels 

Numerous investigations have been performed to prepare hydrogels based on 

chitosan or its derivatives, mainly in order to design novel and more efficient 

materials that maintain the biomedical properties of the original polymer. The 

intermolecular forces between the polysaccharide chains of chitosan are hydrogen 

bonding, hydrophobic and ionic interactions, which are influenced by the average 

molecular weight and ionic strength114. It should be mentioned that chitosan is 

capable of self–aggregation and can form gel–like structures in aqueous medium 

due to these intra and intermacromolecular secondary interactions, mainly to 

decrease interfacial energy115. In addition, as a natural pH–sensitive polymer, 

chitosan is soluble at acidic pH but can form itself 3D networks at neutral pH116. 

However, both systems result highly unstable. 

Therefore, chitosan–based hydrogels have been developed mainly by ionic cross–

linking based on ionotropic gelation, which consists on the ionic interaction 

between negatively charged polyanionic molecules (i.e. tripolyphosphate, TPP) 
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with chitosan, due to the cationic character of the polymer caused by the 

protonation of the amino pending groups117,118. On the other hand, in the last 

decade, increasing attention has been attracted from natural biopolymer–based 

polyelectrolyte complexes (PEC), formed by electrostatic interactions between 

two oppositely charged biopolymers as shown in Figure I.6. Thus, natural anionic 

polyelectrolytes including alginate, hyaluronic acid, pectin, carrageenan, 

chondroitin sulfate, xanthan gum, gellan gum, gum arabic and carboxymethyl 

cellulose have been successfully employed to create chitosan–based PEC 

systems119. Indeed, Barroso et al. design self–healing materials in form of 

multilayers due to the dynamic nature of the electrostatic interactions between 

the carboxylate (–COO-) groups of hyaluronic acid and the amino (–NH3+) 

groups of chitosan at pH 5 where the ionization of both polyelectrolytes was 

maximum120. 

 

Figure I.6. Structure of polyelectrolyte complexes (PEC). 

Nevertheless, as already mentioned, covalent cross–linking of hydrogels present 

significant advantages over those secondary interactions. Therefore, covalent 

cross–linking of chitosan–based hydrogels have also been extensively investigated 

by the reaction between chitosan and suitable bifunctional cross–linkers. To date, 

the most common cross–linkers used to obtain chitosan hydrogels are di–
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aldehydes, such as glutaraldehyde121,122, formaldehyde123,124 and glyoxal125, or 

other compounds as genipin126–131, oxalic acid132 or ethylene glycol di–glycidyl 

ether (EGDE)133.  

Furthermore, photo cross–linking reactions in the presence of ultraviolet (UV) 

light and a chemical photo initiator have also been applied as an approach to cross–

link chitosan134,135. Alternatively, enzymatic cross–linking has been also employed 

to prepare injectable chitosan hydrogels111,136. 

Regardless of the cross–linking procedure used for the formation of chitosan–

based hydrogels, the high number of amine groups on the chitosan backbone confer 

pH–sensitivity to the final materials even after reaction. This particular behaviour 

makes chitosan–based hydrogels suitable as targeted drug carriers or tissue 

regeneration materials, due to their ability to release drugs or act at specific 

infected sites or tissues of the body by conveniently changing their volume at 

different pH values137. 

As mentioned previously, all these strategies lead to chemically cross–linked 

hydrogel networks with superior mechanical properties and structural integrity; 

however, the high risk of toxicity that traditional techniques can generate raises 

on a current need to find new biocompatible technologies for the preparation of 

hydrogels. 

I.4. CLICK CHEMISTRY FOR HYDROGEL DESIGN 

In order to avoid the drawbacks of conventional chemistry, click chemistry has 

emerged as a green, quick and reliable way to develop new biomaterials in the 

absence of catalysts and under mild reaction conditions138–141. Over the past decade, 

click chemistry has gained significant attention in a broad range of applications, 

mainly for the chemical synthesis of small molecules, polymers, dendrimers, 

biomacromolecules and bioconjugation142. 
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Click chemistry occurs essentially through the chemical reaction between 

complementary functional groups considering the principal basis of biomedical 

applications, where the chemical reactions employed in cross–linked hydrogels 

should be achievable in aqueous solutions without generating toxic by–

products143. This promising strategy offers high reactivity, excellent selectivity and 

mild reaction conditions to prepare hydrogels with varying dimensions and 

patterns31. Besides, the unique bioorthogonality of click reactions renders thus 

formed hydrogels highly compatible with encapsulated bioactives including living 

cells, proteins and drugs. 

The most used click reaction that can fulfil these conditions is the CuI–catalysed 

azide/alkyne cycloaddition (CuAAC), given the facility to be carried out and its 

wide applicability144,145. Indeed, it is unaffected by a variety of functional groups 

and can be achieved with many sources of CuI catalysts and solvents, including 

aqueous143. Furthermore, hydrogels from natural sources have been synthesized 

by the 1,3–dipolar cycloaddition reaction catalysed by CuI146,147. However, to 

avoid the toxicity of copper, metal–free chemistry has been developed to 

eliminate heavy metal residues in hydrogel matrix139. There has been a strong 

interest in other click reactions which proceed without the need for a copper 

catalyst, in particular, strain–promoted azide/alkyne cycloaddition (SPAAC), 

Diels–Alder reaction, radical mediated thiol–ene chemistry, Michael addition or 

tetrazole–alkene chemistry. Therewith, the most common click reactions are 

listed in Table I.3 and are described in more detail down below. 

The strain–promoted azide/alkyne cycloaddition (SPAAC) involves the reaction 

between a cyclooctyne moiety and azides under mild reaction conditions. Due to 

the ring strain and the electron–withdrawing, the alkyne functionality is greatly 

activated for a cycloaddition without a catalyst148. This reaction has been shown 

to be very efficient with high chemoselectivity even for in vivo applications, 

making it suitable for in situ cross–linking hydrogels. However, it is worth noticing 
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that the cross–linking of azide and alkyne functionalized polymers with metal–

free click reactions is normally too slow to be used in most in situ applications149. 

In order for this cross–linking strategy to be useful, the gelation kinetics needs to 

be improved by increasing the electron deficiency of alkynes and electron density 

of azide structures. 

The Diels–Alder (DA) cycloaddition reaction is a highly selective [4+2] 

cycloadditon between a diene and a dienophile to form an adduct. It is a robust 

cross–linking strategy greatly employed for biopolymer–based hydrogels of 

different nature such as alginate13, gelatin5,33, chitosan150,151 or starch14, as it is 

rapid, efficient, versatile and selective. Moreover, it is greatly accelerated when 

using water as solvent due to increased hydrophobic effects31. Indeed, apart from 

being an environmentally benign solvent, water has special properties that are 

essentially unique, related to what is called the `hydrophobic effect´, where 

hydrocarbons or molecules with hydrocarbon components avoid contact with 

water and associate instead with other hydrocarbon species in this medium152. 

Moreover, the reversible nature of the DA reaction is an attractive feature 

especially when dynamic materials are targeted. Thus, adduct formation is 

predominant near 65 ºC with reasonable reaction rates, whereas the reverse 

reaction (retro–DA) takes place around 110 ºC, leading to the initial precursors 

and opening the way to controlled depolymerisation or reversible cross–

linking153. 

The thiol–ene click reaction proceeds through a radical–mediated mechanism 

which involves the addition of a thiol to a double bond, under the presence of an 

initiator at room temperature and in aqueous conditions even in the presence of 

biological molecules such as proteins or cells, making it a good technique for 

poly(ethylene glycol) (PEG)–based hydrogel cross–linking to a great 

extent31,154,155. Unlike the traditional free radical polymerization, the radical thiol–

ene reactions are relatively not oxygen sensitive156, which is efficient, high yielding 
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and tolerant of different functional groups157. It is well known that the radical 

thiol–ene reaction can be initiated by a variety of techniques including thermal or 

oxidation–reduction processes158, even if the most commonly employed method 

is based on photochemical reactions159.  

Michael addition (MA) is a 1,4–addition of nucleophiles to α,β–unsaturated 

ketones or esters. The cross–linking kinetics of Michael addition depends greatly 

on the electron deficiency of the alkenes. It occurs in high efficiency under 

aqueous conditions without any side products, making it a suitable approach for 

cross–linking in hydrogel synthesis. Indeed, hyaluronic acid/ poly(amidoamine) 

dendrimers hybrid hydrogels160, dextran–based hydrogels for 3D cell 

encapsulation161 or in situ synthesized collagen/hyaluronan hydrogels162 have been 

developed through Michael addition reaction. On the other hand, surfactants can 

be used to promote the kinetics of the Michael addition reaction when the 

nucleophilic and the electrophilic macromolecules exhibit significant differences 

in hydrophilicity. 

Tetrazole–alkene photo–click chemistry inherits the great features of click 

chemistry such as high specificity and quantitative conversion. Moreover, it has 

also unique advantages of photopolymerization including excellent spatial and 

temporal control over the reaction but without the use of possible toxic photo 

initiator. Furthermore, nitrile imine dipoles, which are formed from a UV 

activated tetrazole by releasing molecular nitrogen gas, readily react with alkenes, 

leading to fluorescent pyrazoline cycloadducts. Thus, the light–induced nitrile 

imine–mediated tetrazole–ene cycloaddition (NITEC) reaction provides 

intrinsically fluorescent hydrogels, which could be used to monitor the hydrogel 

formation and can facilitate the study of hydrogel fate in vitro and in vivo. In situ 

forming PEG hydrogels were prepared through this photo–click approach163. 
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Table I.3. Schemes of the click chemistry reactions. 

CLICK CHEMISTRY REACTIONS 

CuI–catalysed azide/alkyne cycloaddition (CuAAC) 

R N N+ N- R+
CuI

N

N
N

R

R

 

Strain–promoted azide/alkyne cycloaddition (SPAAC) 

 

Diels–Alder reaction (DA) 

 

Radical mediated thiol–ene chemistry 

 

Michael addition (MA) 
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Tetrazole–alkene chemistry (NITEC) 

 

Accordingly, click chemistry has been widely used in cross–linking hydrogels due 

to its high selectivity and efficiency without generating by–products in aqueous 

conditions, plus the bioorthogonality of the components without interaction with 

the environment of biological or biomedical systems164. As reported, to date, click 

reactions of different versions have been developed not only to build materials 

that are biologically compatible, highly functional and organized in structure, but 

also to produce highly complex patterns of biofunctionalities within in a single 

cellular scaffold165. Therefore, according to the needs, conditions and final 

purpose of each specific case, the most appropriate click–inspired method will be 

implemented. 

I.5. GENERAL OBJECTIVES 

The main goal of this thesis was to develop gel–type biomaterials of different 

sizes from chitosan through novel synthetic strategies based on click chemistry 

reactions. Indeed, by the valorisation of seafood processing industry wastes, 

biodegradable and non–toxic hydrogels with well–defined properties in service 

were synthesized. All the chemical cross–linking pathways were found to be 

efficient technologies for the formation of stable biomaterials of different sizes 

intended for biomedical applications. Figure I.7 shows the general scheme of the 

work done in this thesis. 
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Figure I.7. Schematic representation of this thesis. 

The present document summarizes the most important results and conclusions 

achieved during the development of the thesis structured in different chapters in 

order to make it more comprehensible. 

 Chapter I consists of an introduction to focus the topic of the research and 

gives a general overview of the work, including the most important aspects 

of chitosan, hydrogels and click chemistry reactions. 

 Chapter II describes the materials and methods used for the synthesis and 

characterization of hydrogels. 

 Chapter III is based on the controlled endow of specific functionalities into 

the chitosan that are intended to be used in the final hydrogels. The 

biocompatible character of chitosan was maintained while new 

characteristics were attributed to the biopolymer. The new functionalized 

chitosan samples were characterized in detail and subsequently cross–linked 

by means of click reactions, either through the reaction between 

complementary chitosan derivates or through the use of cross–linking agents 
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endowed with complementary functional groups that were previously 

synthesized. 

 Chapter IV is focused on the development of different furan/maleimide 

systems by Diels–Alder reaction, which greatly facilitate the formation of 

drug delivery systems. The effect of using complementary chitosans or a 

bifunctional cross–linker for hydrogel synthesis, as well as the influence of 

the amount of cross–linker used in the final properties of the materials was 

studied. 

 Chapter V contains the results obtained for the synthesis and 

characterization of in situ cross–linked hydrogels via thiol–Michael addition 

reaction between thiol–modified chitosan and a properly synthesized 

bismaleimide under physiological conditions. The effectiveness of the cross–

linking was proved to be influenced by the thiol/maleimide ratio and so, 

different cross–linker amounts were used in order to analyse its influence on 

the properties of the ensuing materials. 

 Chapter VI shows the synthesis of fluorescent hydrogels through the 

covalent cross–linking of two complementary chitosan derivatives by the 

nitrile imine–mediated tetrazole–ene cycloaddition reaction. The addition of 

different amounts of tetrazole–functionalized chitosan into a maleimide–

functionalized chitosan matrix was shown to affect the final behaviour of 

the hydrogels. 

 Chapter VII depicts the preparation of thiolated chitosan nanogels cross–

linked with a dicarboxylic acid by reverse nanoemulsion method. It was 

found that the incorporation of thiol groups improved certain properties of 

the nanogels. 

 Chapter VIII summarizes the general conclusions of this work and proposes 

future challenges as well as it contains the publications and contributions to 

conferences as a result of this thesis. 
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 Finally, an annexe includes several lists of figures, schemes, tables, 

abbreviations and symbols that have been used throughout the text. 

This thesis had a multidisciplinary aspect and it demanded the collaboration and 

continuous communication with researchers and companies from different 

scientific branches and research groups. There have to be highlighted the 

following collaborations with: 

i. Dr. Ljiljana Fruk, lecturer in Bionanotechnology and leader of the Bionano 

Engineering Group at the Department of Chemical Engineering and 

Biotechnology of the University of Cambridge, with whom I worked in the 

design of photo–activated fluorescent biopolymeric hydrogels cross–linked 

under UV light. 

ii. Dr. Leyre Perez from the Macromolecular Chemistry Research Group at the 

Department of Physical Chemistry of the Faculty of Science and Technology 

of the University of the Basque Country (UPV/EHU), with whom I learned 

about the synthesis of chitosan–based nanogels by reverse microemulsion 

method. 

iii. Professor Ana Alonso and Dr. Teodoro Palomares from the Tissue 

Engineering Group at the Department of Cell Biology and Histology of the 

Faculty of Medicine and Dentistry of the University of the Basque Country 

(UPV/EHU). They oversaw the biocompatibility tests that allowed the 

evaluation of the behaviour of materials in different cellular systems in vitro 

through cytotoxicity and cell adhesion studies according to ISO–10993–5. 
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II. MATERIALS AND CHARACTERIZATION 
TECHNIQUES AND METHODS 

Hereafter, the compounds used for hydrogel synthesis and the description of the 

characterization techniques and methods used during the development of this 

thesis are presented, as well as the conditions of analysis used and the preparation 

of the samples. Thereby, physico–chemical, thermal, morphological, rheological 

and other specific properties are detailed. Moreover, the procedures employed 

for swelling, degradation, drug delivery and mucoadhesion studies, as well as the 

protocol employed for the in vitro cell response evaluation are presented. Physico–

chemical properties were mostly related to the chitosan derivatives, while the 

remaining characterization was focused of the synthesized chitosan–based 

hydrogels and nanogels. 

II.1. MATERIALS 

The principal polymer used in this thesis was chitosan (Cs). Different batches 

were employed throughout the thesis; all of them were purchased from Sigma–

Aldrich. Chitosan was modified by the reaction of its free amino groups in 

aqueous solution following different pathways. 

Regarding Diels–Alder clicked hydrogels, for the functionalization of chitosan 

with furan groups (CsFu), furfural (Fu, 99 %, Sigma–Aldrich) and sodium 

borohydride (NaBH4, ≥ 99 %, Sigma–Aldrich) were used; whereas for the 

maleimide–functionalized chitosan (CsAMI), β–alanine (99 %, Sigma–Aldrich) 

and maleic anhydride (98 %, Panreac) were employed to develop a maleimide–

based acid (AMI)1. In the case of the thiol–Michael addition reaction, the 

functionalization of chitosan with thiol groups (CsSH) was carried out using 

thiolactic acid (TLA, 95 %, Sigma–Aldrich). For the incorporation of tetrazole 

groups into the main chain of chitosan (CsTZ), 4–formylbenzoic acid (98 %, 

Alfa), ρ–toluenesulfonyl hydrazide (98 %, Alfa), ρ–Anisidine (≥ 99 %, Sigma–
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Aldrich), sodium nitrite (NaNO2, 98 %, Merck) and pyridine (99.5 %, Acros) were 

used in order to synthesized a tetrazole–based acid (TBA)2. 

Bismaleimide (BMI) acted as a cross–linker in both Diels–Alder and thiol–

Michael addition reactions. This bifunctional cross–linker was prepared from 

Jeffamine® ED 900 polyetheramine (900 g mol-1 average molar mass, Huntsman). 

The ED Jeffamine® series are water–soluble aliphatic polyether diamines 

composed by poly(propylene oxide)–poly(ethylene oxide)–poly(propylene oxide) 

(PPO–PEO–PPO) in this case that have been shown to be biocompatible and 

could impart amphiphilic and thermoresponsive properties to the hydrogels3. The 

BMI was synthesized by the modification of Jeffamine® with maleic anhydride 

(98 %, PanReac) using triethylamine (Et3N), sodium acetate trihydrate 

(CH3COONa, ≥ 99 %, Sigma–Aldrich) and acetic anhydride (Ac2O, PanReac) 

following a two–step procedure3,4, in order to obtain the necessary dienophiles 

for hydrogel formation. 

Thiolated nanogels were prepared by reverse nanoemulsion technique after 

cross–linking with a biocompatible cross–linking agent, namely, PEGBCOOH 

(poly(ethylene glycol)bis(carboxymethyl)ether, 600 g mol-1 average molar mass, 

Sigma–Aldrich) using Triton X–100 (Sigma–Aldrich) as emulsifying agent, 

cyclohexane (for synthesis 98 %, PanReac) as oleic phase and hexanol (for 

synthesis 98 %, Sigma–Aldrich) as co–surfactant. The functionalization of the 

nanogels with folate moieties was carried out via thiol–Michael addition reaction 

between the localized thiol groups on nanogels surface and the maleimide groups 

present on Folate–PEG–Mal compound (Folate–poly(ethylene glycol)–

Maleimide, 2000 g mol-1 average molar mass, Nanosoft Biotechnology). 

Several common solvents and reagents were employed during the thesis, either to 

prepare solutions for further characterization, as reaction media or for dialysis: 

glacial acetic acid (HAc, PanReac), sodium hydroxide solution (NaOH, 1M, 
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PanReac), sodium hydroxide pellets (98 %, PanReac), hydrochloric acid solution 

(HCl, for analysis 37 %, PanReac), dichloromethane (DCM, for HPLC, Lab Scan 

Analytical Sciences), ethyl acetate (for analysis, PanReac), chloroform (Lab Scan 

Analytical Sciences), acetone (Oppac S.A.), ethanol (for analysis 96 % v/v extra 

pore, Scharlau), phosphate buffered saline tablets (PBS, pH = 7.4, PanReac), 

sodium chloride (NaCl, PanReac), anhydrous N,N–dimethylformamide (DMF, 

Acros), dimethyl sulfoxide (DMSO, VWR), N–hydroxysuccinimide (NHS, 98 %, 

Sigma–Aldrich) and N–(3–dimethylaminopropyl)–N´–ethylcarbodiimide 

hydrochloride (EDC, purum ≥ 98 %, Sigma–Aldrich). Deuterium oxide 

(deuterium degree 99.96 %, Merck) was used for 1H NMR analysis. Deionized 

water was employed as solvent. The commercially available compounds and 

solvents were employed as received, without further purification. 

Table II.1 shows the chemical structure of the most relevant compounds used 

throughout this work. 

Table II.1. Chemical structure of some of the compounds used in this thesis. 

Compound Chemical structure 

Furfural (Fu) 

 

3–(2,5–dioxo–2H–pyrrol–
1(5H)–yl)propanoic acid (AMI) 

 

Thiolactic acid (TLA) 
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4–(2–(4–methoxyphenyl)–2H–
tetrazol–5–yl)benzoic acid (TBA) 

 

Poly(ethylene 
glycol)bis(carboxymethyl)ether 

(PEGBCOOH)  

Bismaleimide (BMI) 

 

Folate–poly(ethylene glycol)–
Maleimide (Folate–PEG–Mal) 

 

  

II.2. CHARACTERIZATION TECHNIQUES AND METHODS 

II.2.1. Characterization of chitosan 

The final behaviour of the obtained hydrogels strongly depend on the 

characteristics of the original biopolymer. Therefore, it was of great relevance to 

deepen on the properties of neat chitosan. Different batches of chitosan were 

used for the synthesis of hydrogels, each of them with individual degree of 

deacetylation (DDc) and average molecular weight (MW). 

The degree of acetylation (DAc) of the different chitosan batches was calculated 

form the 1H NMR spectrum of each sample, from the ratio between the area (A) 

of the signal corresponding to the protons of the methyl group (3) and the sum 

of the areas of the protons related to the carbons 2 to 6 (H2–H6) from the chitosan 

ring structure (6) according to Equation II.15. The degree of deacetylation (DDc) 

was then calculated as the difference with DAc. 
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  (II.1) 

The average molecular weight (MW) of the different chitosan batches used for the 

development of the clicked hydrogels was estimated by a general viscosimetry 

method following Mark–Houwink–Sakurada equation (Equation II.2), which 

represents the relationship between the intrinsic viscosity [η] and the average 

molecular weight6,7. Thus, the above–mentioned procedure is based on the 

measurements of the intrinsic viscosity of chitosan in a common solvent. A 

solution of 0.3 M acetic acid (HAc)/0.2 M sodium acetate trihydrate was used as 

solvent, being one of the best solvents with respect to the molecular dissolution 

of chitosan and prevention of aggregation. Viscosity measurements were carried 

out using an automated capillary viscometer equipped with a jacket to control the 

temperature and was maintained at 25 ºC. The intrinsic viscosity depends on the 

specific volume of the polymer, which is related to its molecular weight and the 

polymer–solvent interactions. 

   WMK  (II.2) 

where K and α are constants that are characteristic for a particular polymer–solvent 

system at a specific temperature and [η] is the intrinsic viscosity of the polymer 

in that solution. Constants K and α are dependent on the temperature and 

deacetylation degree of chitosan and are valid for a certain range of molecular 

weights, being tabulated for common polymer–solvent pairs7. For chitosans in 

study, with respect to DDc, molecular weight and solvent of acetic acid/sodium 

acetate, the K and α parameters were 0.03466 mL g-1 and 0.845, respectively. 

Therefore, the principal properties of the employed chitosan batches are 

summarized in Table II.2. The value of the molecular weight took special relevance 

in the present thesis due to the strong relationship with the ability to form robust 
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hydrogels. Indeed, it is the main parameter to be considered in the first place and 

will determine the consistency of the final materials. Regarding the degree of 

deacetylation, the corresponding values are in general high in all the samples and can 

be considered to affect the hydrogels in the same way. 

Table II.2. Physico–chemical properties (molecular weight (MW) and degree of 

deacetylation (DDc)) of the employed chitosan batches. 

Reaction 
Chitosan 
derivative 

Molecular 
weight range 

MW 
(kDa) 

DDc 
(%) 

Diels–Alder (Chapter IV) 

Michael addition (Chapter V) 

NITEC reaction (Chapter VI) 

Thiolated nanogels (Chapter VII) 

CsFu/CsAMI 

CsSH 

CsTZ/CsAMI 

CsSH 

Medium 

Medium 

Low 

Low 

58 

680 

67 

39 

81 

77 

80 

73 

Moreover, the degree of deacetylation directly influences the degree of crystallinity 

of the chitosan: the higher the DDc, the lower the degree of crystallinity. 

Accordingly, the crystallinity index was calculated from the Equation II.6 (detailed 

below) and it was found that the values ranged from 0.66 to 0.77 for the different 

chitosan batches, coinciding the highest values with the least deacetylated 

samples. The resulting values were in agreement with reported literature, where 

the crystallinity index of chitosan samples can vary within a wide range from 0.4 

to 0.88,9. 

II.2.2. Physico–chemical characterization 

II.2.2.1. Fourier transformed infrared spectroscopy 

Fourier transformed infrared (FTIR) spectroscopy was used to identify the 

characteristic functional groups and hydrogen bonding interactions of the samples. 

This technique is based on irradiating the sample with an infrared light source. In 
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this way, the light absorbed by the freeze–dried sample is reflected in the spectrum 

at different wavenumbers. Spectra were recorded at room temperature using a 

Nicoler Nexus spectrophotometer provided with a Specac MKII Golden Gate 

accessory equipped with a diamond crystal at a nomnal incident angle of 45º and 

ZnSe lens. Measurements were run afer averaging 32 scans with a resolution of 4 

cm-1 in the range from 4000 to 600 cm-1. 

II.2.2.2. Nuclear magnetic resonance spectroscopy 

The chemical structure of the neat chitosan samples and the presence of specific 

reactive groups grafted into the biopolymer chain after modification were 

investigated using proton and carbon nuclear magnetic resonance (1H and 13C 

NMR). This technique is based on the application of an electromagnetic field and 

the analysis of the variation in the frequencies of proton or carbon nucleus. 

II.2.2.2.1. Liquid–state 1H NMR measurements 

Liquid–state 1H NMR measurements were conducted with an Avance Bruker 500 

spectrometer equipped with a BBO probe with gradient in Z axis, at a frequency of 

500 MHz, number of scans 64, spectral window of 5000 Hz and recovery delay of 1 

s. A mixture of D2O/HCl (0.5 M) in 1:10 (v/v) ratio at 80 ºC was employed as 

solvent. 

Furthermore, nuclear magnetic resonance spectroscopy spectra (1H NMR) were also 

employed to calculate the degrees of substitution (DS) of both the furan and the 

maleimide modified chitosan derivatives (Chapter IV). Thus, the degree of 

substitution of each derivative was calculated from the areas (A) of the proton 

signals corresponding to the furan or maleimide ring and those of the 

glucosamine repeating unit from the carbons that were not affected by the 

functionalization (3 to 6), with a 5/3 and 5/2 ratio between them, respectively. 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 56 

Namely, Equation II.3 and II.4 were applied based on a previously reported 

procedure10. 
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II.2.2.2.2. Solid–state 13C NMR measurements 

Solid–state 13C NMR measurement was conducted for tetrazole–functionalized 

chitosan due to solubility limitations. Solid–state spectra were recorded on a Bruker 

AVANCE III, 9.4 T equipped with a MASDVT BL4 X//H Probe head at a spinning 

rate of 10 kHz. 13C chemical shifts were calibrated indirectly with glycin. The spectra 

were recorded with a delay between scans of 15 s and the number of scans were 

10240. 

For the tetrazole–functionalized chitosan (13C NMR) (Chapter VI) the DS was 

determined by the integration of the areas of the carbon signals of the 

glucosamine units and those of the tetrazole unit that were not affected (3 to 5), 

with a 3/11 ratio between them. Calculations were made using Equation II.5. 
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II.2.2.3. X–ray diffraction 

All neat chitosan samples and their derivatives were analysed by X–ray diffraction 

(XRD) in order to asses the effect of the functionalization on the crystalline 

structure of original biopolymer. The XRD patterns were measured using 
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PHILIPS X´Pert Pro automatic diffractometer, in theta–theta configuration 

secondary monochromator with Cu Kα radiation (λ = 0.154 nm) and a PIXcel 

solid state detector (active length in 2θ = 3.347º), operating at 40 kV with a 

filament of 40 mA. The diffractograms were collected in the region 2θ = 5º to 

80º, where θ is the angle of incidence of the X–ray beam on the sample. The 

crystallinity index (CIXRD) was calculated using Equation II.6. 

110

am110XRD

I

II
CI


  (II.6) 

where I110 is the maximum intensity (arbitrary units) of the (110) diffraction peak 

at 2θ = 20º and Iam is the intensity of the amorphous diffraction signal at 2θ = 

16º 8,11–13. 

II.2.3. Light–based characterization techniques 

II.2.3.1. Ultraviolet–visible spectrophotometry 

UV–vis spectrophotometry refers to absorption spectroscopy using light in the 

visible and adjacent ranges for the quantitative determination of different 

analytes. The spectrophotometer used was the UV–3600/3100 from Shimadzu. 

II.2.3.1.1. Monitorization of the click reactions 

The UV–vis spectrophotometry was used to monitorize different reactions 

involving maleimide groups. Namely, either the DA cycloaddition between 

furan–functionalized chitosan and maleimide–functionalized chitosan or 

bismaleimide cross–linker (Chapter IV) and the incorporation of Folate–PEG–

Mal into the surface of thiolated nanogels through MA reaction (Chapter VII) 

were confirmed by this technique. In both cases the consumption of the 

maleimide groups when reacting was measured. For the DA cycloadditions, the 

spectrometer was equipped with a thermoelectric cell holder at 65 ºC, operating 
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in a scan range of 200–600 nm with a 0.1 mm optical path quartz cuvette, where 

gel–like state samples were placed. UV spectra were taken every 30 min for 24 h. 

In the case of the thiol–Michael addition between thiolated nanogels and Folate–

PEG–Mal, diluted samples were analysed in a scan range of 200–600 nm in a 10 

mm optical path quartz cuvette every hour for 24 h. 

Unfortunately, the thiol–Michael addition reaction between the thiolated chitosan 

and the maleimide (Chapter V) resulted too fast and it was not possible to follow 

it by this technique. In the case of the NITEC reaction between 

tetrazole/maleimide groups (Chapter VI), the presence of several cromophore 

groups in both precursors can interfiere in the measurement, being unreliable for 

this particular case. 

II.2.3.1.2. Ninhydrin assay for thiol–functionalized chitosan 

The extent of amine substitution was quantitatively determined by using UV–vis 

spectroscopy for the thiol–functionalized chitosan sample (Chapter V) following 

the mathematical model proposed by Shitrit and Bianco–Peled14 and the method 

proposed by Mahmood et al. with several modifications15. Thus, in order to 

quantify the thiolation degree, ninhydrin reagent was reacted with the primary 

free amino groups of chitosan to form a coloured reaction product that show an 

absorbance signal at 570 nm. From starting solutions of chitosan and thiol–

functionalized chitosan at a concentration of 0.15 % (w/v) in a mixture of 2 % 

(v/v) acetic acid, 1 % (w/v) acetic acid/acetate buffer (pH 5.5) and ninhydrin 

reagent solution (2 % solution, Sigma–Aldrich), a set of solutions at different 

concentrations (0.1–0.03 mg mL-1) was prepared. The final mixtures were 

incubated at 100 ºC for 20 min. Samples were cooled down in an ice bath and the 

absorbance was measured. The degree of substitution (DS) was determined by 

Equation II.7, taking into account the slope (m) of absorption vs. concentration 
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curves, which was empirically found to be proportional to the percentage of free 

amino groups. 
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where mCsSH is the value of the slope of the modified polymer curve and mCs is 

the value of the slope of the neat polymer curve. 

II.2.3.1.3. Ellman´s test for thiol–functionalized chitosan 

The amount of thiol groups immobilized on CsSH (Chapter V) was also 

quantified photometrically by Ellman´s test. In brief, 250 μL of 0.1 % (w/v) CsSH 

in 1 Mm EDTA/0.1 M sodium phosphate buffer (pH 8) were reacted with 50 μL 

of Ellman´s buffer ((5,5´–Dithiobis(2–nitrobenzoic acid)), ≥ 98 %, Sigma–

Aldrich) at a 0.4 % (w/v) concentration, and mixed to a final volume of 2.8 mL. 

After an incubation of 4 h at room temperature in dark, the absorbance of the 

sample was measured at 420 nm. The amount of immobilized thiol moieties was 

calculated using a standard curve obtained from an increasing concentration of 

thiolactic acid. 

II.2.3.2. Fluorescence spectroscopy 

Fluorescence spectroscopy is used to analyse the fluorescence properties of a 

sample by determining the concentration of an analyte in a sample when passing 

a light of a specific wavelength. Therefore, this technique involves the use of a 

beam of light, commonly ultraviolet light, that excites electrons in certain 

molecules or atoms and causes the emission of, typically but not necessarily, 

visible light. The amount of light that is absorbed by the sample (excitation 

spectrum) and the amount of light that is emitted by the sample (emission 

spectrum) can be quantified. Fluorescence emission spectra were recorded on a 
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Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) at an 

excitation wavelength of 396 nm for the tetrazole/maleimide hydrogels and both 

chitosan derivatives separately as reference (Chapter VI). The influence of the 

irradiation time (after 1 and 2 hours of reaction) and the solvent (HCl and PBS) 

on the fluorescent properties of the the tetrazole/maleimide hydrogels was 

studied. Thin dried samples were placed in a micro quartz cuvette of 200 µL in a 

45º angle, which was placed in the sample holder. The spectra were recorded from 

380 nm to 700 nm at an excitation slit width of 5 nm, an emission slit width of 5 

nm, a resolution of 1 nm and a scan rate of 600 nm min-1. 

II.2.3.3. Nanoparticle analyser 

A pH sensitivity study was performed measuring at the same time the size variation 

of the swollen nanogels based on the pH and the zeta potential of the nanogels at 

the different pH values (Chapter VII). Both the hydrodynamic radius in dynamic 

light scattering (DLS) and the zeta potential were measured at room temperature 

with a Zetasizer Nano Z (Malvern Instruments Ltd.). The synthesized nanogels were 

dispersed with a concentration of 0.04 mg mL-1 in an aqueous solution of HAc (1% 

v/v) and were kept under constant magnetic stirring for one week. After that time, 

samples were measured. The pH of the medium was varied by the dropwise addition 

of different NaOH solutions with different molarities depending on the pH to be 

achieved. Data were obtained from the average of at least ten measurements in 

specialized cells from Malvern Instruments (DTS1070). The uncertainties of the 

measurements represented the standard deviation of the mean of the replicate runs. 

II.2.3.3.1. Dynamic light scattering 

The dynamic light scattering (DLS) technique was used to determine the 

hydrodynamic radius of the synthesized nanogels in their swollen state. DLS method 

determines the size of extremely small particles in the submicron range, which are 

found in Brownian motion in suspension. Interference occurs within the light which 
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is scattered by the different particles. The interference changes over time and leads 

to variation of the scattered light intensity. Therefore, the time dependency of the 

scattered light intensity depends on the motion speed of the particles and, thus, on 

the particle size, which is usually analysed via autocorrelation. The scattering light 

was recorded at 90 º angle to the incident laser light. 

II.2.3.3.2. Zeta Potential 

The zeta potential (ζ–potential) provides information on the distribution of the 

surface charge at the solid/water interface. Namely, when a solid surface is immersed 

in a polar liquid medium, electric charge can be generated at the solid/liquid 

interface. When a dispersion is subjected to the laser diffraction process while 

controlling the electric field that is applied, the diffracted light will be related to the 

applied field. By measuring the frequency change in diffracted light, the zeta 

potential analyzers determine the charge on the particles, which favours their 

dispersibility. 

II.2.4. Thermogravimetric analysis 

The thermal degradation process of the sample is controlled by measuring the mass 

of the sample in a microbalance during a heating scan. Thereby, the evolution of the 

mass loss regarding the initial mass of the sample can be quantified. Measurements 

were performed by using a TGA/DSC3+ Mettler Toledo analyser. Samples of about 

5 mg were submitted to a 10 ºC min-1 heating rate from 25 to 800 ºC under nitrogen 

atmosphere in order to prevent the thermoxidative degradation. 

II.2.5. Morphological and dimensional characterization 

II.2.5.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) consists on irradiating the surface of the 

samples with a high–energy electron beam, in order to analyse the different signals 
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obtained from the electron–sample interactions. The microstructure of all the 

different hydrogels was studied and the pore size distribution was obtained. Prior 

to SEM assay, samples were fractured in order to expose the cross–section and 

coated with approximately 20 nm of chromium using a Quorum Q150 TES 

metallizer. SEM experiments were performed by a JEOL JSM–6400 with a 

wolframium filament operating at an accelerated voltage of 20 kV and at a 

working distance of 15 mm. 

II.2.5.2. Transmission electron microscopy 

Transmission electron microscocopy (TEM) employs an electron beam to visualise 

the sample in transmission mode. In order to study the morphology and size, TEM 

analysis of the nanogels was performed using a transmission electron microscope 

Philips CM120 Biofilter operating at 120 kW. A solution drop of acidic aqueous 

(HAc, 1 % v/v) dispersion of nanogels (0.04 mg mL-1) was settled on a carbon–

coated TEM grid and it was dried and glow–discharged in a high vacumm 

chamber. 

II.2.5.3. Atomic force microscopy 

Atomic force microscopy (AFM) is based on the quality of the interactions between 

the tip and the sample. Namely, the attractive–repulsion forces between the tip and 

the sample create a deflection in the tip, creating images by mapping the 

deflections in each point. 

II.2.5.3.1. Roughness  

AFM was used to characterize the topographic features in order to study the 

surface roughness of the final hydrogels. Images were obtained in a Bruker 

Dimension ICON scanning probe microscope equipped with a Nanoscope V 

controller, operating in peak force tapping mode. An integrated silicon nitride 

tip/cantilever frequency of around 70 kHz and a spring constant of 0.4 N/m was 



 

Chapter II. Materials and characterization techniques and methods 

Page │ 63 

used, performing measurements at a scan rate of 0.5 Hz s-1 with 512 scan lines. A 

sharp–edged tool was used to obtain a smooth surface of the samples. 

II.2.5.3.2. Morphology of nanogels 

AFM imaging was also used to characterize the size and the morphology of the 

nanogels (Chapter VII). Images were obtained at room temperature with a Bruker 

Dimension ICON scanning probe microscope equipped with a Nanoscope V 

controller, operating in tapping mode using silicon TESP–V2 tips having a 

resonance frequency at approximately 320 kHz and a cantilever spring constant 

about 42 N/m. A solution drop of acidic aqueous (HAc, 2% v/v) of nanogels (5·10-

4 mg mL-1) dispersed during 7 days was settled on a mica disk and it was dried at 

ambient temperature. 

II.2.6. Swelling capacity 

The swelling capacity of freeze–dried hydrogels was studied by a general 

gravimetric method. Samples were immersed in different medium, PBS (pH 7.4) 

and 0.1 M HCl (pH 1), simulating intestinal and gastric fluids, respectively) at 37 

ºC. At selected time intervals after immersion (15 min, 30 min, 1 h, 2 h, 24 h or 

48 h), the swollen samples were removed, weighed once the excess of liquid was 

withdrawn with filter paper and again freeze–dried. The equilibrium swelling was 

considered to be achieved when the weight of the hydrogels no longer increased. 

The swelling ratio (SR) was calculated using the following Equation II.8. 

100
W

WW
(%)SR

d

dS 


 







 (II.8) 

where Ws and Wd are the weight of the swollen and final freeze–dried hydrogel 

samples, respectively. The assay was conducted in triplicate. 
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II.2.6.1. Swelling parameters 

The swelling kinetics of the hydrogels was adjusted following a previously 

reported method for this type of materials, which is based on Equation II.916. 
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
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where SR is the swelling degree at time t, SRmax the maximum swelling value and 

kS (ghydrogel gsolution-1 s-1) the swelling constante rate. The initial swelling rate (ro, 

gsolution ghydrogel-1 s-1) was obtained from 1/(SR2max·kS)=1/(dSR/dt)0. The swelling 

process in all cases followed second order kinetics with correlation coefficients 

above 0.99. 

II.2.6.2. pH–sensitivity 

The response of hydrogels to the environmental pH was studied by performing 

pulsatile swelling tests at 37 ºC in NaOH 0.01 M (pH 12) and HCl 0.01 M (pH 

2). Freeze–dried samples were first swollen in the HCl solution for 20 minutes 

and their swollen weight was monitored every 7 minutes. Subsequently, the 

samples were transferred to the NaOH solution and the swelling was monitored 

following the same procedure. Finally, the swelling capacity of the samples in 

study at each pH was measured according to the Equation II.8 after freeze–

drying. The alternative immersion was repeated three times so that an extreme 

swelling/shrinking behaviour was ensured. The pH–dependency of the swelling 

was studied in a total period of 2 h of incubation in both media. The assay was 

conducted in triplicate. 

II.2.7. Gel fraction 

The insoluble fraction of the cross–linked materials was estimated as the gel 

fraction (%). The hydrogels were immersed in PBS at 37 ºC for 3 h, based on the 



 

Chapter II. Materials and characterization techniques and methods 

Page │ 65 

equilibrium swelling time from previous swelling studies which was independed 

of the nature of each system. The sol–gel ratio of the hydrogels was determined 

by Equation II.10. 

100
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W

(%)Gel
0

t   (II.10) 

where W0 and Wt are the initial and final weights of the hydrogel sample referred 

to the dry state. 

II.2.8. Enzymatic and hydrolytic degradation studies 

Degradation studies were carried out by gravimetric analysis according to a method 

described elsewhere16–19. Dried samples (4–10 mg) were weighed (W0) and 

immersed in PBS for prescribed days at 37 ºC with 1 mg mL-1 lysozyme (≥ 40000 

units mg-1 protein from chicken egg white). Samples were removed at fixed time 

intervals (2, 7, 14, 21 and 28 days) and washed out with deionized water to 

eliminate any superficial buffer and lysozyme traces. Samples were finally dried 

and weighed until constant value (Wt). Hydrolytic degradation was also studied as 

the control reference by incubation in lysozyme–free PBS solution at the same 

conditions. The measurements were performed in triplicate and the weight loss 

of the samples was calculated using Equation II.11. 
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where W0 and Wt are the dried weights of the samples at initial and final time, 

respectively. 
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II.2.9. Rheological characterization 

II.2.9.1. Gelation time 

The gel point was considered as the time where the curves of storage (G´) and 

loss (G´´) modulus crossover at a fixed temperature and frequency20,21. The 

gelation time was studied by dynamic oscillatory viscoelastic measurements 

performed in a Haake Viscotester IQ using the parallel plate geometry (titanium 

upper plate of 35 mm and steel lower plate of 60 mm) at 65 ºC or 37 ºC, depending 

on the reaction conditions. The viscometer was equipped with a Peltier cooling 

system for the better temperature and humidity control and a solvent trap. 

Additionally, solvent evaporation was prevented by applying low–viscosity oil to 

the periphery of the sample holder. The evolution of storage (G´) and loss (G´´) 

modulus was measured in the linear viscoelastic region (LVR), at constant 

temperature and a shear strain of 1 % (determined by previous stress sweep 

experiments) at 1 Hz. 

II.2.9.2. Frequency sweep test 

The dynamic rheological behaviour of the synthesized hydrogels was studied by 

frequency sweep tests. Thereby, the storage modulus (G´), loss modulus (G´´) and 

the damping factor (tan δ) of the final hydrogels were calculated by oscillatory 

rheometry using a Rheometric Scientific Advanced Rheometric Expansion System 

(ARES) and parallel plate geometry (diameter 25 mm) as described, in oscillation 

mode at 37 ºC. After the determination of the linear viscoelastic region (LVR) from 

stress sweep study, frequency sweep analyzes were evaluated from 0.1 to 500 rad s-1 

at a fixed strain of 1 % for DA and NITEC–based hydrogels or 10 % for the MA 

hydrogels. The damping factor describes the ratio between the two portions of the 

viscoelastic behaviour (G´ and G´´), i.e. for ideally elastic behaviour tan δ = 0 

whereas tan δ = 1 for ideally viscous behaviour. 
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II.2.9.2.1. Network parameters 

Based on the rheological results, the structural parameters of the developed 

chitosan–based hydrogels were determined. The average mesh size (ξ, nm), the 

cross–linking density (ne, mol m-3) and the average molecular weight between 

neighbouring cross–links (Mc, kg mol-1), were calculated based on the so–called 

rubber elastic theory (RET) from Equation II.12, II.13 and II.14, respectively22. 
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where G´ is the storage modulus, NA is the Avogadro constant (6.022·1023), R is 

the gas constant (8.314 J K-1 mol-1), T is the temperature (310 K), Ge represents 

the plateau value of storage modulus measured by frequency sweep test (being 

equal to the value of G´ for covalently cross–linked hydrogels), c is the polymer 

concentration in the hydrogels (% w/v, which varies according to the hydrogel 

system on study) and ρ is the density of water at 310 K (993 kg/m3). 

II.2.9.3. Shear thinning 

Shear–thinning is the decrease in the polymer viscosity with increased shear rate, 

resulting from the aligment of polymer molecules during processing, and 

describes a typical non–Newtonian pseudoplastic fluid behavior. The shear–

thinning was analysed in a Haake Viscotester IQ using the parallel plate geometry. 

The viscosity of the hydrogels was measured under steady shear strain 

measurements in the range of 0.1 to 1000 s-1 in rotatory mode. 
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II.2.9.4. Yield point 

The yield point marks the transition from predominant elastic to viscous 

behaviour. Oscillatory stress sweep experiments were carried out in order to 

estimate the yield point. Below the critical stress amplitude (LVR), the material 

responds as a solid (G´ > G´´) and G´ and G´´ are independent of the applied 

stress. At higher stress values, G´ decreases and G´ and G´´ cross. From this 

point onwards, the viscous character of the material will dominate23. The yield 

point was studied by recording the evolution of storage and loss moduli at a given 

frequency of 1 Hz in a shear stress (τ) range from 1 to 1000 Pa at 20 ºC in a Haake 

Viscotester IQ using the parallel plate geometry. The crossover point will 

determine the yield point. 

II.2.9.5. Self–healing ability 

Materials with self–healing ability present the built–in capacity to automatically 

repair damage to themselves without any external intervention. The self–healing 

ability measurements were conducted in a Haake Viscotester IQ using the parallel 

plate geometry and was assessed by registering the variation of the storage and 

loss moduli in step–strain measurements at a fixed frequency of 1 Hz at 20 ºC. 

Samples were treated for 60 seconds under very low strain (0.1 %), which is 

substantially under the deformation limit. Subsequently, the strain was increased 

above the critical region (50 %) for 60 seconds and afterwards, the cycle was 

completed by descending again the applied strain (0.1 %). 

All the rheological tests were conducted in triplicate. 
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II.2.10. Specific characterization 

II.2.10.1. Drug delivery measurements 

For drug delivery studies, chloramphenicol antibiotic (ClPh, ≥ 98 % (TLC) Sigma–

Aldrich) was used as a model drug, namely due to its water–solubility and its wide 

antibacterial spectrum24, for in vitro release studies in a simulated intestinal medium 

for the Diels–Alder hydrogels. The drug solution was prepared by dissolving ClPh 

in aqueous solution at a concentration of 0.5 mg mL-1 at 25 ºC. Based on the 

equilibrium swelling times from the swelling studies, dried hydrogel samples were 

maintained in the drug solution for 3 h. After that time, samples were removed 

from the solution and dried at ambient temperature until constant weight. The 

amount of drug loaded was determined from the amount of drug solution 

absorbed by the hydrogels, calculating the difference between the initial dried 

weight of the samples and the final swollen weight after loading. The realease 

experiments were carried out by stirring the dried loaded hydrogel samples (kept 

in a metallic perforated container) in 80 mL of 0.01 M PBS at 37 ºC. At 

predetermined time intervals, an aliquot of 1 mL of the release medium was 

withdrawn and analysed by UV–vis spectroscopy to determine the amount of 

drug released at each time point, returning the aliquot to the beaker once analysed. 

The amount of ClPh released was quantified by comparing the absorbance at 275 

nm (maximum absorbance of ClPh) with a standard calibration curve prepared 

for pure drug solutions in the appropriate concentration regions. The cumulative 

drug release was calculated using Equation II.15. 
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where Mt is the cumulative mass of ClPh released at time t and M0 is the total 

amount of ClPh loaded. 
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In order to study the mechanisms that govern the chloramphenicol release from 

the as–prepared Diels–Alder based hydrogel systems; the release data were fitted 

into the so–called power law (Equation II.16), which was reported by Siepmann 

and Peppas for polymeric systems25 and has been applied to deduce the release 

mechanism of various drugs from biopolymeric hydrogels of different nature26–

28. 
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 (II.16) 

where Mt and M∞ are the amount of drug released at time t and infinite time (4 h 

for CsFu/CsAMI hydrogel and 6 h for CsFu/BMI hydrogels), respectively, k is a 

constant incorporating structural and geometric characteristics of the sample and 

n is the release exponent, indicative of the mechanism of drug release. When the 

exponent n takes a value of 1, the release is controlled by swelling mechanism 

(case II transport), whereas if n takes a value of 0.50 the diffusion is the 

controlling step in the drug release (Fickian transport). If n lies in between, both 

phenomena take place simultaneously and the transport is considered to be 

anomalus. 

II.2.10.2. Mucoadhesion capacity 

Thiomers exhibit much stronger mucoadhesive properties than the corresponding 

unmodified polymers, thus, thiol–functionalized chitosan was evaluated in order 

to compare the presented mucoadhesion regarding neat chitosan and the nanogels 

obtained therefrom (Chapter III and Chapter VII). The mucoadhesion capacity 

was assessed by turbidimetric measurements using mucin from porcine stomach 

(Type II, Sigma–Aldrich). Hence, different mixtures were prepared and 

polymer/mucin interactions were measured spectrophotometrically with a UV–

3600/3100 from Shimadzu at 500 nm. The influence of the pH and the 

concentration of mucin was studied for the different systems at 1, 2, and 5 h. 
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Firstly, solutions of neat chitosan, thiol–functionalized chitosan and nanogels 

(0.25 mg mL-1), as well as mucin solutions at tested concentrations (0.25, 0.50, 

1.25 and 1.50 mg mL-1) were prepared as controls in both media, namely, water 

(pH 6) and acid aqueous environment (0.5% v/v HAc, pH 3). In order to ensure 

the homogeneity of the solutions, controls were left in dark at room temperature 

under constant magnetic stirring overnight. 

Mixtures of polymer/mucin solutions were then prepared in both media keeping 

the polymer (neat chitosan, thiol–functionalized chitosan and nanogels) 

concentration constant (0.25 mg mL-1) while varying mucin concentration (0.25, 

0.50, 1.25 and 1.50 mg mL-1), being the polymer:mucin ratio (w/w) of 1:1, 1:2, 

1:5 and 1:6 in the samples. After 1, 2 and 5 h under magnetic stirring at room 

temperature, samples were analyzed. 

The absorbances of the individual polymers ([Abs]polym) and mucin ([Abs]mucin) 

samples were recorded as controls, where neither of the components in solution 

state barely absorbed. The algebraic sum ([Abs]theoretical) of the absorbance of 

individual samples was used to give the theoretical values of a non–interacting 

system (Equation II.17)29. 

mucinpolymltheoretica ]Abs[]Abs[]Abs[   (II.17) 

In case of an interaction, absorbance of mixture samples ([Abs]exp) increases. 

Consequently, the difference of absorbance (∆[Abs]) reflecting the occurrence of 

an interaction was calculated following Equation II.18 29. 

ltheoreticaexp ]Abs[]Abs[]Abs[ΔnInteractio   (II.18) 

II.2.10.3. Antibacterial activity 

The antimicrobial activity of hydrogel extracts was studied against two pathogenic 

bacterial strains, namely Escherichia coli CECT 405 (Gram–negative) and 
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Staphylococcus aureus CECT 239 (Gram–positive). The microbial activity test of the 

final biomaterial was performed by the technique of disc–plate antibiogram. The 

sterilized hydrogel sample was placed on the agar surface of a petri dish, 

previously inoculated with the microorganism of interest. After the deposition of 

the hydrogel on the inoculated plate with the microorganism to be tested, the 

sample was incubated at 37 ºC for 24 h. Even if there is no standard range for 

zone inhibition, 4–8 mm zone diameters are considered `resistant´. Indeed, 

Manjumeena et al. considered no activity for any inhibition zone below 8 mm30. 

Each measurement was repeated twice to ensure the reproducibility of the results. 

II.2.10.4. In vitro cell response evaluation 

II.2.10.4.1. Cytotoxicity 

To assess in vitro cell response of the materials, a short–term cytotoxicity assay was 

performed, in order to evaluate the presence and/or release of toxic degradation 

products, following ISO 10993 recommendations. Cytotoxicity was assessed by 

PrestoBlue® (Invitrogen, USA), a resazurin–based solution that functions as a 

colorimetric cell viability indicator. Briefly, murine fibroblasts (L929 cells) were 

seeded into 96–well plates at a density of 4·103 cells/well in 100 μL of complete 

standard culture medium (Dulbecco´s mofied Eagle´s medium, DMEM, Gibco, 

EEUU) that was supplemented with 10 % fetal bovine serum, 1 % of non 

essential aminoacids, 1 mM sodium pyruvate and 1 % penicillin/streptomycin. 

After 24 h, the medium was replaced with 100 μL of negative control (complete 

medium), positive control (10:1 ratio of complete medium:DMSO) or sterilized 

biomaterial extractive media and a 10 % of PrestoBlue® was added. The optical 

density was measured at 570 nm in a spectrophotometer (Biotek, HT Synergy, 

USA) at different time points (0, 24 and 48 h). The viability of the cells was 

calculated following the Equation II.19. 
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 
  100
Abs

Abs
(%)Viability

controlnegative

sample   (II.19) 

where [Abs]sample is the absorbance of the sample cells and [Abs]negative control is the 

absorbance of the negative control cells. All asssays were conducted in triplicate 

and average values and standard deviations were estimated. 

II.2.10.4.2. Cell adhesion and viability 

Live/Dead viability staining was used to test the adhesion and viability of L929 

murine fibroblasts after 3 and 7 days in culture. Sterilized squared shaped samples 

of 0.5 cm2 (n = 3) were sterilized with UV light irradiation for 30 min and placed 

on 24–well ultra–low attachment culture plates (Corning, NY, USA) to 

prehumidified with complete medium. They were incubated under standard 

culture conditions for 24 hours. Subsequetly, PBS was added in the adjacent wells 

in order to avoid evaporation of the culture medium during the seeding of 5·104 

cells/well in 15 μL of complete medium on the materials. Afer incubating the cell 

suspensions for 90 minutes under standard conditions to ensure adhesion, 500 

μL of complete medium were added to each sample. 

Evaluation of the adhesion and viability of the L929 fibroblasts after 3 and 7 days 

was carried out by marking with 4 μM calcein–AM (Sigma–Aldrich, St Louis, MO, 

USA) and 5 μM propidium iodide (Molecular Probes, Eugene, Oregon, USA) on 

PBS. In living cells, calcein–AM acquires green fluorescence (λex/ λem = 495/515 

nm) after hydrolysis of acetoxymethyl ester by intracellular esterases. The 

propidium iodide indicates the loss of the integrity of the plasma membrane since, 

when binding to nucleic acids with great affinity, it shows red fluorescence (λex/ 

λem = 528/617 nm)31. Samples were observed with the Olympus LV500 confocal 

microscope (Olympus, Japan). 
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III. CHITOSAN DERIVATIVES READY FOR CLICK 
REACTIONS 

III.1. INTRODUCTION AND OBJECTIVE 

Some of the commonly used techniques for preparing chitosan–based polymers 

include blending, grafting and cross–linking1. Among all them, the chemical 

modification of chitosan has been shown to be a promising method for the 

generation of new functional materials, which would not further change the 

fundamental backbone of neat chitosan, while maintaining the original biological 

properties of the polymer. Both the –NH2 and –OH groups of chitosan backbone 

can act as active sites for modification in order to alter properties such as 

solubility, mucoadhesion and stability for specific applications. Therefore, the 

nature of the attached group could bring new properties into the original chitosan, 

i.e., the incorporation of thiol containing compounds contributes to solve the 

impediment of water solubility, since –SH groups are highly hydrophilic2,3 and, at 

the same time, enhance the mucoadhesivity of the original polymer4; the addition 

of maleimide groups brings extra biocompatible nature5 and a greater capacity to 

adapt under different environments due to their reactivity towards different 

biomolecules6; in the case of furan grafted groups, the renewable nature is 

promoted whereas reactions are favoured in terms of yield and kinetics due to 

their pronounced dienic character6; while tetrazole groups exhibit a very rich 

photochemistry turning the chitosan into an excellent precursor for light triggered 

reactions7,8. Therefore, the chemical modification affords a wide range of 

derivatives with modified properties for specific end use applications in 

diversified areas mainly of pharmaceutical, biomedical and biotechnological 

fields. The versatility in possible modifications and applications of chitosan 

derivatives presents a great challenge to scientific community and industry.  

Accordingly, modification can take place by several ways, which include chemical, 

radiation–mediated, photochemical, plasma–induced and enzymatic grafting 
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methods1. Thus, the main objective of this chapter was to develop novel chitosan 

derivatives following two chemical routes where the biopolymer was modified 

with different functional groups by means of the primary amines as a preliminary 

step for developing novel biomaterials. 

On the one hand, based on the well–documented reaction of aldehydes with 

chitosan9, furfural was used to incorporate diene character moieties into the 

biopolymer chain. The primary amines of chitosan undergo Schiff reaction with 

aldehydes to form the corresponding imines, which are then converted to N–alkyl 

derivatives on hydrogenation with borohydride10. 

Another viable and easy route to covalently attached functional groups into 

chitosan is the one based on the formation of amide bonds11, which was also used 

throughout this thesis. Herein, the functionalization of the biopolymer was 

achieved by amide coupling conjugation between the primary amines of the 

polymer and the carboxylic acid groups of the corresponding acid modifier (based 

on maleimide, thiol or tetrazole–containing compounds), some of them having 

been previously synthesized, in the presence of the double system of coupling 

agents (EDC/NHS) as shown in Scheme III.1. According to literature, the pKa 

of the primary amino group of chitosan is ∼ 6.512. For this reason, chitosan was 

previously dissolved at acid pH in order to ensure the availability of the 

protonated amino groups for the modification reaction and afterwards, the pH 

reaction media was raised to 5–6 since amide coupling reaction selectivity is 

higher at this pH. 
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Scheme III.1. General representation for the acid activation mechanism prior to the 

amide coupling cross–linking reaction. 

The functionalization of chitosan was confirmed by the determination of the 

amine substitution degree (DS) following different strategies based on the  

derivative. FTIR and NMR spectroscopy were used in order to compare the 

chemical structures before and after the functionalizations. Furthermore, the 

effect of the modifications on the crystalline structure of the biopolymer was 

evaluated by XRD. The thermal stability of the precursors was studied by 

thermogravimetric analysis in order to study the influence of grafting different 

reactive compounds to the chitosan main chain. Thus, similar characterization was 

performed for the four derivatives, which followed a similar tendency based on 

the spectra of original chitosans for each of the assays. 

III.2. SYNTHESIS OF FURAN–FUNCTIONALIZED CHITOSAN 
(CsFu) 

III.2.1. Experimental part 

Furan–functionalized chitosan was prepared according to a method described 

elsewhere13. The diene was obtained by the modification of chitosan with furfural 

through the formation of imine groups (Schiff base) between the aldehyde and 

the amino group of chitosan. The synthetic strategy of the furanic chitosan 

derivative is shown in Scheme III.2. Chitosan (1 g; 5·10-3 eq. NH2) was dissolved 

in 100 mL of 2 % v/v aqueous acetic acid solution. Furfural (675 μL) was added 

dropwise in a 1.6:1 equivalent ratio with respect to chitosan under magnetic 

stirring to ensure significant modification of the polymer and the mixture was 
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allowed to react for 5 h at room temperature. In order to avoid subsequent 

interferences of the formed imine groups (–CH=N–), an excess of NaBH4 was 

added to reduce the Schiff base. To prevent small bubbles generation due to the 

reduction process, the reaction was maintained under nitrogen atmosphere for 2 

hours. The pH of the solution was close to 3 during all the process. The polymer 

was then precipitated in 1 M NaOH, filtered using a polyamide membrane filter 

of 0.2 μm pore size (Sartorious Stedim Biotech) and successively washed with 

water–ethanol–water. The solid was removed and purified by dialysis against 

deionized water for 24 hours using a Spectra/Por® 2 Dialysis Membrane, MWCO: 

12–14 kD (Spectrum Laboratories, Inc.). CsFu was recovered as a solid material 

(60 % w/w yield) after drying in an oven at 60 ºC. 

 

Scheme III.2. Synthesis of CsFu through the reaction of chitosan and furfural. 
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III.2.2. Results and discussion 

Furan–functionalized chitosan was characterized by FTIR spectroscopy. The 

FTIR spectra of original chitosan and CsFu are shown in Figure III.1. The success 

of the modification could be confirmed by the appearance of the signals related to 

the new functional group in the chitosan chain attributed to the diene. 

As it can be observed for the neat chitosan spectrum, four strong bands belonging 

to the saccharide structure appeared at 1150, 1064, 1023 and 897 cm-1. Furthermore, 

amide I and amide II bands were also observed at 1644 and 1555 cm-1, 

respectively14,15. The amide I band corresponded to the –C=O stretching vibration, 

whereas the amide II band was associated with the N–H bending vibration and the 

C–N stretching vibration16. Furthermore, the spectrum of unmodified chitosan 

shows a strong broad absorption band with two peaks at 3358 and 3282 cm-1, 

which were assigned to the stretching vibrations of O–H and N–H groups17, while 

the band at 2873 cm-1 was attributed to C–H stretching vibrations of hydrocarbons. 

All these results were in good agreement with other authors15,18,19. Even if the 

characteristic bands of the polysaccharide main chain remained unchanged after 

modification, new absorption signals appeared due to the insertion of furan groups 

in the chitosan backbone. The stretching vibration of the furan ring showed up at 

1480 cm-1 19,20. Moreover, the presence of the grafted furan groups was appreciated 

at 934 and 884 cm-1 6,13. On the other hand, it is worth noting that the intensity of 

the band assigned to the amide II of the chitosan at 1555 cm-1 decreased, evidencing 

the partial modification of the –NH2 groups of the original polymer with the 

furfural molecules21–23. 
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Figure III.1. FTIR spectra of A) chitosan and B) furan–functionalized chitosan (CsFu). 

The chemical structure and the degree of substitution (DS) of furan modified 

chitosan were confirmed by 1H NMR spectroscopy and the spectra of chitosan and 

CsFu are shown in Figure III.2. The characteristic proton signals of the glucosamine 

unit appeared in the range of 4.50–2.50 ppm (1–6)24,25. The peak close to 1.90 ppm 

was attributed to the proton signal of the methyl group of the acetamido moiety. 

In the 1H NMR spectrum of the furan modified sample the distinctive peaks of the 

furan ring could be observed at 7.43 (–OCH=, c), 6.48 and 6.32 (–CH=, a–b) ppm26. 

Unreacted furfural moieties that prevail in the sample before purification are shown 

with an asterisk13. The degree of substitution of the furanic derivative was 

determined by the Equation II.3 and was found to be 29 %. 
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Figure III.2. Liquid–state 1H NMR spectra and chemical structure of chitosan and 

furan–functionalized chitosan (CsFu). 

Additionally, the crystallinity of the neat chitosan and the furanic sample was 

analysed by X–ray diffraction. XRD patterns are shown in Figure III.3. As it has 

been explained in Chapter I and II, chitosan is less crystalline than chitin and 

therefore, shows lower crystallinity indexes. It exhibited three characteristics 

peaks at 2θ about 10–10.5º, 16º and 20–20.5º. In agreement with previous reports, 

the strongest peak at 2θ about 20º is assigned to crystal forms II from (110) 

planes, whereas the peak at 2θ about 10º corresponds to crystal forms I from 

(020) planes and the one at 2θ about 16º to the amorphous phase27–29. The XRD 

patterns of α and β–chitin expose clear differences due to the different 

arrangements adopted by these polymorphs as detailed in Chapter I. The XRD 

profile of the α–chitin exhibits well–resolved and intense peaks, while a broad 

diffuse scattering and less intense peaks are found for the β–chitin at 10º and 20º 

30,31. This behaviour indicates that α–chitin is a more crystalline polymorph 

because of its antiparallel compact structure. Therefore, from the XRD spectra 

obtained for the chitosans under study (shown throughout this chapter), it could 
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be deduced that chitosans came from α–chitin. Moreover, the crystallinity index 

(CIXRD) of CsFu was calculated using the Equation II.6 and was found to be 0.29. 

As expected, after the functionalization process, the degree of crystallinity 

decreased32,33. In addition, distortions could be observed in the crystalline 

network of the modified polymer in comparison with the original one, probably 

due to the preparation methodology, which altered the crystalline structure of the 

chitosan. Nevertheless, the crystallinity index was not influenced by this fact. 
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Figure III.3. X–ray diffractograms of chitosan and furan–functionalized chitosan 

(CsFu). 

The thermal behaviour of the synthesized furanic chitosan was analysed by TGA 

and the thermograms (TGA) and derivative curves (dTGA) of chitosan and 

furan–functionalized chitosan can be observed in Figure III.4. 

Thermogravimetric analysis was performed between 25 and 800 ºC in order to 

assess the thermal stability of CsFu. According to the measurements, weight loss 

of chitosan took place in two stages. The first event was observed at 60 ºC, which 

was assigned to the release of sorbed water. The second stage started near 230 ºC 

and corresponded to the descomposition of the chitosan main chain27,34,35. As it 

has been previously reported by several authors, substituted polymers usually 
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show lower thermal stability due to the disruption of the ordered structure of the 

neat polymer by the grafted molecule27,36. This is the case of the furanic chitosan 

derivative, which degradation started earlier after the modification with furan 

groups and which degradation peak observed in the dTGA curve shifted to lower 

temperatures. This trend has been already reported for other furan derivatives6,37. 
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Figure III.4. TGA (left axis, solid line) and dTGA (right axis, dash line) curves of 

chitosan and furan–functionalized chitosan (CsFu) under inert atmosphere. 

III.3. SYNTHESIS OF MALEIMIDE–FUNCTIONALIZED 
CHITOSAN (CsAMI) 

III.3.1. Synthesis of 3–(2,5–dioxo–2H–pyrrol–1(5H)–yl)propanoic acid 

(AMI) 

A maleimide–end acid (AMI) was firstly synthesized in a two step procedure 

(Scheme III.3) following a reported method with some modifications38 and was 

then used to functionalize the chitosan. This synthesized acid was previously 

assess as effective modifier of cellulose nanocrystals to be used as cross–linkers 

for bionanocomposite hydrogels. Therefore, for the AMI synthesis, an acetic acid 

solution containing maleic anhydride at 10 % w/v (5 g in 50 mL) was added 
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dropwise to an acetic acid solution with β–alanine at 9 % w/v (4.54 g in 50 mL). 

The mixture was stirred for 3 h at room temperature and a white suspension was 

obtained. After that period, 70 mL of HAc were added, while the temperature 

was raised until 115 ºC and the mixture was stirred overnight. After one hour of 

reaction a limpid colourless solution was observed. At the end of the whole 

process, an orange oil was obtained. The solvent excess was removed under 

reduced pressure and the product was washed with 30 mL of toluene for three 

consecutive times, which was also removed under reduced pressure. The product 

was then purified by flash chromatography using a silica column (DCM/ethyl 

acetate 9:1). Finally, a white solid (AMI) was obtained (30 % w/w yield). 

 

Scheme III.3. AMI synthesis from β–alanine and maleic anhydride. 

III.3.2. Experimental part 

Chitosan was modified by the reaction of its amino groups with the previously 

synthesized acid precursor containing maleimide groups (AMI) in aqueous 

solution, through amide coupling reaction. The synthetic strategy of the chitosan 

derivative (CsAMI) is shown in Scheme III.4. An aqueous solution of AMI (0.042 

g mL-1) was activated by stirring for 1 hour with EDC and NHS in 1:1 and 1:1.1 

molar ratios, respectively. At the same time, chitosan (0.3 g) was dissolved in 30 

mL of 2 % v/v aqueous acetic acid solution and the pH of the solution was 

increased from 3 to 5–6 with 1 M NaOH. An equivalent ratio of 1:2 for amine–

to–carboxylic acid was established. Subsequently, the activated AMI solution was 

added dropwise to the chitosan solution and the reactive mixture was left 24 hours 

at room temperature and under magnetic stirring. The polymer was precipitated 
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in 1 M NaOH, filtered using a polyamide membrane filter of 0.2 μm pore size 

(Sartorious Stedim Biotech) and successively washed with water–ethanol–water. 

The final material (gel–like appearance) was removed and purified by dialysis 

against deionized water for 72 hours using a Spectra/Por® 2 Dialysis Membrane, 

MWCO: 12–14 kD (Spectrum Laboratories, Inc.). The pH of the final product 

was maintained at 5 after the purification step. The polymer was treated 

differently depending on the end use; thus, CsAMI was recovered as a solid 

material after drying in an oven at 60 ºC or stored in the freezer as a gel–like 

matrix until further use. 

Scheme III.4. Synthesis of CsAMI through the reaction of chitosan and AMI modifier. 

III.3.3. Results and discussion 

The FTIR spectrum of the modified chitosan is shown in Figure III.5, along with 

the one corresponding to the neat chitosan. Significant differences between both 

spectra could be detected, although the characteristics bands of the chitosan polymer 

indicated in Section III.2.2. were still observed. When modifying the chitosan with 

AMI (B), the band assigned to the amide II significantly increased, since this 

modification leaded to the formation of new amide groups. Besides, the new band 

located at 1724 cm-1, corresponding to the carbonyl groups (–C=O) of the grafted 

maleimide ring, could be noticed. Additionally, the functionalization was also 

confirmed by the presence of other distinctive peaks of the AMI molecule, as the 

ones at 1109 and 836 cm-1, which appeared slightly displaced because of the 

modification and could be related to the C–N and C–C bonds of the maleimide 
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ring and the –CH2 groups of the AMI molecule chain. On the other hand, the 

double peak of the chitosan at 3358 and 3282 cm-1 turned into a broad single peak, 

due to the modification39. 
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Figure III.5. FTIR spectra of A) chitosan and B) maleimide–functionalized chitosan 

(CsAMI). 

The presence of specific reactive groups grafted to the chitosan chain was also 

confirmed by 1H NMR spectroscopy. Figure III.6 shows the 1H NMR spectra of 

neat chitosan and CsAMI. The insertion of the maleimide ring into the polymer 

structure could be confirmed by the peak at 6.27 ppm (d) corresponding to the 

protons of the double bond of the ring –CH=CH–26. The degree of substitution 

was calculated from the Equation II.4 and was found to be 27 %. 
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Figure III.6. Liquid–state 1H NMR spectra and chemical structure of chitosan and 

maleimide–functionalized chitosan (CsAMI). 

The effect of the functionalization on the crystalline structure of the chitosan was 

evaluated by XRD. The X–ray diffraction pattern indicates that no changes on 

the crystalline structure occurred after the functionalization of chitosan since, 

same spectrum profile could be observed on both diffraction patterns. However, 

in the case of CsAMI, the peak at 2θ ≈ 10º almost disappeared and the one at 2θ 

≈ 20º became wider and weaker, being in great agreement with other results where 

it was observed the same trend after the chitosan modification40. Additionally, the 

crystallinity index, calculated from XRD data according to the Equation II.6, 

decreased considerably after the modification, being 0.18. These results indicated 

that the crystallinity of the chitosan decreased after the modification, supporting 

the success of the functionalization reaction41. 
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Figure III.7. X–ray patterns of chitosan and maleimide–functionalized chitosan 

(CsAMI). 

The neat chitosan and the modified chitosan:maleimide precursor were 

characterized in terms of their thermal behaviour as shown in Figure III.8. 

Following the same trend of the substituted precursors as described in the 

previous section, the degradation of CsAMI started earlier due to the presence of 

the dienophile components in the polymer structure. Namely, the degradation of 

maleimide–functionalized chitosan occurred at 260 ºC while chitosan degraded at 

almost 300 ºC as shown in the dTGA curve. 



 

Chapter III. Chitosan derivatives ready for click reactions 

Page │ 95 

100 200 300 400 500 600 700 800

0

20

40

60

80

100

Temperature (ºC)

 Chitosan

 CsAMI

D
eriv. w

eight (a.u.)
W

ei
gh

t (
%

)

 

Figure III.8. TGA (left axis, solid line) and dTGA (right axis, dash line) curves of 

chitosan and maleimide–functionalized chitosan (CsAMI) under inert atmosphere. 

To test the potential of this precursor to be applied as matrix of a final material 

with future biomedical applicability, preliminary in vitro cytotoxicity assays were 

performed investigating material extracts and direct cell–material interacions with 

L929 murine fibroblast cells following the procedure reported in Chapter II. As 

expected, these preliminary studies confirmed the favourable cytocompatibility of 

CsAMI. 

Figure III.9A shows the absorbance versus incubation time for the positive and 

negative controls, as well as for CsAMI sample. The positive control showed a 

notably toxic effect where the L929 murine fibroblasts were not able to proliferate. 

On the contrary, CsAMI displayed non–toxic cell growth, similar to the negative 

control. The cell proliferation with respect to the negative control as a function 

of the incubation time is represented in Figure III.9B. It was observed that the 

viability of the L929 cells cultured in the extracted medium was significantly 

higher than the established acceptance limit of 70 % with respect to the negative 

control. 
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In addition, long–term cell adhesion test was carried out by Live/Dead assay. 

Figure III.9C shows the fluorescence confocal microscopy images (x100) where 

calcein–AM shows cell viability (green) and propidium iodide non–viable cells 

(red). For direct cell–material contact, cells were seeded onto the modified 

chitosan sample. As it can be observed, the sample showed a high level of cell 

survival since the big majority of cells fluoresced green and very few dead cells 

were observed. The culture reached the monolayer in 3 days, showing adhesion 

and stable growth until day 7. Therefore, cytotoxicity and cell viability studies 

revealed that the as–prepared maleimide–functionalized chitosan was a good 

candidate for biomedical applications. 
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Figure III.9. A) Cell proliferation of murine fibroblasts L929 in contact with the CsAMI 

material as a function of time (the viability data represented were obtained from 

PrestoBlue® at 570 nm), B) viability of L929 murine fibroblast cell line with respect to 

the negative control at 24 and 48 h and C) adhesion and viability of L929 cells on CsAMI 

at 3 (A) and 7 (B) days of incubation, where live cells appear in green and dead cells in 

red (images obtained by confocal microscopy (100x)). 

III.4. SYNTHESIS OF THIOL–FUNCTIONALIZED CHITOSAN 
(CsSH) 

III.4.1. Experimental part 

The thiol functionalization of chitosan (CsSH) was achieved by amide coupling 

conjugation with thiolactic acid (TLA), following a reported procedure that was 
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consequently modified42. A schematic representation of the reaction between 

chitosan and thiolactic acid is shown in Scheme III.5. Chitosan was dissolved in 2 

% v/v aqueous acetic acid to a final concentration of 0.5 % w/v. Thiolactic acid, 

EDC and NHS were then added to the solution while adjusting the pH to 5–6 using 

1 M NaOH and the mixture was stirred 24 hours in dark at room temperature. 

The pH of the surrounding medium will influence on the concentration of 

thiolate anions since the thiol groups could loss their proton and react to 

disulphide bridges (–S–S–)43. Therefore, in order to avoid the formation of 

disulphide bonds between the polymeric chains, the synthesis was performed at 

pH 5–6. At that pH, the amount of thiol groups in the oxidized form is low and 

the formation of disulphide bonds can be minimized2,44. The molar ratio of 

amine–to–carboxylic acid used was 1:1 and the thiolactic acid (120 μL) was 

activated with EDC and NHS in 1:1 and 1:1.1 molar ratios, respectively. The 

product was dialyzed in cellulose membranes (molecular weight cutt–off of 12–

14 kDa) for 72 hours against 5 mM HCl, then once against the same medium but 

containing 1 % w/v NaCl to reduce the ionic interactions between the cationic 

polymer and the anionic sulfhydryl groups, and finally, once against 5 mM HCl 

for 48 h. The dialysis was done in dark at 4 ºC for avoiding the oxidation of 

sulfhydryl groups44. CsSH was lyophilized (88 % w/w yield) and stored at 4 ºC in 

dark until needed for further use. 

Scheme III.5. Synthesis of CsSH through the reaction of chitosan and thiolactic acid. 
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III.4.2. Results and discussion 

FTIR spectroscopy was used for the comparison of the chemical structures of 

chitosan before and after the modification of the polymer. Figure III.10 illustrates 

the FTIR spectra of both neat and thiol modified chitosan. As in the previous 

sections, the common bands belonging to the saccharide structure could be 

identified in both spectra. However, significant differences were observed by 

comparing both spectra due to the grafting of thiol groups into the chitosan chain 

via amide–mediated reaction. As it could be observed, in the spectrum of the CsSH 

derivative (B), the characteristic double peak at high wavenumbers dissapeared and 

a single peak around 3294 cm-1 appeared, supporting the fact that the –NH2 group 

reacted with the thiolactic acid in this case17,45. Moreover, the functionalization 

led to the insertion of new C–H linkages in the polymeric structure, resulting in the 

differentiation of two bands at 2920 and 2851 cm-1, which corresponded to the 

stretching vibrations of CH3 and CH2, respectively46, and the appearance of a new 

band at 1458 cm-1 14,47. Besides, amide I and II bands appeared slightly displaced 

in the CsSH derivative (1628 and 1518 cm-1, respectively), which could be related 

to the addition of a new group after the amide bond formation14,28.Furthermore, 

the intensity of the band assigned to the amide II of the chitosan, which is 

associated to the C–N stretching vibration, was significantly stronger, suggesting 

that the grafting occurred at the chitosan amine site47. In fact, the thiolation of 

chitosan was also qualitatively confirmed by the appearance of some other new 

bands as the signal of sulfur–based groups at 796 cm-1 (S–C) and the characteristic 

band of the carbonyl groups (–C=O) of the grafted thiol ended molecule at 1742 

cm-1 confirming the success of the modification14. 
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Figure III.10. FTIR spectra of A) chitosan and B) thiol–functionalized chitosan (CsSH). 

The thiol functionalization of the chitosan was confirmed by the determination 

of the amine substitution degree (DS). Indeed, the ninhydrin assay (Equation II.7) 

was used to determine the remaining free amine groups of the thiolated chitosan 

derivative, calculating the DS value of 26 %. Moreover, the amount of thiol 

groups determined by Ellman´s test was found to be 2162 μmol g-1 of polymer. 

The amount of thiol immobilized in native chitosan was enough to avoid the 

insolubility problems and was found to be highly adequate for the subsequent 

cross–linking reaction. Furthermore, it has been recently observed that the in situ 

gelling properties of chitosan significantly improve after thiolation48. 

To confirm the influence of the modification on the crystallinity of chitosan, X–

ray diffraction patterns of unmodified and modified samples were compared 

(Figure III.11). The signal of the most intense peak (2θ ≈ 20º) almost disappeared 

in the CsSH pattern, indicating the existence of new intermolecular interactions 

that influenced the regularity of the chitosan ordered structure27,49,50. The 

crystallinity index of the thiolated chitosan was calculated from the Equation II.6 

and was found to reduce to 0.14. The amorphous form of the chitosan derivative 
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could present certain advantages for being used in biomedical applications51,52. 

Indeed, the showed water solubility of the CsSH derivative was likely attributed 

to the new stable amorphous form, enhancing both the drug release capacity and 

subsequent absorption and bioavailability53 and also the biodegradability and 

mucoadhesive properties of the polymer28. 
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Figure III.11. X–ray patterns of chitosan and thiol–functionalized chitosan (CsSH). 

The thermal stability was studied by thermogravimetric analysis and the 

thermograms and dTGA curves of pure chitosan and thiol–grafted chitosan are 

shown in Figure III.12. Compared to chitosan, for the thiolated derivative the 

degradation of the backbone started significantly earlier, indicating that the 

presence of the thiol groups grafted to the polymer main chain decreased the 

thermal stability of the polysaccharide. After a progressive loss of water up to 135 

ºC, which depends on the initial moisture content of the samples54, the modified 

polymer decomposition reaction was observed to start at 180 ºC. The 

incorporation of thiol groups decreased the decomposition temperature and, at 

the same time, a small shoulder in the dTGA curve indicated two–stage 

decomposition pattern in the case of the modified chitosan, in contrast to the 

single peak registered for the pure chitosan, which could be an indicative of the 
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incorporation of a new compound into the polymer main chain36, verifying the 

successful functionalization of chitosan. Indeed, the resistence to thermal 

degradation was reduced in a greater extent in this case, which could be related 

to the increase in the amorphous form of the precursor. 
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Figure III.12. TGA (left axis, solid line) and dTGA (right axis, dash line) curves of 

chitosan and thiolated chitosan (CsSH) under inert atmosphere. 

Mucoadhesion is a complex process that involves interaction (chemical and physical) 

between the mucin epithelial layer and polymers with mucoadhesive potential. 

Therefore, mucoadhesive polymers can adhere to mucus membranes in different 

parts of the body (intestinal, oral or gastric mucosa)48. As it was remarked in Chapter 

I, chitosan shows mucoadhesive properties as it has been shown to interact with 

mucin55–57, even if the nature of the interactions between chitosan and mucin 

remains poorly weak based on electrostatic interactions. In fact, it has been 

demonstrated that polymers capable of forming covalent bonds with the mucus layer 

display more pronounced mucoadhesive properties, where thiolated chitosans based 

on disulphide bonds are greatly highlighted58,59. 



 

Chapter III. Chitosan derivatives ready for click reactions 

Page │ 103 

Thus, the mucoadhesion capacity of the new chitosan thiolated derivative was 

evaluated. The influence of the pH and the concentration of mucin was studied 

for different polymer/mucin mixtures after 1, 2, and 5 h of interaction under 

magnetic stirring at room temperature. As described in Chapter II, mixtures of 

polymer/mucin solutions were prepared in water (pH 6) and acid aqueous 

environment (0.5% v/v HAc, pH 3). The polymer (neat chitosan and thiol–

functionalized chitosan) concentration was kept constant (0.25 mg mL-1) while 

the mucin concentration was varied (0.25, 0.50, 1.25 and 1.50 mg mL-1). Results 

obtained after applying the Equation II.17 and II.18 were represented on Figure 

III.13 and III.14 in both media. 
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Figure III.13. Influence of mucin concentration on chitosan and thiolated chitosan as a 

function of interaction time for: A) 0.50, B) 1.25 and C) 1.50 mg mL-1 mucin 

concentrations at pH 3. 
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Figure III.14. Influence of mucin concentration on chitosan and thiolated chitosan as a 

function of interaction time for: A) 0.25, B) 0.50, C) 1.25 and D) 1.50 mg mL-1 mucin 

concentrations at pH 6. 

As previously mentioned, it has been widely reported the mucoadhesive nature of 

chitosan based on numerous works. Thereby, the primary interactive strength of 

adhesion between chitosan and mucus layer was found to be electrostatic, being 

these interactions higher in acid environment in accordance with other studies60. 

This behaviour was clearly observed in Figure III.13, where the mucoadhesion 

property of the neat polymer showed the highest values, especially when increasing 

the contact time with the mucus layer. Additionally, modifying mucoadhesive 

polymers commonly leads to significantly improved mucoadhesion properties, 

leading to develop novel polymers5. Thereby, the presence of free thiol groups 

allowed the establishment of covalent disulphide bridges that could lead to boost 
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mucoadhesive properties. Therefore, the adhesion of thiolated chitosan to the 

stomach and intestine mucus was significantly higher than chitosan, being highly 

relevant in the case of neutral pH. Under these conditions, the thiol groups 

maximized the mucoadhesive nature of the original polymer, since the formation of 

inter and intramolecular disulphide bonds occurs at pH > 5 in the presence of 

oxidants, such as oxygen4. 

On the other hand, the time factor acquiered greater relevance under acidic 

conditions, where the polymer/mucin interactions significantly increased from 1 h 

to 5 h of contact with mucin for both samples, regardless the mucin concentration 

in study. Moreover, no adhesion was detected for none of the materials in stomachal 

conditions (pH 3) for 0.25 mg mL-1 mucin concentration, which indicated that this 

concentration was not enough for the creation of detectable interactions under these 

conditions. If at pH 3 the contact time was highlighted, under basic environment, 

where the chitosan/mucin interactions were observed to be quite poor, the mucin 

concentration played an important role. Namely, at higher concentrations of mucin, 

the mucoadhesive properties of both the chitosan and the thiolated derivative were 

enhanced.  

Finally, in vitro cytotoxicity assay was also performed to evaluate the non–toxicity of 

the thiolated chitosan derivative since it was intended to be used as a precursor 

in the development of biomaterials. In vitro viability and proliferation of cells was 

studied by short–term assays evaluating changes in cellular growth, incubating 

L929 mouse fibroblast cells for 24 and 48 h in CsSH sample as described in 

Chapter II. The obtained results are shown in Figure III.15. 
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Figure III.15. A) Cell proliferation of murine fibroblasts L929 in contact with the CsSH 

material as a function of time (the viability data represented were obtained from 

PrestoBlue® at 570 nm) and B) viability of L929 murine fibroblast cell line with respect 

to the negative control at 24 and 48 h. 

Preliminary viability results showed that the thiolated chitosan precursor presented 

non–toxic behaviour and allowed cell growth. The proliferation curve of 

hydrogels (Figure III.15A) showed the same increasing pattern of the negative 

control, whereas the positive control presented a decreasing slope for the 

proliferation curve. As mentioned, the cell viability was measured at 24 and 48 h 

in cells cultured in extracted medium from CsSH (Figure III.15B), showing cell 

viability values higher than the acceptance limit of 70 % (compared with the 

negative control) as established by ISO 10993 standards, which were close to 100 

%. Therefore, the CsSH material guarantees cell proliferation, reaching cell 

viability values above the level of acceptance. The possible cytotoxicity is 

completely ruled out, being a biocompatible material. 
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III.5. SYNTHESIS OF TETRAZOLE–FUNCTIONALIZED 
CHITOSAN (CsTZ) 

III.5.1. Synthesis of 4–(2–(4–methoxyphenyl)–2H–tetrazol–5–

yl)benzoic acid (TBA) 

An acid precursor containing tetrazole groups was first synthesized following a 

reported method in the literature61 (Scheme III.6) for later functionalization of 

chitosan. Thus, the desired molecule (4–(2–(4–methoxyphenyl)–2H–tetrazol–5–

yl)benzoic acid, TBA) was obtained by two–step procedure. Namely, a mixture 

of 4–formylbenzoic acid (6.558 g, 43.7 mmol) and ρ–toluenesulfonyl hydrazide 

(8.138 g, 43.7 mmol) (A) in 100 mL of ethanol was heated to reflux for 30 min in 

a 1:1 equivalent ratio. The solution was diluted with 100 mL of water and the 

precipitate was filtered off. The solid (4–((2–tosylhydrazono)methyl)benzoic acid) 

was washed with 100 mL of aqueous ethanol (98 % w/w yield). 

Subsequently, ρ–Anisidine (4 g, 32.5 mmol) was dissolved in a mixture of 8.46 

mL of concentrated HCl, 26.9 mL of H2O and 26.9 mL of EtOH and cooled to 

0 ºC. A cooled solution of NaNO2 (2.241 g, 32.5 mmol) in 13.45 mL of H2O was 

added dropwise and stirred for 10 min at 0 ºC, being 1:1 the equivalent ratio of 

ρ–Anisidine to NaNO2. The in situ generated diazonium salt solution (B) was 

added dropwise to a solution of (4–((2–tosylhydrazono)methyl)benzoic acid) 

(10.34 g, 32.5 mmol) in 200 mL of pyridine at 1:1 equivalent ratio at -10 ºC – -5 

ºC over a period of 45 min. After complete addition, the solution was stirred at 0 

ºC for 30 min and then, at ambient temperature overnight. The turbid solution 

was poured into 500 mL of 10 % v/v aqueous HCl solution and the precipitate 

(TBA) was filtered off and washed with 250 mL of EtOH (65 % w/w yield). 
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Scheme III.6. Synthesis of 4–(2–(4–methoxyphenyl)–2H–tetrazol–5–yl)benzoic acid. 

III.5.2. Experimental part 

The tetrazole–functionalized chitosan (CsTZ) was prepared via carbodiimide 

conjugation in DMF and under argon atmosphere. An equivalent ratio of 1:1.5 

for amine–to–carboxylic acid was fixed in this case. Scheme III.7 shows the 

reaction between TBA and chitosan. Firstly, 0.3 g of chitosan were dissolved in 1 

% v/v aqueous acetic acid to a final concentration of 1 % w/v, while the pH of the 

solution was adjusted to 5–6 using 1 M NaOH. At the same time, TBA (0.066 g 

mL-1) was activated in DMF for 1 hour with EDC and NHS in 1:1 and 1:1.1 molar 

ratios, respectively. The activated acid was added dropwise to the chitosan 

solution and the mixture was stirred overnight under magnetic stirring in dark at 

ambient temperature under argon atmosphere. The product was precipitated in 

acetone, washed with methanol and DMSO and centrifuged several times against 
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deionized water (4200 rpm, 20 ºC and 15 min per cycle (x4)). Finally, CsTZ was 

lyophilized (64 % w/w yield) and stored in dark at 4 ºC until further use. 

Scheme III.7. Synthesis of CsTZ through the reaction of chitosan and TBA modifier. 

III.5.3. Results and discussion 

Chitosan was modified with TBA in order to obtain photo–reactive precursor for 

the subsequent formation of fluorescent hydrogels once reacted with the 

appropriate complementary chitosan derivative. CsTZ was chemically 

characterized by FTIR and 13C NMR spectroscopies to confirm the success of 

the functionalization reaction. 

The FTIR spectra of the original chitosan and the tetrazole–functionalized 

chitosan (CsTZ) are shown in Figure III.14. Significant differences were observed 

by comparing the chemical structures before and after the functionalization of 

chitosan with TBA. Apart from the characteristic bands of the polysaccharide 

backbone that have been detailed in the previous sections of this chapter, in the 

CsTZ spectrum significant differences existed, most notably from 1800 cm-1 

onwards still maintaining the bands related to the backbone of the original 

biopolymer. Accordingly, the presence of the grafted tetrazole moieties on the 

chitosan could be confirmed by the bands at 1517, 835 and 742 cm-1, which are 

mainly related to the stretches in the aromatic ring (–C=C–) of the TBA acid. 

Moreover, the appearance of two new bands at 1766 and 1735 cm-1 could be 
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assigned to the carbonyl groups (–C=O) of the remains of the modifier that could 

be presented and to the new formed amide groups, respectively. 
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Figure III.14. FTIR spectra of A) chitosan and B) tetrazole–functionalized chitosan 

(CsTZ). 

The chemical structure of the new derivative as well as the degree of substitution 

(DS) were also confirmed by solid–state 13C NMR spectroscopy (Figure III.15). 

As it could be observed, specific reactive groups corresponding to the tetrazole 

group grafted to the chitosan backbone clearly manifested in the spectrum of the 

chitosan derivative. The 13C NMR spectrum of chitosan is characterized by the 

presence of one signal corresponding to the anomeric carbon (C1) at 104.5 ppm 

and a second signal containing multiple peaks in the 90–45 ppm region, associated 

to the rest of carbons of the deacetylated glucosamine unit (C2–6). Finally, the 

signals of the carbons of carbonyl and methyl groups of the acetamido moiety 

appear at 172.9 and 23.0 ppm, respectively62–65. The incorporation of the tetrazole 

ring into the polymeric structure could be confirmed by the signals in the range 

between 166–156 ppm (Ce,i) and 136–107 ppm (Cg–h), which corresponded to the 

carbons of the grafted molecule61. Furthermore, as the grafting of the tetrazole 
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groups into the chitosan led to the formation of new amide groups, the signal 

located at 172.1 ppm corresponding to the carboxyl groups, was transformed due 

to the functionalization. 

 

 

 

 

 

 

Figure III.15. Solid–state 13C NMR spectra and chemical structure of chitosan and 

tetrazole–functionalized chitosan (CsTZ). 

The DS was determined by the integration of the areas of the carbon signals of 

the glucosamine units and those of the tetrazole unit that were not affected. 

Calculations were made using the Equation II.5, where ATZ corresponds to the 

area of tetrazole carbon signals in the range of 136–107 ppm and ACs to that of 

the glucosamine carbon units (C3–5). The DS for the tetrazole–containing chitosan 

was 29 %. 

Figure III.16 shows the XRD patterns for the original chitosan and the tetrazole–

functionalized chitosan. The same trend as in the previous cases was observed this 

time. Namely, in the CsTZ spectrum both peaks decreased and the peak at 2θ = 

20º became broader and weaker, suggesting  a higher amorphous form in the 

modified sample51. After applying the Equation II.6, chitosan derivative 

presented a crystallinity index of 0.39.  
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Figure III.16. X–ray patterns of chitosan and tetrazole–functionalized chitosan (CsTZ). 

The thermal degradation behaviour and dTGA curves of neat chitosan and 

tetrazole–functionalized chitosan are shown in Figure III.17. The observed 

tendency was in agreement with the results showed in the previous sections of 

this chapter, where substituted polymers usually show lower thermal stability. For 

the tetrazole–functionalized chitosan the degradation took place at 191 ºC after 

the initial loss of water, being the decomposition of the sample highly influenced 

by the presence of the new groups in the main chain of the biopolymer. 

Therefore, the dTGA curve of CsTZ displayed two significant degradation peaks 

at 225 and 262 ºC with a consecutive shoulder at 304 ºC, which could be related 

to the degradation of TBA and the decomposition of the chitosan derivative main 

chain, respectively. Furthermore, the degradation pattern of CsTZ registered 

another peak at higher temperatures (563 ºC) due to the presence of new 

fragments in the polymer main chain related to the TBA, which might be due to 

the overlap of different concomitant degradation processes.  
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Figure III.17. TGA (left axis, solid line) and dTGA (right axis, dash line) curves of 

chitosan and tetrazole–functionalized chitosan (CsTZ) under inert atmosphere. 

III.6. CONCLUSIONS 

The physico–chemical and biological properties of chitosan could be tailored by 

grafting new molecules into the chitosan backbone. Therefore, chitosan was 

functionalized by the attachment of new pendant moieties to the main chain, 

proving it with specific reactivity and the ability to respond to particular purposes. 

Chitosan–based precursors were succesfully synthesized following two different 

chemical strategies. In any case, the freee amino groups of the biopolymer served 

as reactive sites for the synthesis of novel chitosan derivatives after reacting with 

aldehyde or carboxylic acid groups. 

Four complementary chitosan derivatives were developed in order to use them as 

precursors in subsequent click reactions for the formation of three–dimensional 

structures. Namely, furan, maleimide, thiol and tetrazole–containing chitosans 

were prepared and suitably characterized in terms of physico–chemical 

properties, thermal behaviour and crystallinity. Table III.1 shows the most 

relevant properties of the synthesized chitosan derivatives. These modifications 
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further enhanced the primary features of native chitosans, making them more 

suitable as precursors for further design of biomedical devices via click chemistry. 

Table III.1. Main properties of the synthesized chitosan derivatives. 

Chitosan functionalization 

Eq. ratio 
amine–to–
aldehyde/ 

acid 

Degree of 
substitution 

(DS, %) 

Crystallinity 
index (CI) 

Degradation 
temperature 

(ºC) 

CsFu (Chapter IV) 

CsAMI (Chapter IV and VI) 

CsSH (Chapter V and VII) 

CsTZ (Chapter VI) 

1:1.6 

1:2 

1:1 

1:1.5 

29a 

27 a / 10 a 

26 b / 11 b 

29 c 

0.29 

0.18 

0.14 

0.39 

270 

258 

208 

262/304 

a DS calculated from liquid–state 1H NMR 
b DS calculated from ninhydrin assay 
c DS calculated from solid–state 13C NMR 

The reaction conditions were optimized in order to obtain the maximum 

substitution that would preserve required solubility of the polymer. Thereby, 

modifiers were added in excess, except in the case of the thiolactic acid since 

higher ratios of amine–to–carboxylic acid groups did not result in a greater 

number of substituted amines. The functionalization of chitosan was confirmed 

by the determination of the amine substitution degree (DS) in all the cases. The 

percentages of specific units grafted in the chitosan were found to be similar in 

all cases, regardless of the employed technique to calculate them, chosen by the 

modifier and the nature of the resulted precursor. Therefore, a significant number 

of distinctive groups were immobilized in native chitosan in all the cases, being 

the DS highly adequate for the subsequent cross–linking click reactions. 

The success of the modifications was demonstrated by means of FTIR and NMR 

spectroscopy. The chemical structure of the chitosan before and after the 

functionalization was compared and the presence of the specific reactive groups 

grafted to the chitosan chains were observed in all the spectra. 
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The effect of the functionalizations on the crystalline structure of chitosan was 

evaluated by XRD. The crystallinity index of the precursors tended to decrease 

after the functionalization process in all the cases (Table III.1). Even if different 

oriented patterns were observed in the diffractograms of the chitosan precursors 

depending on the sample preparation, the crystallinity indexes were not 

influenced by this fact. 

Furthermore, results showed that the thermal degradation of chitosan–based 

precursors was influenced by the presence of grafted molecules on the main chain 

of the biopolymer. Accordingly, the stability of neat chitosan was diminished in 

all the cases, registering lower degradation temperatures in the case of the 

precursors. Above 600 ºC, the thermal decomposition of the samples was 

complete, where only 30 % of char remained. Nevertheless, all modified samples 

were stable and no degradation occurred within the required temperature range 

for biomedical applications. 

It is worth noting that the synthesized CsSH precursor exhibited good solubility 

in water, solving the mayor impediment that conditions this biopolymer. On the 

other hand, the thiolated chitosan derivative further improved the mucoadhesive 

properties of the native biopolymer by forming disulphide bonds with mucin, 

particularly at pH 6. Therefore, the results confirmed the exposed theory, where 

upon thiol modification, the mucoadhesive properties of chitosan were significantly 

improved. Finally, short–term cytotoxicity assays demonstrated in vitro cell 

viability and proliferation in chitosan samples, resulting in non–toxic precursors, 

which made them good candidates in view of being part of materials for 

biomedical applications.  
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IV. HYDROGELS FOR DRUG DELIVERY THROUGH 
THE DIELS–ALDER REACTION 

IV.1. INTRODUCTION AND OBJECTIVE 

The Diels–Alder (DA) reaction is a powerful cross–linking strategy for 

biopolymer–based hydrogels as it is efficient, versatile and selective. Among all 

the click reactions, the Diels–Alder reaction has gained great importance since it 

usually takes place under mild reaction conditions and in absence of side 

reactions, being thermally reversible allowing the control of the reaction degree1,2 

and additive–free, preserving the biocompatibility of the material3. While this 

reaction has previously been used for the synthesis of polymeric hydrogels via 

different strategies3–9, few reports deal with its use for the preparation of 

chitosan–based hydrogels10,11. 

Many reactive pairs of dienes and alkenes (dienophiles) potentially lead to 

conjugation through carbon–carbon or carbon–heteroatom bond formation 

(hetero–Diels–Alder or HAD)12, giving place to unsaturated rings. Since the 

Diels–Alder reaction is an electrocyclic reaction, which involves the formation of 

a cyclic product via a cyclic transition state, it is also referred to as a cycloaddition. 

One of the most commonly employed couple of functional groups for Diels–

Alder cross–linking is the furan/maleimide, where furans act as electron–rich 

dienes and maleimides represent the dienophile groups13, resulting in Diels–Alder 

adducts (Scheme IV.1). Furan derivatives descend from renewable resources11, 

whereas maleimides are biocompatible chemical compounds that have been 

recognized as promising molecules to prepare functional polymers, hydrogels and 

high performance thermosetting bismaleimide resins14, an important aspect 

regarding sustainable green chemistry and materials science. Adduct formation is 

predominant near 65 ºC with reasonable reaction rates, whereas at higher 

temperature, typically above 90 ºC, the corresponding retro–Diels–Alder reaction 

occurs and the conjugate splits in its original parts. This reversibility was quickly 
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recognized as an important characteristic of the furan–maleimide combination in 

cross–linking reactions as it provided paths to unprecedented dynamic systems12. 

N OOO
+

Furan
(diene)

Maleimide
(dienophile)

O
N

O

O

DA adduct
 

Scheme IV.1. Diels–Alder reaction between furan and maleimide groups. 

Hence, the main objective of this chapter was to design biopolymeric hydrogels 

towards the chemical cross–linking of chitosan through DA reaction in aqueous 

medium. The furan ring was introduced in the polymer structure using furfural, 

whereas dienophiles were incorporated in the form of maleimide moieties 

through two different strategies. To this end, the furan–modified chitosan (CsFu) 

synthesized as explained in the Section III.2 was used as a diene. Then, the cross–

linking was carried out between the grafted furan groups in the chitosan 

macromolecule and i) maleimide–modified chitosan (CsAMI) as detailed in 

Section III.3 (described in Section IV.2) or ii) synthesized polyetherbismaleimide 

cross–linker (BMI) (described in Section IV.3). The networking occurred due to 

the formation of the Diels–Alder adduct after the reaction of both components 

at 65 ºC. Both synthetic strategies for the hydrogels formation were developed in 

water, representing an interesting example of green click chemistry. Besides, in 

this case, medium molecular weight chitosan was used due to the need for 

developing high consistency 3D materials. 

The Diels–Alder reaction was followed by UV–vis spectroscopy and the cross–

linking reaction at 65 ºC was monitored by dynamic rheological measurements in 

order to determine the gelation point. On the other hand, the as–prepared 

hydrogels were analysed in terms of microstructure and rheological behaviour. 
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The pH–sensitivity of the hydrogels was studied by conducting swelling studies 

in different media. Furthermore, the biodegradation of the final material based 

on complementary chitosans was assessed in the presence of lysozymes. Finally, 

the suitability of the DA hydrogels as possible drug carriers was evaluated using 

chloramphenicol as the model drug and simulating intestinal fluid conditions. 

IV.2. FURAN/MALEIMIDE CHITOSAN–BASED HYDROGEL 
FORMATION (CsFu/CsAMI) 

IV.2.1. Experimental part 

The first chitosan–based DA cross–linked hydrogel was obtained by reacting two 

complementary chitosan–based derivatives. Namely, furan and malemide–

functionalized chitosan precursors were synthesized separately before the cross–

linking reaction as detailed in Chapter III. CsFu and CsAMI were separately 

dissolved in 2 % v/v aqueous acetic acid solution and then mixed to a final 

volume of 2 mL. The reactive mixture was allowed to gel at 65 ºC for 5 h (Scheme 

IV.2). The required concentration of both polymeric precursors was fixed to 5 % 

w/v since low concentrations resulted in non–gel like product whereas high 

concentrations led to a non–soluble starting solution. Additional experiments 

with different CsFu/CsAMI ratios led to non–stable materials so that a 

stoichiometric amount of CsFu and CsAMI was used. 

 

Scheme IV.2. Hydrogel formation through DA reaction between CsFu and CsAMI. 
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Hydrogel samples before and after gelation are shown in Figure IV.1 along with 

a schematic representation of the hydrogel formation through Diels–Alder links. 

As it could be appreciated the resulting hydrogel presented elastic gel appearance 

maintaining the shape of the container.  

 

Figure IV.1. Images of A) complementary precursor’s mixture in aqueous medium and 

B) hydrogel formed after 5 h at 65 ºC. 

IV.2.2. Results and discussion 

Covalent networking of chitosan between the grafted furan and maleimide groups 

through the Diels–Alder cycloaddition was intended to improve the stability of 

the hydrogel and prevent its premature and uncontrolled solubilisation and, due 

to the intended applicability as drug carrier, the undesirable burst release of the 

entrapped drug. The resulting material was thus characterized in order to assess 

those hypotheses and test the suitability of the material as a drug delivery matrix. 

The sol–gel ratio of the hydrogel was calculated to be 60 % from Equation II.10. 

IV.2.2.1. Physico–chemical characterization 

The DA reaction was followed by UV–vis spectroscopy (Figure IV.2). The initial 

mixture containing both derivatives was placed in a cell inside the temperature–

controlled spectrophotometer at 65 ºC as described in Chapter II. During the 

reaction, the conjugation between the two carbonyl groups and the double bond 

of the maleimide ring is lost due to the formation of the DA adduct15 as shown 

in Scheme IV.1. Accordingly, the cross–linking reaction could be monitored by 
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the progressive decrease in the intensity of the absorption band near 275 nm, 

which corresponds to maleimide containing groups. Figure IV.2 represents the 

decrease in the absorption band related to the maleimide as the Diels–Alder 

reaction between the complementary diene and dienophile in the chitosan chains 

proceeded. As it could be observed, after 24 h of reaction the absorption band 

was hardly noticeable indicating the total maleimide consumption and the 

completeness of the cross–linking. 

240 260 280 300 320 340 360 380 400

 30 min

 1 h

 1 h 30 min

 2 h

 2 h 30 min

 3 h

 3 h 30 min

 4 h

 4 h 30 min

 5 h

........................

 24 h

Wavelength (nm)

A
bs

or
ba

nc
e 

(a
.u

.)

 

Figure IV.2. UV–vis spectra following the DA reaction of CsFu/CsAMI in HAc at 65 

ºC. 

IV.2.2.2. Rheological behaviour 

The cross–linking reaction at 65 ºC was monitored by dynamic rheological 

measurements (Figure IV.3A). The gel time was considered as the time where 

both dynamic moduli crossover as described in Chapter II. It was found that the 

gelation time took place after 2 h being 120 Pa the value of both moduli. From 

this point onwards, the storage modulus (G´) increased until a maximum value of 

210 Pa at 65 ºC. 
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Furthermore, the final elastic behaviour of the click cross–linked hydrogel at 37 

ºC was also studied by dynamic rheological analysis as shown in Figure IV.3B. As 

detailed in Chapter II, the as–prepared hydrogel was first submitted to a strain 

sweep test in order to stablish the linear viscoelastic region where both moduli 

were independent of the applied strain. Afterwards, the frequency scan was 

conducted. The hydrogel presented a marked elastic character, being G´ 

considerably higher than G´´ in the whole range of measurement. The storage 

modulus was maintained constant over the whole range of applied angular 

frequency (ω), concluding the success of the Diels–Alder cross–linking between 

the two modied chitosan counterparts. The mean G´, G´´ and damping factor 

(tan δ) values are reported in Table IV.1. The value of the damping factor 

represents the overall viscoelasticity of the material and was quite lower than 1, 

which was an indicative of the predominant elastic over viscous character. 

It is worth noting that the used furan–functionalized chitosan was also used in 

our research group to design nanocomposite hydrogels by reacting with 

maleimide–coated gold nanoparticles. In this case, the storage moduli were 

observed to be lower, reaching a maximum value of 240 Pa when studying the 

viscoelastic properties of the sample with less amount of nanoparticles, which 

resulted to be the most appropriate formulation. Therefore, even if both data 

relayed on the same order of magnitude, using maleimide–containing chitosan 

derivative instead of gold nanoparticles as cross–linkers seemed to enhance the 

elastic properties of the final materials. 
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Figure IV.3. A) Storage modulus (G´, ●) and loss modulus (G´´, ○) versus time at 65 ºC 

and B) frequency sweep at 37 ºC of CsFu/CsAMI hydrogel. 

Table IV.1. Mean storage and loss moduli and tan δ values of cross–linked hydrogels at 37 

ºC (average ± standard deviation, n = 3). 

Hydrogel sample G´ (Pa) G´´ (Pa) tan δ (G´´/G´) 

CsFu/CsAMI 399 ± 87 42 ± 10 0.10 ± 0.04 

The ultrastructure and the architecture of the participant macromolecules plays a 

significant role in the control of properties of polymeric hydrogels. Hence, based 
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on the rheological results, the structural parameters of the developed chitosan–

based hydrogel were determined. The average mesh size (ξ, nm), the cross–linking 

density (ne, mol m-3) and the average molecular weight between neighbouring 

cross–links (Mc, kg mol-1), were calculated based on the so–called rubber elastic 

theory (RET) from the Equation II.12, II.13 and II.14, respectively16, being the 

polymer concentration (c) 5 % w/v. The calculated parameters are presented in 

Table IV.2. 

Table IV.2. Structural parameters of CsFu/CsAMI hydrogel based on the rheological 

frequency sweep analysis (average ± standard deviation, n = 3). 

Hydrogel ξ (nm) ne (mol m-3) Mc (kg mol-1) 

CsFu/CsAMI 10.3 ± 0.8 0.15 ± 0.03 329 ± 71 

The obtained structural values were similar to those reported previously for other 

polymeric hydrogels covalently cross–linked through different strategies; namely, 

hydrazone cross–linked polysaccharide–based hydrogels16 and poly(ethylene 

glycol)–based hydrogels cross–linked through thiol–ene reaction17. According wih 

the data, it could be highlighted the great cross–linking efficiency and the potentiality 

of the developed furan:maleimide clicked system. Among the structural parameters, 

the mesh size is usually highlighted since it determines the diffusion of liquid and 

small solutes. As mentioned in Chapter I, it is defined as the open space between 

the polymer chains which are created in cross–linked hydrogel networks at the 

nanometric scale, where typical mesh sizes reported for hydrogels range from 5 to 

100 nm, allowing the transport of small biomolecules though the networks.  

IV.2.2.3. Morphological analysis 

In order to examine the microstructure of the hydrogel, freeze–dried sample of 

the DA hydrogel was analysed by SEM. Figure IV.4 shows the SEM image of the 

synthesized material. An irregular microstructure can be appreciated, where 

compact zones and highly porous regions appeared in combination, leading to a 
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heterogeneous morphology. The smooth zones and intermediate regions 

alternated with pits and ruts defined the non–uniform surface of the material (281 

± 23 μm). 

 

Figure IV.4. Image of the synthesized final hydrogel and SEM image of the freeze–dried 

sample. 

IV.2.2.4. Swelling and degradation studies 

The swelling kinetics of the hydrogel in different media provides relevant 

information about the suitability of the hydrogel to encapsulate both biomolecules 

and drugs that should be then released in a sustained manner, once in the gastro–

intestinal tract in oral administration or across the epidermis in case of 

dermatological applications, etc. Thus, the swelling properties of the DA cross–

linked chitosan hydrogel were studied both in acidic solution simulating gastric 

fluids (0.1 M HCl) and simulated intestinal fluid (PBS, pH = 7.4) at 37 ºC (Figure 

IV.5A) by a general gravimetric method detailed in Chapter II and using the 

Equation II.8. Figure IV.5B shows the equilibrium swelling values of the hydrogel 

in both media at 24 h. 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 136 

0 50 100 150 200
0

400

800

1200

1600

2000

0

400

800

1200

1600

2000

SR
eq

 (%
)

PBSHCl

B)A)

 

 

 
SR

 (%
)

Time (minutes)
 

Figure IV.5. A) Swelling kinetics of CsFu/CsAMI hydrogel in HCl (●) and PBS (○) 

media and B) equilibrium swelling ratio of the hydrogel at 37 ºC in both aqueous media 

at 24 h. 

As it could be observed in the figure, at the first stages the swelling of the sample 

was quite fast in both media. However, over time, the sample in PBS reached a 

maximum value that slightly increased until equilibrium, whereas the swelling of the 

sample in acidic media grew up to values much higher than those for the neutral pH. 

Generally, the amino groups of chitosan are ionized in acidic solutions, which 

contribute to the electrostatic repulsion between adjacent ionized –NH2 groups 

and lead to chain expansion and eventually increase the water absorption of the 

chitosan–based gels18. However, in occasions the pH–sensitivity of the chitosan 

has been observed to be lost or at least decreased when cross–linking the polymer 

covalently, due to the consumption of free –NH2 groups within the polymer 

chain, responsible of the protonation and subsequent swelling in low pH 

presenting media19. Attending to the responsive behaviour of the CsFu/CsAMI 

hydrogel, it could be concluded that the substitution degrees of both chitosan 

derivatives were appropriated for the effective Diels–Alder cross–linking but not 

excessive, maintaining the distintive pH–sensitive character of the original 

chitosan, which is highly desirable for specific applications. Since the composition 

of the hydrogel was held constant (5 % w/v), the pH of the medium and the type 
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of counterions present in the solution were the principal parameters that could 

influence the swelling capacity of CsFu/CsAMI. 

For most of the pharmaceutical applications it is greatly relevant to know the 

swelling kinetics of the hydrogels that will be used as drug release agents, as this 

process will have a direct impact on drug release/delivery. Therefore, the swelling 

kinetics of the hydrogel was adjusted to Equation II.9. The swelling parameters 

(SRmax, kS and ro) of CsFu/CsAMI hydrogel at 37 ºC are summarized in Table IV.3, 

where SReq is the value of the swelling degree in equilibrium (24 hours) obtained 

from the data of Figure IV.5B. As it can be observed, the absorption capacity of the 

hydrogel was higher in acidic medium, supporting the results on Figure IV.5. There 

was no difference between the SReq and SRmax values in neither media; however, a 

higher value of the initial swelling rate (ro) in basic pH was observed, which could 

be related with a decrease in the swelling degree20. 

Table IV.3. Swelling parameters of CsFu/CsAMI hydrogel at 37 ºC in different aqueous 

media. 

Swelling 
media 

SReq 
(%) 

SRmax 
(%) 

kS·104 

(ghydrogel gsolution-1 s-1) 

ro·103 
(gsolution ghydrogel-1 s-1) 

HCl 1805 1810 2.87 1.06 

PBS 1050 1060 1.02 8.72 

One of the most important characteristics of the chitosan is its ability to degrade 

by the attack of several enzymes as chitosanases and lysozymes, which catalyzed 

the biodegradation of the polymer promoting the disruption of the glycosidic 

linkages in addition to hydrolysis21–23. Namely, chitosan can be degraded by 

enzymes that hydrolyse those linkages between glucosamine–glucosamine, 

glucosamine–N–acetyl–glucosamine and N–acetyl–glucosamine–N–acetyl–

glucosamine units. In human body, these enzymes are present in tears and saliva 

where they act as a barrier against infections. Lysozyme has been found in various 

human body fluids including serum with concentration of 0.004–0.013 mg mL-1 
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and tears with 100–fold higher concentration24. Thus, in order to mimic the in 

vivo degradation process of CsFu/CsAMI hydrogel, lysozymes were added to the 

medium following the procedure reported in Chapter II (Equation II.11). Hence, 

in vitro degradation of a dried hydrogel sample was monitored during four weeks 

of incubation at physiological conditions in 1 mg mL-1 lysozyme containing PBS 

buffer solution, at 37 ºC25. Moreover, the hydrolytic degradation was also studied 

in enzyme–free PBS solution at the same temperature. The degradation profiles 

for the furan/maleimide chitosan–based hydrogel are shown in Figure IV.6. Neat 

chitosan was also tested as control reference sample. 

0 5 10 15 20 25 30
0

25

50

75

100  Chitosan

 CsFu/CsAMI

R
em

ai
ni

ng
 m

as
s 

(%
)

Time (days)
 

Figure IV.6. Dry weight remaining ratio of native chitosan and CsFu/CsAMI hydrogel 

in 1 mg mL-1 lysozyme/PBS (filled symbols) and in PBS without lysozyme (empty 

symbols) at 37 ºC as a function of time. 

The results show a parallel degradation behaviour for native chitosan and 

CsFu/CsAMI hydrogel. The degradation of both materials was favoured by the 

presence of enzymes in the medium, being the latter more pronounced than the 

hydrolytic degradation. Namely, neat chitosan and hydrogel samples without 

lysozyme lost about 47 and 40 % mass, respectively, over 14 days (reaching a 

plateau), while the samples containing the enzymes lost 82 and 60 % of their mass, 
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respectively, after the same time, until there was nothing left. The plateau 

observed in PBS medium could be explained by the remaining stable chitosan 

network phase26, which in the case of the hydrogel represented the sol–gel 

fraction previously mentioned. Therefore, the synthesized hydrogel still 

maintained the ability to biodegrade from the original polymer. 

IV.2.2.5. Drug delivery study 

Herein, it was highlighted a possible application of the Diels–Alder reaction in 

pharmaceutics and biomedical engineering. Indeed, DA reaction have the 

potential to greatly facilitate the development of biomaterials as drug delivery 

systems2, so the synthesized hydrogel was evaluated in terms of its ability as a drug 

delivery device. The complete study of the properties predicted a successful response 

from the CsFu/CsAMI hydrogel in the present test. Namely, the cumulative release 

of chloramphenicol (ClPh) was quantified at different time intervals using Equation 

II.15. Figure IV.7 shows the drug delivery profile of furan/maleimide chitosan–

based hydrogel. 
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Figure IV.7. Release profile of Chloramphenicol from CsFu/CsAMI hydrogel in PBS at 

37 ºC. 
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As it could be observed, the hydrogel showed a sustained delivery of the drug and 

the concentration of ClPh increased with time in a controlled manner. Therefore, 

the often undesirable initial burst release was avoided, indicating that the drug 

was successfully encapsulated within the polymeric network. The total amount of 

drug loaded (2.61 ± 0.04 mgClPh ghydrogel-1) was released after 4 h. The swelling 

capacity and the amount and rate of the drug released will be dependent on the 

hydrophilic/hydrophobic interactions and on the degree of cross–linking of the 

hydrogel. The recorded data were fitted to the Equation II.16 reported by 

Siepmann and Peppas27 as described in Chapter II, where the n value resulted to 

be 0.60 for the CsFu/CsAMI hydrogel. Attending to this value, it could be 

concluded that the release of the drug to the surrounding environment was 

anomalous, where both the controlled diffusion mechanism and the controlled 

swelling phenomena were superposed. In view of these results, CsFu/CsAMI 

hydrogel will be a promising material for the encapsulation and release of 

biomolecules or drugs. 

IV.2.2.6. Antimicrobial activity 

The sustained drug administration is desirable not only in oral pharmacological 

treatments but also could be relevant in transdermal delivery or wound dressing, 

among others. Facing this kind of use for the hydrogel, the ability to constitute a 

barrier against external contaminating microorganisms offers additional skills to the 

product, as wounds often provide a favourable environment for the colonization of 

microorganisms which may both delay healing and cause infection28. As mentioned 

in Chapter I, it is well known that chitosan exhibits antimicrobial activity against a 

large number of bacteria, apart from the most common ones (Escherichia coli and 

Staphylococcus aureus), its effectiveness against Pseudomonas fluorescens, Pseudomonas 

aeruginosa, Salmonella typhimurium, Listeria monocytogenes and Bacillus cereus, among others, 

has been also studied29,30. Therefore, the bactericidal properties of the as–prepared 

hydrogel were tested using the disc–plate antibiogram technique by the evaluation 
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of the inhibition zone of bacterial growth as reported in Chapter II. The obtained 

results are presented in Table IV.4. The antimicrobial activity of CsFu/CsAMI 

was affected by the type of microorganism. Indeed, the activity of the hydrogel 

against Escherichia coli was found to be excellent, originating a clearly identifiable 

inhibition halo, while the effect against the Staphylococcus aureus bacteria was 

moderate. Hence, it was observed that the antimicrobial activity of the Gram–

negative bacteria was much greater than to the Gram–positive one, being in 

accordance with several studies for pure chitosan29,31. Various theories have been 

proposed to explain the way of action leading to the antimicrobial activity of 

chitosan. Although the exact mechanism has yet to be cleared out, the intracellular 

leakage hypothesis is widely accepted. In this mechanism, positively charged 

chitosan binds to the negatively charged bacterial surface and alters the membrane 

permeability, resulting in the leakage of intracellular constituents causing cell 

death32,33. In the case of CsFu/CsAMI hydrogel, a good balance of cross–linking 

points based on Diels–Alder adducts and free amino groups seemed to have been 

achieved, leading to a highly stable hydrogel that maintained the antimicrobial 

activity of neat chitosan to a great extent. 

Table IV.4. Antibacterial activity of CsFu/CsAMI hydrogel against bacterial test organism. 

Microorganism Inhibition zone diameter (mm) 

Escherichia coli 20 ± 0 

Staphylococcus aureus 14 ± 2 
 

IV.2.2.7. Biocompatibility  

In order to use the CsFu/CsAMI hydrogel as a sustained drug release system, it was 

necessary to verify the non–toxicity of the material. With that purpose, preliminary 

in vitro cytotoxicity assays were performed determining changes in cellular growth, 

incubating L929 murine fibroblasts cells over 24 and 48 h at 37 ºC in 

CsFu/CsAMI, as explained in previous Chapter II. Figure IV.8A shows the 
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absorbance versus incubation time for positive and negative controls and the 

hydrogel sample. The positive control showed a notably toxic effect where the 

L929 murine fibroblasts were not able to proliferate, while CsFu/CsAMI 

displayed non–toxic cell growth, similar to the negative control. The cell viability 

with respect to that for the negative control as a function of incubation time is 

presented in Figure IV.8B. As expected, the positive control showed a toxic 

effect, as the L929 fibroblasts viability was drastically reduced below 20 % of the 

value of the negative control. In the case of cells cultured in extracted medium 

from CsFu/CsAMI hydrogel, cell viability was higher than the established 

acceptance limit of 70 % of the value of the negative control (87 % and 71 % for 

24 and 48 h, respectively). These data indicate that the synthesized hydrogel could 

be considered as a valid candidate for biomedical uses. 
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Figure IV.8. A) Absorbance at 570 nm versus incubation time of the positive control, 

negative control and CsFu/CsAMI hydrogel and B) in vitro cell viability of the positive 

control and CsFu/CsAMI hydrogel extract against L929 fibroblasts as a function of 

incubation time (*p < 0.05, ***p < 0.001). 
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IV.3. FURAN–FUNCTIONALIZED CHITOSAN AND 
POLYETHERAMINE–BASED BISMALEIMIDE 
HYDROGELS FORMATION (CsFu/BMI) 

IV.3.1. Experimental part 

As explained above, the second type of DA hydrogels for drug delivery from furan–

functionalized chitosan were developed using a previously synthesized water–

soluble polyetheramine–based bismaleimide as a cross–linker. Namely, an 

aliphatic polyether diamine was used to prepare BMI, which acted as a dienophile 

in the Diels–Alder reaction and thiol–Michael addition reaction with the thiol–

functionalized chitosan (Chapter V). 

Thereby, the bismalemide was prepared by the modification of Jeffamine® ED–

900 Polyetheramine (Huntsman) with maleic anhydride following a method 

reported in the literature4,15. This two–step procedure is depicted in Scheme IV.3. 

Bismaleimides, composed of two maleimide end groups, are attached through the 

nitrogen atoms via a linker (Jeffamine, in this case) and are often used as flexible 

linking agents in polymer click reactions4,15,34,35. 

 

Scheme IV.3. Bismaleimide synthesis starting form Jeffamine® ED. 
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In the first step, a solution of maleic anhydride (51 mmol) in 50 mL of chloroform 

was kept under nitrogen at 10 ºC until complete dissolution. The Jeffamine® ED (26 

mmol) was added dropwise over a period of 3 h, turning the mixture to yellowish 

and then, it was allowed to warm up to room temperature under magnetic stirring 

for 2 h. The solution was finally dried under vacuum and the bismaleamic acid 

(BMA) was obtained as a yellow viscous liquid (96 % w/w yield). 

The cyclation of the acid was carried out in the second step. Therefore, for 5 g of 

BMA (4.6 mmol), triethylamine (3 mmol) and sodium acetate trihydrate (3.5 mmol) 

were stirred in 10 mL of acetone under nitrogen for 10 minutes. Acetic anhydride 

(29 mmol) was added and the temperature was raised to 70 ºC for 2.5 h. About 5 

mL of acetone were rotatory evaporated and the viscous solution (BMI) was dried 

under vacuum maintaining the temperature below 60 ºC for 24 h (55 % w/w yield). 

Once the dienophile was synthesized, hydrogels were prepared by means of the 

Diels–Alder reaction between the furan–modified chitosan and the bismaleimide 

cross–linker (BMI). Different amounts of BMI were mixed with a solution of CsFu 

(3 % w/v) in 2 % v/v aqueous acetic acid solution. The mixtures were allowed to 

gel at 65 ºC for 5 h (Scheme IV.4). Different furan–to–maleimide equivalent 

ratios (1:1, 1:2 and 1:3) were employed in order to study the influence of the 

amount of cross–linker on the final hydrogel properties. Hydrogels are referred 

hereafter as shown in Table IV.5. 

 

Scheme IV.4. Hydrogel formation through DA reaction between CsFu and BMI. 
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Table IV.5. Composition of the different hydrogel formulations (furan–to–maleimide). 

Hydrogel sample 
Equivalent 

ratio 
CsFu/BMI 

(% w/w) 
CsFu 
(mg) 

BMI 
(mg) 

CsFu/BMI 1:1 1:1 55/45 60 49 

CsFu/BMI 1:2 1:2 40/60 60 98 
CsFu/BMI 1:3 1:3 30/70 60 147 

IV.3.2. Results and discussion 

Chitosan derived hydrogels were prepared by DA cycloaddition with tunable 

properties depending on the amount of cross–linker. Thus, the covalent networking 

occurred between the furanic dienes grafted in the chitosan chain and the maleimide 

ending groups of the cross–linking agent, resulting in stable insoluble hydrogels 

with pH–responsive properties. The sol–gel ratio of the hydrogels was calculated 

from Equation II.10, exceeding in all the formulations 55 %, being notable the 

obtained degree of cross–linking in the networks. 

IV.3.2.1. Physico–chemical characterization 

In the same way that for the previous hydrogel, the DA reaction was followed by 

UV–vis spectroscopy. Typically, a solution of CsFu in 3 % w/v HAc was mixed 

with the desired amount of BMI and was transferred to the 0.1 mm cell, which 

was left thereafter in the temperature–controlled spectrophotometer at 65 ºC as 

explained in Chapter II. As it could be observed in Figure IV.9 the starting 

solution showed an absorbance maximum near 275 nm. After 24 h, the reaction 

was completed since no absorbance was detected in this region. 
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Figure IV.9. UV–vis spectra following the DA reaction of CsFu/BMI 1:1 in HAc at 65 

ºC. 

FTIR spectroscopy was used for the comparison of the chemical structure before 

and after gelation (Figure IV.10). The composition of the initial mixture showed 

original bands of both furan (1454 cm-1) and maleimide (1748 and 1473 cm-1) 

rings, which disappeared in the spectrum of the DA hydrogel, giving place to the 

band at 1457 cm-1 corresponding to the stretching vibration of the –C=C– bond 

of the DA adduct3,8. Some other bands, such as that at 1698 cm-1 (carbonyl groups 

(–C=O) of the grafted maleimide ring) and 1551 cm-1 (amide II of the modified 

chitosan), suffered slight alterations due to the cross–linking reaction. 
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Figure IV.10. FTIR spectra A) before and B) after DA reaction of CsFu/BMI 1:1. 

IV.3.2.2. Rheological behaviour 

The rheological behaviour of the synthesized hydrogels was evaluated by dynamic 

experiments (Figure IV.11) according to the proposed methods in Chaper II. The 

gelation reaction was analysed by time sweep tests at 65 ºC and 1 Hz. The 

variation of both moduli is shown in Figure IV.11A for the CsFu/BMI 1:1 

hydrogel, as the three hydrogel formulations presented similar results. 
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Figure IV.11. A) Storage modulus (G´, ●) and loss modulus (G´´, ○) versus time for 

CsFu/BMI 1:1 at 65 ºC and B) frequency sweep of CsFu/BMI hydrogels at 37 ºC. 

The obtained curve in Figure IV.11A could be analysed in two sections. Namely, 

during the first 40 minutes approximately, G´ was lower than G´´ and both 

moduli increased gradually, following the typical behaviour of a viscoelastic fluid. 

From minute 50 onwards, G´ increased faster than G´´, up to a maximum value 

of 280 Pa, revealing an elastic gel–like behaviour. Thus, after the first 40 minutes 

both dynamic moduli crossover, being that point the gelation time (G´ ≈ G´´ ≈ 
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2.6 Pa). The viscoelastic behaviour of these hydrogels is in agreement with 

reported literature, where chitosan–based hydrogels were obtained by ionic 

cross–linking36. In terms of moduli, the improvement that implies the covalent 

cross–linking was observed, obtaining visibly higher values for G´. However, few 

reports could be found in the literature related to chitosan hydrogels cross–linked 

by click reactions, as they have been typically obtained by ionic or traditional 

covalent cross–linking. Montiel–Herrera et al. reported that the gelation time of 

a DA cross–linked chitosan hydrogel was close to 60 minutes at 85 ºC11. Besides, 

by comparing the two DA hydrogels developed, the gelation took more time in 

the CsFu/CsAMI hydrogel described in Section IV.2 (120 minutes), although 

similar maximum values of G´ were recorded in both cases. 

Additionally, rheological frequency sweep tests were performed at 37 ºC to 

characterize the storage modulus of the cross–linked hydrogels (Figure IV.11B). 

Both moduli suffered a subtle descent at low frequencies reflecting viscoelasticity, 

which could be due to an unsuitable initial contact between these samples and the 

measuring equipment at the beginning of the test because of the gummy nature 

of the CsFu/BMI hydrogels. Nevertheless, all hydrogel compositions presented 

constant storage modulus values in the remaining measurement range and always 

higher than the loss modulus. The average values of G´ are summarized in Table 

IV.6. As it can be appreciated, no significant differences were obserbed between 

the rheological values of the three formulations. It has to be taken into account 

that increasing amount of BMI could promote further cross–linking of the 

chitosan but also affect the G´ value of the materials due to the flexible and 

hydrophilic character of low molecular mass cross–linker. 
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Table IV.6. Storage moduli (G´) and loss moduli (G´´) values of CsFu/BMI hydrogels at 

37 ºC (average ± standard deviation, n = 3). 

Hydrogel sample G´ (Pa) G´´ (Pa) tan δ (G´´/ G´) 

CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

455 ± 107 
379 ± 95 
424 ± 108 

116 ± 41 
50 ± 23 
53 ± 27 

0.24 ± 0.07 
0.33 ± 0.69 
0.26 ± 0.32 

Indeed, the flexible nature of the cross–linker, along with the starting molecular 

weight of the biopolymer, resulted in G´ values one order of magnitude lower 

than those reported by other authors11. In conclusion, synthesized hydrogels 

presented rigidity values in between those obtained for physical hydrogels37 and 

those synthesized by traditional covalent cross–linking with dialdehydes38. 

Furthermore, based on the rheological results, the structural parameters (ξ, ne and 

Mc) of the developed hydrogels were determined from the Equation II.12, II.13 

and II.14, as explained in the previous section (being the polymer concentration 

(c) of 3 % w/v). The calculated parameters are presented in Table IV.7. 

Table IV.7. Structural parameters of CsFu/BMI hydrogels based on the rheological 

frequency sweep analysis (average ± standard deviation, n = 3). 

Hydrogel sample ξ (nm) ne (mol m-3) Mc (kg mol-1) 

CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

9.9 ± 0.6 
10.5 ± 1.0 
10.1 ± 0.6 

0.18 ± 0.03 
0.15 ± 0.04 
0.16 ± 0.02 

173 ± 31 
211 ± 61 
188 ± 34 

As in the previous case, the potentiality of the furan:maleimide systems and the 

effectiveness of the cross–linking reaction was confirmed. Similar values were 

observed for the three formulations, given the similarity of the hydrogels on the 

viscoelastic properties. Furthermore, the mesh size (ξ) and the cross–linking density 

(ne) values were found to be similar to those calculated for the CsFu/CsAMI 

hydrogel. 
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IV.3.2.3. Morphological analysis 

Hydrogels that swell in response to external stimuli, such as pH or temperature, 

open their pores to facilitate the diffusion of the encapsulated biomolecules or 

synthetic drugs under predetermined conditions39. As it could be appreciated in 

Figure IV.12, hydrogel discs suffered drastic volume changes when exposed to 

different conditions, reducing their diameter almost to the half when it was allowed 

to air–dry and recovering the initial volume after the immersion in water. 

 

Figure IV.12. Transition of CsFu/BMI 1:2 hydrogel sample at different progressive 

stages: A) as–prepared, B) dried at room temperature and C) re–swelled in water. 

Recent studies had shown that the morphology of hydrogels based on chitosan was 

closely connected to local pH gradient and salt concentration40,41. Therefore, the 3D 

network microstructure of the freeze–dried hydrogels was studied by SEM, Figure 

IV.13, just after the gel formation and after swollen in different media for 24 h. 
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Figure IV.13. SEM images of the different hydrogel compositions: CsFu/BMI 1:1 A) 

as–prepared and after swollen in B) H2O, C) HCl and D) PBS; CsFu/BMI 1:2 E) as–

prepared and after swollen in F) H2O, G) HCl and H) PBS; CsFu/BMI 1:3 I) as–prepared 

and after swollen in J) H2O, K) HCl and L) PBS. 

Chiefly, noticeable differences were appreciated between the different hydrogels in 

their initial state (Figure IV.13A, Figure IV.13E and Figure IV.13I). In all cases non–

homogeneus surfaces were observed, where compact and porous regions appeared 

all together. This characteristic heterogeneous microstructure was quite similar to 

those observed in previous studies for other cross–linked chitosan–based 
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hydrogels42. Despite the heterogeneity of the samples, CsFu/BMI 1:1 showed a 

more compact and closed microstructure. Thereby, it was difficult to determine the 

size of the pits due to the irregular microstructure presented by the hydrogel. 

Nevertheless, CsFu/BMI 1:2 showed a homogeneous porosity with a mean pore 

size of about 500 ± 130 μm, whereas CsFu/BMI 1:3 presented more open areas 

with larger grooves, where water or any other fluid could get in more easily, with a 

random distribution of pores (pore diameter ranging form 100 to 1100 μm). Besides, 

a porous and regular surface with a higher number of junction points is generally 

associated to a higher cross–linking degree43. According to the images, formulations 

with a high excess of cross–linker seemed not to result in more densely cross–linked 

networks. 

Even if chitosan networks usually has been reported to be porous42,44–47, whatever 

the type of cross–linking,  the exhibited images showed great resemblance to the 

appearance observed for the CsFu/BMI 1:1 hydrogel, which was described as 

wrinkled and compact. Therefore, by the implementation of the Diels–Alder 

reaction in this thesis, improved microporous structures were achieved for the 

formulations with higher amount of cross–linker. 

Moreover, the images revealed that the swelling media and the final microstructure 

were markedly related. In the same trend of previously reported results for other 

polymeric hydrogels, changes in the pH could have an impact on the behaviour of 

both the cross–linker and the polymeric matrix, revealing the intramolecular 

structure of the hydrogels48–50. 

Namely, the samples were allowed to swell in water (H2O), acid (0.1 M HCl) and 

phosphate buffer (PBS) solutions until equilibrium was reached. In the case of 

CsFu/BMI 1:1, no large differences were observed in the morphology after swelling 

in the three different media, although the most compact structure appeared to obtain 

after immersion in PBS (Figure IV.13D). The initial highly interconnected porous 
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microstructure of CsFu/BMI 1:2 was maintained after swollen in water (Figure 

IV.13F), but the microstructure was notably different in the two other media. 

Indeed, after being swollen in PBS solution (Figure IV.13H), a more compact and 

wrinkled surface with larger cavities was observed. In the case of the CsFu/BMI 1:3 

sample, the porosity increased considerably after swelling in water (Figure IV.13J) 

compared to the original sample (Figure IV.13I). More compact structures were 

observed for HCl and PBS swollen samples, although pits and grooves still appeared. 

When comparing the three swelling media, it is worth noting that the hydrogels 

presented compact structures in PBS. As reported in literature, the electrostatic 

interactions between phosphate ions and the non–reacted amino groups remaining 

in the chitosan backbone could promote the shrinkage of the hydrogels in PBS 

solution51. This effect was less noticeable in the case of CsFu/BMI 1:3, probably 

due to the presence of a greater amount of mixed or grafted BMI in the hydrogel. 

Regarding the neutral medium (PBS solution), it could be observed that the 

hydrogels maintained their initial morphology, although for the 1:3 ratio a slight 

change in the microstructure was observed, probably as a consequence of the 

dissolution of the excess of BMI in the sample. In acid medium, the –NH2 groups 

of the chitosan main chain will protonate, so that as expected, it resulted in more 

expanded networks due to the repulsion between the not reacted amino groups. 

Thus, given the remarkable variation of the microstructure of CsFu/BMI 1:2 and 

CsFu/BMI 1:3 at different pHs, it could be possible to tune their microstructures 

for specific applications. 

On the other hand, with regard to the utilization of hydrogel materials for drug 

delivery systems, the analysis of the surface roughness is a key issue. Indeed, the 

roughness of hydrogels plays an important role regarding biomedical engineering 

applications, in particular, a hydrogel surface with a high degree of roughness can 

enable the dissociation of drug molecules52. Therefore, the topographic images of 

the surface section of the hydrogels examined by AFM are shown in Figure IV.14. 
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Figure IV.14. Height and 3D height topographic AFM images of the different hydrogel 

compositions: A) CsFu/BMI 1:1, B) CsFu/BMI 1:2 and C) CsFu/BMI 1:3. 

In terms of height, the samples showed the characteristic appearance observed by 

other cross–linked chitosan hydrogels in previous studies53,54. The images supported 

the rough surface of the hydrogels with different non–homogeneous areas. 

Furthermore, the roughness height parameters in terms of average roughness (Ra) 

and root mean square roughness (Rq) were obtained by AFM software at the 

nanometer scale (data shown in Table IV.8). 

Table IV.8. Topographical parameters of the CsFu/BMI hydrogels. 

Hydrogel sample Ra (nm) Rq (nm) 

CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

0.8 
6.1 
2.7 

1.0 
7.8 
3.5 

The increase in roughness could be originated by the hydrogel cross–linking extent, 

due to the existing correlation between the cross–linking degree and the roughness. 

Namely, the hydrogels with higher cross–linking degree tend to have rougher 

structures54,55. Higher roughness values were observed for the CsFu/BMI 1:2 

sample, indicating a higher cross–linking degree for this formulation as suggested by 

the SEM images. 
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IV.3.2.4. Swelling and pH sensitivity studies 

Whether the synthesized hydrogels would be used as wound dressings or drug 

carriers, it is particularly relevant to study the influence of the pH on their swelling 

properties. Indeed, chronic wound fluids are known to have a pH range of 7–856, 

while the pH value of intact skin is close to 6. Moreover, the pH value changes 

throughout the human body, from 3 in gastric fluids to 7 once in the intestinal tract. 

To evaluate the responsive capacity of the chitosan–based hydrogels in different 

media, their swelling behaviour was studied at 37 ºC (Figure IV.15A) both in PBS 

and HCl (pH = 7.4 and pH = 1, respectively). Additionally, Figure IV.15B shows 

the equilibrium swelling values of the three hydrogel compostions in the two 

different media after 24 h, whereas the swelling/shrinking behaviour of the 

CsFu/BMI 1:2 hydrogel against abrupt changes in the pH is shown in Figure 

IV.15C. 

The swelling degree is normally assumed to decrease with increasing cross–linking 

degree57. In agreement with this statement and taking into account the results 

obtained in terms of microstructure and roughness for the CsFu/BMI systems, 

the 1:2 formulation presented a lower degree of swelling in both media (Figure 

IV.15A and B), which could be related to a more cross–linked network. 

Furthermore, the swelling capacity was observed to increase with further addition 

of BMI from 1:2 to 1:3, recording the latter the highest swelling ratio in both 

media. It is worth to note that the swelling capacity of covalently cross–linked 

hydrogels would be determined not only by the cross–linking degree but also by 

the hydrophilicity of the network. As the amount of CsFu was held constant in 

all the hydrogel formulations, the concentration of the hydrophilic cross–linker 

in the final material resulted crucial. Therefore, a higher concentration of BMI 

derived in a higher swelling capacity of the hydrogels, as it was previously reported 

in other studies with gelatin4 and methacrylate15–based hydrogels. 
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Figure IV.15. A) Swelling kinetics of CsFu/BMI hydrogels in HCl (filled symbols, ●) 

and PBS (empty symbols, ○) media, B) equilibrium swelling ratio of the hydrogels at 37 

ºC in both aqueous media after 24 h and C) swelling/shrinking pattern of CsFu/BMI 1:2 

hydrogel as a function of time at successive cycles at different pHs. 

Regarding the pH of the medium, hydrogels presented a marked responsive 

behaviour, being notable the higher swelling degrees measured for the samples in 

acidic solution. In the same way as in the case of the previous system 

(CsFu/CsAMI), the protonation of non–reacted amino groups which still 

remained in the chitosan backbone, promoting the repulsion forces between the 

polymeric chains and, thus, resulting in higher swelling values58. The opposite 

effect was observed after incubating the samples in simulated intestinal fluid, 

where the presence of counterions could induce a screening effect, reducing the 

swelling capacity of the hydrogels due to a significant decrease in the number of 

repulsive forces between the polymer chains. Thus, CsFu/BMI hydrogels 
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maintained their characteristic pH–sensitiveness after the Diels–Alder cross–

linking reaction, displaying a wide range of swelling degrees depending on the 

amount of cross–linker, indicating that the responsive of the hydrogels could be 

modulated by the initial concentration of reactants. 

For certain in vivo applications, the knowledge of the swelling rate is important since 

it provides information on how quick a certain material can be filled during a surgical 

procedure. Therefore, the swelling kinetics of the hydrogels were adjusted to 

Equation II.9. The swelling parameters (SRmax, kS and ro) of CsFu/BMI hydrogels at 

37 ºC are summarized in Table IV.9, where SReq is the value of the swelling degree 

in equilibrium (24 hours) obtained from the data of Figure IV.15B. As already 

mentioned, it can be observed that the absorption capacity of the hydrogels was 

higher in acidic medium. Furthermore, there was no difference between the SReq 

and SRmax values in both media, where greatly close data were obtained. Moreover, 

similar values for the initial swelling rate (ro) were obtained in both media for the 

CsFu/BMI hydrogels, suggesting an analogous initial behaviour once submerged in 

solution. 

Table IV.9. Swelling parameters of CsFu/BMI at 37 ºC in different aqueous media. 

Swelling 
media 

Hydrogel 
sample 

SReq (%) 
SRmax 
(%) 

kS·104 

(ghydrogel 
gsolution-1 s-1) 

ro·103 

(gsolution g 

hydrogel-1 s-1) 

HCl 
CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

2025 ± 575 
1374 ± 11 
2395 ± 312 

2050 
1380 
2420 

0.45 
1.57 
0.47 

5.29 
3.34 
3.63 

PBS 
CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

927 ± 187 
877 ± 168 

1524 ± 721 

1300 
880 
1530 

2.74 
7.83 
1.29 

2.16 
1.65 
3.31 

The pH sensitivity of chitosan–based hydrogels through the protonation of amino 

groups below the pKa (6.2–6.5)59 lead to volume changes on hydrogels (swell), 

whereas the opposite effect is normally observed when the pH increases (shrink)60–

62. Therefore, in order to assess the exent and the rate of this expected pH 
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responsiveness, samples were exposed to abrupt changes of pH following the 

pulsatile swelling procedure described in Chapter II. 

According to the optimum results obtained for the CsFu/BMI 1:2 hydrogel, it 

was selected for the pulsatile measurements. Figure IV.15C shows the 

swelling/shrinking behaviour obtained for that hydrogel. The results evidenced 

that the hydrogel changed its ability to absorb solution when the environmental 

pH was altered. Namely, at strongly basic pH the minimum swelling ratio was 

measured and the highest values were recorded in acid environment, in agreement 

with the swelling profiles (Figure IV.15A and B). Results further demonstrated that 

the shrinking rates were higher than the swelling ones that seemed to be progressive. 

In order to quantify the pH–sensitivity of the hydrogel, the degree of the response 

was calculated as the difference between the maximum and minimum swelling 

degrees achieved at both media related to the maximum value, which was found to 

be 52.0 ± 0.6 %. The highly porous microstructure previously assessed by SEM 

(Figure IV.13) and the greater extent of cross–linking degree of CsFu/BMI 1:2, 

were likely to be the main factors affecting the pH responsivity. This behaviour 

could be especially relevant for developing pH–sensitive controlled–release systems, 

due to the marked and quick response of the hydrogels to pH changes. 

Additionally, in order to delve deeper into the obtained network structures of the 

CsFu/BMI hydrogels, samples were allowed to swell for 3 hours in PBS at 37 ºC. 

Based on the gel content, the sol fraction over the total amount of BMI in each 

hydrogel was calculated (Table IV.10) following the Equation IV.1. 

100
BMI

Gel100
(%)Sol

content




  (IV.1) 
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where Gel refers to the gel fraction (%) obtained from Equation II.10 and 

BMIcontent was the initial percentage of cross–linker in the hydrogels expressed in 

terms of mass. 

Table IV.10. Soluble fraction of the CsFu/BMI hydrogels. 

Hydrogel 
sample 

CsFu/BMI 
(w/w) 

Gel/Sol 
fractions (%) 

Sol. fraction 
ref. to BMI 
content (%) 

CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

55/45 
40/60 
30/70 

63 ± 2 / 37 ± 2 
61 ± 1 / 39 ± 1 
57 ± 6 / 43 ± 6 

83 ± 4 
65 ± 2 
62 ± 8 

Results revealed slight differences between the gel content values of the different 

formulations. Assuming that the sol fraction would be related to the non–reacted 

BMI (non–reacted furanic chitosan would not dissolve at neutral pH), the sol 

fraction was normalized by the amount of BMI in each hydrogel. 

As it could be concluded from the data, from CsFu/BMI 1:1 to CsFu/BMI 1:2, the 

further addition of cross–linker turned out to be effective, promoting further cross–

linking. Indeed, a larger amount of cross–linker in the gel fraction of the CsFu/BMI 

1:2 resulted in the decrease of the final equilibrium swelling degree of the material 

(Figure IV.15A and B). On the contrary, when comparing the CsFu/BMI 1:2 and 

CsFu/BMI 1:3 hydrogels, the gel fraction decreased and the final swelling degree 

increased, indicating that, in this case, further increase of the bismaleimide content 

did not result in a higher cross–linked hydrogel whereas its hydrophilic character 

enhanced the swelling capacity. Indeed, some authors claimed that using a great 

excess of cross–linker led to reducing cross–linking degree, with higher amount of 

bismaleimide pendant from the main chain34. Thus, it was deduced that a great 

excess of BMI in CsFu/BMI 1:3 seemed to be grafted (or even mixed) but did not 

increase the cross–linking degree of the hydrogel. A schematic representation of the 

hypothesized networks is shown in Figure IV.16. 
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Figure IV.16. Scheme of the networked structures. 

IV.3.2.5. Drug delivery study 

As previously presented for the CsFu/CsAMI hydrogel, in vitro release studies in 

PBS at 37 ºC using chloramphenicol as a model drug were carried out. The release 

profiles for the CsFu/BMI hydrogels are shown in Figure IV.17, whereas Table 

IV.11 collects the amounts of drug loaded in the hydrogels and the cumulative 

release of ClPh during the assay. 
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Figure IV.17. Release profile of Chloramphenicol from CsFu/BMI hydrogels in PBS at 

37 ºC. 
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Table IV.11. Loaded drug mass and cumulative drug release for CsFu/BMI hydrogels. 

Hydrogel sample 
Drug loaded 

(mgClPh ghydrogel-1) 
Cumulative release 

(%) 
CsFu/BMI 1:1 
CsFu/BMI 1:2 
CsFu/BMI 1:3 

0.61 ± 0.01 
0.77 ± 0.15 
0.85 ± 0.01 

75 
75 
100 

As it could be observed, sustained drug delivery profiles were observed in all cases 

with some differences from one composition to another, not detecting initial sudden 

release of the drug. Similar values were obtained in terms of drug absoption in the 

three cases (Table IV.11). Namely, the drug loading process in 1:2 may be ruled by 

its porous structure, whereas in the case of 1:3 formulation its pronounced 

hydrophilic character might be the reason for the higher drug loading value. 

Regarding the cumulative release profiles, CsFu/BMI 1:3 showed the highest total 

release, followed by CsFu/BMI 1:1 and CsFu/BMI 1:2, which released a similar 

amount of ClPh after 6 h. The drug release kinetics will be dependent on the swelling 

capacity, the diffusion of the drug in the media and the microstructure of each 

system. The swelling profiles in PBS supported the release results, as the swelling 

behaviour followed also the same trend for both hydrogels in this media (Figure 

IV.15). Namely, CsFu/BMI 1:3 displayed the highest swelling capacity, which was 

then reflected in a greater release of the drug. The spacious cavities and open areas 

presented by this sample could also facilitate the drug release, while the less 

hydrophilic nature of CsFu/BMI 1:1 and the higher cross–linking degree of 

CsFu/BMI 1:2 could delay the removal of the drug in those hydrogels. García–

Astrain et al. investigated the release profile of the chloramphenicol for gelatin–

based hydrogels cross–linked via Diels–Alder reaction with BMI48. Even if higher 

drug loadings were recorded in this case, quite lower cumulative release values were 

reached. Namely, the highest release observed for gelatin–based hydrogels was 

found to be a 58 % of the total amount of drug loaded. In view of these data, it 
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seems clear that furan–functionalized chitosan enhanced the chloramphenicol 

release process. 

Moreover, from the Equation II.16 in Chapter II the value of n was calculated to be 

0.80, 0.75 and 0.74 for CsFu/BMI 1:1, CsFu/BMI 1:2 and CsFu/BMI 1:3, 

respectively. Similar results were obtained for the three formulations. Being the 

values close to 1 could suggest that the swelling was the predominant mechanism 

involved in the drug release in the case of CsFu/BMI hydrogels due to the 

incorporation of the hydrophilic cross–linker, although the drug release was a case 

of anomalous transport. 

IV.4. CONCLUSIONS 

In this chapter, it was demonstrated that Diels–Alder click chemistry is an 

efficient method for the preparation of biopolymer–based chemically cross–

linked hydrogels from furan–modified chitosan. Hydrogels were covalently 

cross–linked following a clean one–step procedure in absence of any catalysts or 

initiators in aqueous environment. Indeed, two synthetic strategies for the 

development of chitosan–based novel biomaterials were described in this chapter. 

Namely, the networking occurred between furan–functionalized chitosan and 

malemide containing compounds (maleimide–functionalized chitosan or 

maleimide–functionalized polyetheramines). 

A biocompatible and biodegradable hydrogel was obtained after reacting both 

complementary chitosan derivatives (CsFu/CsAMI), whereas different hydrogel 

compositions were obtained by varying the furan to maleimide ratio when using 

BMI as a cross–linking agent (CsFu/BMI), in order to study the influence of the 

amount of cross–linker in the final properties of the hydrogels. The DA reaction 

at 65 ºC for the formation of the hydrogels was followed by UV–vis spectroscopy 

and the gelation time was estimated by oscillatory viscoelastic measurements, 

confirming the success of both reactions under the studied conditions. After 
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studying the elastic properties of the different networks, it was found that the as–

prepared hydrogels had a storage modulus similar to that of brain and nerve 

tissues (102–103 Pa)15. The microstructure of the different hydrogel compositions 

was studied by SEM, showing porous networks even if quite heterogeneous 

structures were observed. Additionally, the surrounding pH was found to have 

great impact in the microstructure of the as–prepared hydrogels. 

On the other hand, the main hindrance that entails the cross–linking process is 

related to the loss of swelling capacity, due to the shortage of movement of the 

chains after the formation of new cross–linked points. Thus, one of the principle 

interests lied in finding the way to balance the advantages that carries the cross–

linking without losing the main characteristic of the hydrogels, which was 

successfully overcomed. The swelling was recorded for 24 hours in both fluids in 

order to ensure that the equilibrium was reached. The DA hydrogels presented 

responsive swelling capacity under acid and basic environments, where in the case 

of CsFu/BMI 1:2 hydrogel it was also found to be fast and was repeated at least 

for three consecutive cycles. The gel content of the hydrogels was calculated to 

be around 60 %, which made them highly stable, while maintaining the 

characteristic pH–sensitivity of the original biopolymer. Thus, the properties of 

the hydrogels could be successfully tunned according to the final application. 

Furthermore, as expected for chitosan derived materials, the degradation of the 

CsFu/CsAMI hydrogel was favoured by the presence of lysozymes in the medium. 

Finally, in view of future biomedical applications, sustained delivery profiles of 

ClPh in simulated gastro–intestinal fluid suggested promising features for 

applications where delivery of therapeutics that can include different types of 

biomolecules and drugs are neccesary. Outstanding values were obtained in terms 

of drug released for the DA hydrogels, varying the release time between 4 and 6 

hours depending on the nature of the dienophile. Regarding drug loading values, 

the quantity of drug able to be loaded resulted to be within the expected values in 
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all the cases, based on previous investigations where the release of ClPh from 

different natural polymeric systems was studied5,48,63,64. The value of the indicator n 

which represented the mechanism controlling the drug release was calculated to 

be 0.50<n<1 for the DA hydogels, indicating an anomalous transport and being 

in accordance with other authors results for different biopolymeric 

hydrogel/drug systems48,65,66. However, as García–Astrain et al. claimed, even if the 

equation reported by Siepmann and Peppas (Equation II.16) can be useful to get a 

rough idea of the main release mechanisms governing drug release, the results are a 

limited insight into the release mechanism where different effects should also be 

taken into account to establish the exact mechanism governing the drug release65. 

Indeed, along with the stimuli–responsive evolution of the hydrogel, the mesh size 

is also known to govern how drugs diffuse inside the networks67. It is worth noting 

that this drug carrier approach, which was reproducible, could also be extended to 

different model drugs or compounds that can meet specific requirements. 
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V. THE THIOL–MICHAEL ADDITION FOR IN SITU 
FORMING HYDROGELS 

V.1. INTRODUCTION AND OBJECTIVE 

In recent years, in situ forming biomaterials from natural sources have been widely 

investigated as artificial 3D scaffolds given their hydrophilic nature and matrix 

complexion that can provide structural integrity to tissue constructions, drug 

control and protein delivery to tissues and cultures, and serve as adhesives or 

barriers between tissue and material surfaces since they resemble to the 

extracellular matrix (ECM)1–8. 

Selective and rapid chemical reaction under physiological conditions is 

indispensable for in situ formation of hydrogels. The Michael addition (MA) 

reaction, a highly regioselective and efficient click reaction, holds great potential 

to address these challenges and hence, it has recently gained increased attention 

as a polymer synthesis strategy for tailored macromolecular architectures9. The 

reaction occurs rapidly at human body temperature under mild reaction 

conditions, quantitatively, tolerates most functional groups and proceeds in 

biologically friendly solvents including water, with no heat or light needed and 

displaying high conversions and favourable reaction rates10. The Michael addition 

chemistry involves the addition of a nucleophile (known as the Michael donor) to 

a α–β–unsaturated carbonyl containing molecule (electron–deficient alkene, 

known as Michael acceptor) to create a new carbon–carbon single bond11,12. 

Among this specific chemistry, thiol–click reaction holds great potential and it is 

widely applied in the synthesis of new compounds and hydrogels formation11,13–

15. Indeed, hydrogel synthesis with natural precursors and synthetic materials10 

based on thiol–Michael addition reaction finds significant application in drug 

delivery, tissue engineering and tissue repair16–18. 
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Although most of the research on thiol–Michael reaction is focused on the 

addition of thiol groups to acrylic compounds9,10,12,19–22, many other groups such 

as vinyl sulfones, maleimides, fumarates, crotonate, ynones or propiolates can 

also act as Michael acceptors11,23,24. Moreover, it is common knowledge the 

reduced reactivity of acrylates compared to maleimides11,24,25, which can be 

reflected on the high number of research works dedicated to the thiol–maleimide 

reaction for the formation of hydrogels in recent years25–33. Thereby, thiol groups 

attack the double bond of the maleimide moieties in thiol–Michael addition to 

generate a covalent and durable thioether bond31 (Scheme V.1). 

 

Scheme V.1. Thiol–Michael reaction between thiol and maleimide groups. 

Therefore, this chapter consists on the design of in situ forming biomaterials 

through thiol–Michael addition reaction in aqueous medium. The thiol moieties 

were incorporated into the chitosan backbone (CsSH) as described in Section 

III.4, whereas the maleimide rings found on the modified Jeffamine 

(bismaleimide) were synthesized as explained in Section IV.3.1, acted as the 

electrophile groups. Until the date, research focused on the formation of 

biocompatible hydrogels from these singular tailored precursors is unknown. The 

networking occurred due to the formation of the Michael adduct after the 

reaction of both components at 37 ºC in PBS buffer solution (pH 7.4). In this 

case, medium molecular weight chitosan was used contributing to the formation 

of robust hydrogels starting from water–soluble precursors. 
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Accordingly, in situ gelation of the synthesized hydrogels was demonstrated 

through oscillatory rheology measurements. Furthermore, the effectiveness of the 

cross–linking was proved to be influenced by the thiol/maleimide ratio, so that 

different cross–linker amounts were used in order to analyse its influence on the 

properties of the ensuing materials. The covalently cross–linked networks 

presented notably different properties in terms of swelling capacity and 

viscoelastic properties, depending on the cross–linking degree. Besides, based on 

the rheological study, the microstructural parameters of the polymeric networks 

were calculated. Finally, the non–toxicity of the hydrogels using L929 murine 

fibroblast cells was confirmed. Thereby, the efficiency of the reaction along with 

the favourable conditions evidenced the formation of tailored materials with 

propitious characteristics for their use in tissue engineering. 

V.2. THIOL–FUNCTIONALIZED CHITOSAN AND 
POLYETHERAMINE–BASED BISMALEIMIDE 
HYDROGELS FORMATION (CsSH/BMI) 

V.2.1. Experimental part 

In situ formed hydrogels were prepared by the cross–linking of the thiolated 

chitosan with the bismaleimide (BMI) under physiological conditions. Both 

water–soluble precursors were synthesized following the procedures described in 

Chapter III and IV. CsSH derivative and BMI were mixed in PBS buffer solution 

(pH 7.4) at different equivalent ratios of 1:2 and 1:3 thiol–to–maleimide in 0.7 

mL total volume. The reaction for hydrogels synthesis from CsSH and BMI is 

shown in Scheme V.2. Mixtures were allowed to gel at 37 ºC for 2 h to ensure 

complete conjugation26 (Figure V.1). Maleimide groups were added in excess in 

both cases to avoid the formation of disulphide bonds between the thiol groups 

as far as possible. All hydrogels were formed at a polymer concentration of 7 % 

w/v. Hydrogels will be referred hereafter as shown in Table V.1. 
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Scheme V.2. Hydrogel formation through MA addition reaction between CsSH and 

BMI. 

Table V.1. Composition of the different hydrogel formulations (thiol–to–maleimide). 

Hydrogel 
sample 

Equivalent 
ratio 

CsSH/BMI 
(% w/w) 

CsSH 
(mg) 

BMI 
(mg) 

CsSH/BMI 1:2 1:2 43/57 50 66 

CsSH/BMI 1:3 1:3 34/66 50 100 

 

Figure V.1. Hydrogel pictures of A) CsSH/BMI 1:2 and B) CsSH/BMI 1:3. 

V.2.2. Results and discussion 

Even if it has been studied that maleimides can act as Michael acceptors for primary 

amine donors25, they react approximately 1000 times faster with thiols than with 

amines at neutral pH and below28. Therefore, covalent networking took place 
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between the grafted thiol groups on the chitosan backbone and the maleimide 

groups of BMI in different ratios, giving place to different hydrogels that were 

subsequently characterized in order to evaluate the effect of the cross–linker 

amount. The sol–gel ratio of the hydrogels was calculated to be around 35 % from 

Equation II.10 for both hydrogels. Even being a relatively low value, the 

remaining cross–linked gel fractions were observed to be consistent and stable 

enough in solution for been used as potential scaffolds for tissue engineering. 

V.2.2.1. Rheological behaviour 

Oscillatory rheology measurements were performed to study the evolution of the 

rheological parameters during the in situ gelation of CsSH/BMI hydrogels (Figure 

V.2A). As it has been previously explained throughout this thesis and according 

to the proposed method in Chapter II, the point where the storage (G´) and the 

loss (G´´) moduli crossover is generally assumed to reflect the transition from 

liquid– to solid–like behaviour, namely, the gel point9. In accordance with the 

results presented by other authors29,30,34,35, very fast gelation times were observed 

for both compositions at 37 ºC and 1 Hz. A further increase in the amount of 

cross–linker from 1:2 to 1:3 resulted in longer gelation time, which could be 

related to possible steric impediments and/or dilution effects due to the presence 

of long bismaleimide chains involved in the reaction. Furthermore, the initial 

mixing of both precursors and the proper conditions of the reaction itself made 

the cross–point in CsSH/BMI 1:2 not observable, being intuited by the trend of 

the moduli, whereas in the case of CsSH/BMI 1:3, the gel point could be 

stablished after 95 seconds. Therefore, the final materials presented the desirable 

property of being formed in situ, which is essential for injectable hydrogels. 
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Figure V.2. A) Dynamic moduli (G´ (●) and G´´ (○)) as a function of time at 37 ºC and 

B) frequency sweep of CsSH/BMI hydrogels at 37 ºC. 

Table V.2. Mean storage and loss moduli and tan δ values of CsSH/BMI hydrogels at 37 

ºC (average ± standard deviation, n = 3). 

Hydrogel sample G´ (Pa) G´´ (Pa) tan δ (G´´/ G´) 

CsSH/BMI 1:2 975 ± 106 452 ± 128 0.46 ± 0.1 

CsSH/BMI 1:3 3332 ± 502 1207 ± 388 0.36 ± 0.0 

Dynamic rheological analysis was also performed to study the final viscoelastic 

properties of the as–prepared hydrogels at 37 ºC (Figure V.2B). As it could be 

observed, the samples showed an initial drop at low frequency values as observed 

in Chapter IV for the CsFu/BMI hydrogels, recovering the desirable solid–like 

gel behaviour afterwards, represented by an elastic character in the studied 

frequency range, where G´ was maintained constant and always higher than G´´. 

Namely, after reacting for 2h, the moduli considerably increased due to the 

formation of stable networks. The main G´, G´´ and damping (tan δ) values for 

both hydrogels are shown in Table V.2. The values obtained for the storage 

moduli were in accordance with those previously reported by other authors for 

different chitosan–based hydrogels cross–linked via Michael addition36,37. 

Additionally, the value of the damping factor, which represents the overall 

viscoelasticity of the materials, was much lower than 1 in both systems, indicating 
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a predominant elastic behaviour over viscous conduct. Therefore, the networks 

were considered to be strongly cross–linked, being slightly more noticeable the 

case of CsSH/BMI 1:3 indicating greater amount of effective intermolecular 

cross–links38,39. Furthermore, the influence of the molecular weight of the starting 

chitosan should not be neglected. In fact, the high Mw value of the neat 

biopolymer used in this case (680 kDa) could interfere in the final data, resulting 

in higher values of both moduli. 

The architecture of the final polymeric network formed could determine the 

applicability of the hydrogels as scaffolds for tissue engineering. Thus, based on 

rheological results, the structural parameters (ξ, ne and Mc) of the developed 

hydrogels were determined from the Equation II.12, II.13 and II.14, being the 

polymer concentration (c) of 7 % w/v. The calculated parameters are summarized 

in Table V.3. 

Table V.3. Structural parameters of CsSH/BMI hydrogels based on the rheological 

frequency sweep analysis (average ± standard deviation, n = 3). 

Hydrogel sample ξ (nm) ne (mol m-3) Mc (kg mol-1) 

CsSH/BMI 1:2 
CsSH/BMI 1:3 

7.6 ± 0.2 
5.1 ± 0.6 

0.38 ± 0.03 
1.29 ± 0.46 

184 ± 13 
58 ± 21 

According to the data, it was found that CsSH/BMI hydrogels displayed a mesh 

size (ξ) of 7.6 and 5.1 nm for CsSH/BMI 1:2 and CsSH/BMI 1:3, respectively, 

resulting in interesting biological scaffolds which could allow the transport of 

small molecules through the networks40. Furthermore, the consequent values for 

the cross–linking density (ne) suggested a higher cross–linked network for the 

hydrogel containing a higher amount of cross–linker, increasing from 0.38 to 1.29 

mol m-3, with similar range values in accordance with what stated by other 

authors41. Finally, the average molecular weight between neighbouring cross–link 

points (Mc) took values of 184 and 58 kg mol-1 for CsSH/BMI 1:2 and CsSH/BMI 

1:3, respectively. These results were in accordance with those obtained for other 
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cross–linked polysaccharide–based hydrogels, even if lower values for ne were 

observed42. As can be noted, ξ and Mc values decreased while ne value increased 

when the amount of BMI in the hydrogel increased. Namely, the results were in 

line with the expected behaviour explained by the higher the G´, the lower the 

mesh size and Mc and higher the cross–linking density42, highlighting the great 

cross–linking efficiency and the potentiality of the developed thiol/maleimide 

system. 

V.2.2.2. Morphological analysis 

The obtention of porous microstructure is crucial concerning materials design for 

tissue engineering. Therefore, the internal morphology of the hydrogels was 

studied by SEM. As it can be observed in Figure V.3, the structure of the 

hydrogels seemed to be affected by the composition, particularly by the amount 

of cross–linker in the samples. Even if porous microstructures were obtained with 

both compositions, differences in the networks were apparent. While CsSH/BMI 

1:2 presented pores homogeneously distributed (318 ± 98 µm), increasing the 

BMI amount to 1:3 ratio led to a heterogeneous microstructure with less sum of 

large pores (343 ± 124 µm) in combination with smaller ones (56 ± 25 µm). 

Indeed, the use of greater amounts of cross–linking agent in the formulations is 

normally related with a decrease in the pore size due to higher cross–linking 

densities38. Therefore, the above findings were in agreement with the viscoelastic 

behaviour and the structural parameters obtained for the CsSH/BMI networks. 
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Figure V.3. SEM images of the freeze–dried hydrogels: A) CsSH/BMI 1:2 and B) 

CsSH/BMI 1:3. 

V.2.2.3. Swelling study 

Similarly to the DA hydrogels designed for drug delivery applications in Chapter 

IV, the present hydrogels prepared for being applied in tissue engineering should 

also present important swelling capacity. Therefore, in order to evaluate the 

responsive capacity of the as–prepared hydrogels, the swelling behaviour was 

studied at 37 ºC in HCl (pH 1) and PBS (pH 7.4) by a general gravimetric method 

detailed in Chapter II and using the Equation II.8. The swelling kinetics and the 

equilibrium swelling values after 48 h in both media for both CsSH/BMI 

hydrogels are shown in Figure V.4A and B, respectively. As expected, the swelling 

capacity of the hydrogels was found to be highly sensitive to the surrounding pH 

being notably higher the swelling degree in acidic medium as a result of the 

repulsive forces between the chitosan chains as previously stated. 
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Figure V.4. A) Swelling kinetics of CsSH/BMI hydrogels in HCl (●) and PBS (○) media 

and B) equilibrium swelling ratio of the hydrogels at 37 ºC in both aqueous media at 48 

h. 

The equilibrium properties, the viscoelastic modulus and the maximum swelling 

ratio could be controlled by varying the dosage of cross–linker43. Moreover, the 

swelling degree is normally assumed to decrease with increasing cross–linking 

degree as it has been already discussed in Chapter IV for the CsFu/BMI 

hydrogels. As expected, the addition of a higher amount of bifunctional cross–

linker in the 1:3 ratio led to the subsequent decrease in the swelling ratio of the 

hydrogel in both media, following the same trend of the rheological behaviour 

and confirming the relation between the 3D microstructure (Section V.2.2.2) and 

the swelling conduct.  

The swelling kinetics of the hydrogels were adjusted to Equation II.9 and the 

obtained parameters (SRmax, kS and ro) are presented in Table V.4, where SReq is the 

value of the swelling degree in equilibrium (48 hours) obtained from the data of 

Figure V.4B. As expected, the obtained SReq and SRmax values were similar in both 

media for each of the formulations. 
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Table V.4. Swelling parameters of CsSH/BMI hydrogels at 37 ºC in different aqueous 

media. 

Swelling 
media 

Hydrogel 
sample 

SReq (%) 
SRmax 
(%) 

kS·104 

(ghydrogel 
gsolution-1 s-1) 

ro·103(gsoluti

on g hydrogel-1 

s-1) 

HCl 

CsSH/BMI 
1:2 

CsSH/BMI 
1:3 

18564 ± 
3069 

15834 ± 
1421 

19230 
 

16390 

0.01 
 

0.08 

2.70 
 

0.47 

PBS 

CsSH/BMI 
1:2 

CsSH/BMI 
1:3 

3392 ± 250 
 

2430 ± 624 

3270 
 

2490 

0.11 
 

0.85 

8.50 
 

1.90 

 

Regarding the effect of the pH, as already mentioned, the absorption and 

retention capability of the hydrogels was notably higher in acid medium. 

Furthermore, the initial swelling rate values shown by the CsSH/BMI hydrogels 

were quite similar in both media. 

V.2.2.4. Biocompatibility  

To further test the potential of these materials for future biomedical applications, 

in vitro cell viability and proliferation was studied by short–term preliminary 

cytotoxicity assays evaluating changes in cellular growth, incubating L929 murine 

fibroblast cells for 24 and 48 hours in the CsSH/BMI hydrogel following the 

procedure reported in Chapter II. Due to the remarkable properties of 

CsSH/BMI using the lowest amount of cross–linker for its synthesis, CsSH/BMI 

1:2 sample was chosen to perform these tests. As expected, these preliminary 

studies confirmed the favourable cytocompatibility of MA hydrogels since 

samples presented non–toxic behaviour and allowed cell growth. 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 188 

Figure V.5A shows the absorbance versus incubation time for positive and 

negative controls, as well as for CsSH/BMI 1:2 hydrogel sample. The 

proliferation curve of the hydrogel showed similar increasing pattern of the 

negative control, whereas the positive control showed a notably toxic effect where 

the L929 murine fibroblasts were not able to proliferate. Furthermore, the cell 

viability was evaluated at 24 and 48 hours in cells cultured in extracted medium 

from the hydrogel. The cell proliferation with respect to the negative control as a 

function of the incubation time is represented in Figure V.5B. The cell viability 

values were much higher than the acceptance limit of 70 %. Therefore, these data 

indicate that the synthesized hydrogels could be considered as valid candidates 

for biomedical uses. 
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Figure V.5. A) Absorbance at 570 nm versus incubation time of the positive control, 

negative control and CsSH/BMI 1:2 hydrogel and B) in vitro cell viability of the positive 

control and CsSH/BMI 1:2 hydrogel extract against L929 fibroblasts as a function of 

incubation time. 

V.3. CONCLUSIONS 

In this chapter, biocompatible hydrogels based on thiol–Michael addition reaction 

were prepared. The chemical cross–linking between the thiol–modified chitosan 

and the maleimide–containing linker was satisfactorily carried out according to 
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the results obtained for the synthesized materials. Moreover, the selectivity of the 

thiol–maleimide reaction in aqueous environments, the rapid kinetics associated 

with the reaction and the stability of the thiol–maleimide product were 

fundamental for this work. Therefore, given the water solubility of both 

precursors and the favourable reaction conditions, porous networks were 

obtained through thiol/maleimide coupling under mild physiological conditions. 

For the sake of improvement, the amount of cross–linker was increased when 

forming the hydrogels, achieving materials with highly enhanced properties. 

In terms of results, the success of the reaction was confirmed by very fast gelation 

times by oscillatory rheology measurements, supporting the in situ forming 

property. Indeed, the transition from liquid to gel–like behaviour was measured 

in a time interval of seconds, highlighting the high reactivity between both 

functional groups. On the other hand, the viscoelastic properties expressed in 

terms of storage and loss moduli gave a broad perspective of the permanent 

elastic character of the synthesized materials. Furthermore, the efficiency of the 

cross–linking resulted in a solid–like gels with a G´ value, constant in the whole 

range of frequency, and similar to that of liver, fat, relaxed muscle or breast gland 

tissue (103–104 Pa), being interesting candidates for tissue engineering 

applications45. Increasing the amount of bismaleimide in the hydrogels notably 

improved the storage modulus value, which was related with an increase in 

effective cross–linking density and simultaneous decrease in average molecular 

weight between cross–linking points. 

The pH–sensitivity and the architecture of the final polymeric networks of the 

final hydrogels were also evaluated, especially relevant properties in biomedical 

applications. On the one hand, the microstructure of the different hydrogel 

compositions was studied by SEM, showing heterogeneous porous networks with 

a decrease in the pore size when increasing the cross–linking density. Besides, the 
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swelling was recorded for 48 hours in both fluids in order to ensure that the 

equilibrium was reached. 

Finally, short–term cytotoxicity assays for the CsSH/BMI 1:2 sample revealed 

that the cross–linked hydrogels were non–toxic, showing a great potential for 

biomedical applications. Therefore, the properties of the CsSH/BMI hydrogels 

could be tailored to the needs of the biomaterial, tuning the nature of the products 

to properly suit the biology of cells and tissues. 
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VI. DEVELOPING FLUORESCENT HYDROGELS BY 
THE NITEC REACTION 

VI.1. INTRODUCTION AND OBJECTIVE 

Light–driven reactions have become a synthetic tool in several fields of 

chemistry1. Indeed, current developments in biomedicine2, materials science3,4 

and polymer chemistry5 benefit from the advantages of using light as a trigger to 

chemically modify the structure of some (bio)macromolecules. Light–triggered 

reactions proceed relatively fast at ambient temperature and provide unique 

spatiotemporal control over the chemical process5. In this way, a fine–tuning of 

the physical and chemical properties of a given material can be readily achieved. 

One of the strategies that comprise the photo triggered cross–linking involves 

nitrile imine groups that undergo 1,3–dipolar cycloaddition with different 

activated alkenes after UV–irradiation of tetrazole species, producing a 

fluorescent adduct. Thereby, tetrazole moieties release a nitrogen molecule 

forming a reactive nitrile–imine dipole intermediate, which can undergo a [3 + 2] 

cycloaddition with reactive dipolarphiles, resulting in the formation of pyrazoline 

units6. Due to this fluorescent behaviour, the nitrile imine–mediated tetrazole–

ene cycloaddition (NITEC) is mainly focused on enabling on–demand control of 

polymerization and conjugation reactions7, as well as surface modification3,8,9. 

However, photo–click reactions such as NITEC can also be particularly 

interesting for applications in hydrogel cross–linking as they can be controlled 

on–demand, do not involve the use of toxic catalysts being environmentally 

friendly and are bioorthogonal, giving place to excellent candidates for biomedical 

tretaments. Moreover, the resulting fluorescent polymeric hydrogels will find 

advanced applications in chemical and environmental sensing, photonics, 

bioimaging, and electrofluorochromic devices10. 

Thus, tetrazoles act as photo reactive groups that react after ultraviolet (UV) 

activation with dipolarophiles. One of the most common and promising 
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candidates for this reaction is based on the tetrazole/maleimide coupling, where 

maleimides act as photo-complementary functional moieties. The excellent 

chemoselectivity of this particular NITEC reactive groups leads to a fluorescent 

adduct, allowing monitoring of the reaction progress (Scheme VI.1).  

 

Scheme VI.1. NITEC reaction between tetrazole and maleimide groups. 

Hence, the objective of this chapter was to develop stable hydrogels by UV–

triggered photo cross–linking at 320 nm based on novel chitosan precursors 

through the variation of their initial concentration. To this end, the tetrazole–

modified chitosan (CsTZ) synthesized as explained in the Section III.5 in Chapter 

III was used for the cross–linking of the maleimide–modified chitosan (CsAMI) 

as detailed in Section III.3 in Chapter III. The possible limitations that could arise 

after the functionalization of the polymer, mostly related with insolubility 

problems, were tried to reduce by using a low molecular weight chitosan for both 

precursors. Moreover, the synthetic strategy for the hydrogels formation was 

develop in aqueous environment, representing an interesting novel example of 

green click chemistry. The photochemical ligation proceeded smoothly in all the 

formulations, obtaining elastic networks with fluorescent properties, even at the 

lowest concentration of polymer.  

The NITEC reaction was verified by fluorescence spectroscopy at an excitation 

wavelength of 396 nm. The pH–sensitivity of the hydrogels was studied by 

conducting swelling studies in different media. The capacity of the materials to 

absorb fluids was also corroborated with the SEM images, which showed an 
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increase in the pore size of the materials after swollen in water. Furthermore, the 

as–prepared hydrogels were analysed in terms of rheological behaviour, resulting 

in materials with tunable sol/gel transition behaviour largely interesting for 

injectable or 3D printable applications. Finally, the biodegradation of the final 

materials was assessed under lysozymes whereas the non–toxicity of the hydrogels 

was tested by a short–term cytotoxicity assay. Therefore, the studied photo-

induced hydrogelation could be relevant for the development of highly tuneable 

biomaterials. 

VI.2. TETRAZOLE/MALEIMIDE CHITOSAN–BASED 
HYDROGELS FORMATION (CsTZ/CsAMI) 

VI.2.1. Experimental part 

Chitosan–based cross–linked hydrogels were obtained by photochemical cross–

linking in the presence of UV light reacting two complementary chitosan–based 

derivatives as shown in Scheme VI.2. Namely, tetrazole and malemide–

functionalized chitosan precursors were synthesized separately as detailed in 

Chapter III. The maleimide–functionalized chitosan derivative under appropriate 

conditions and concentration forms a physical hydrogel due to effective intra and 

inter–macromolecular secondary interactions. Taking advantage of this property, 

the tetrazole–functionalized chitosan was added in order not only to act as cross–

linker and improve the stability of the hydrogel, but also to attribute fluorescence 

to the maleimide–functionalized chitosan matrix. At the same time, the effect of 

adding different amounts of CsTZ into the maleimide–containing matrix was 

evaluated. Indeed, two different hydrogels with tetrazole–to–maleimide 

equivalent ratios of 1:50 and 1:15 were synthesized adding desired amounts of 

CsTZ aqueous solution (1.5·10-3 % w/v) to a constant mass of CsAMI matrix (54 

mg). As calculated from NMR spectroscopy in Chapter III, degrees of 

substitution were found to be 29 (Equation II.5) and 12 % (Equation II.4) for 

CsTZ and CsAMI, respectively. Finally, the precursors were irradiated for 2 h in 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 202 

a custom–built photoreactor using a lamp with an emission maximum at 320 nm 

to promote the photo cross–linking of the hydrogels, which are referred hereafter 

as CsTZ/CsAMI 1:50 and CsTZ/CsAMI 1:15. 

 

Scheme VI.2. Hydrogel formation through NITEC reaction between CsTZ and CsAMI. 

Hydrogel samples before and after gelation are shown in Figure VI.1 along with 

a schematic representation of the hydrogel formation through NITEC links, 

giving place to fluorescent materials under UV light. 
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Figure VI.1. Schematic representation of the networked structure and images of A) 

mixture of chitosan precursors in aqueous medium, B) CsTZ/CsAMI hydrogel formed 

after 2 h at λ = 320 nm under daylight and C) CsTZ/CsAMI hydrogel under UV light at 

λmax = 365 nm. 

VI.2.2. Results and discussion 

As previously has been mentioned, covalent networking of chitosan between the 

grafted tetrazole and maleimide groups through NITEC reaction was intended to 

improve the stability of the maleimide–containing physical gel, preventing its 

premature degradation and, at the same time, conferring fluorescent property. 

Therefore, NITEC reaction was performed using 320 nm irradiation over 2 hours. 

As a consequence of the covalent click bonding between the tetrazole and 

maleimide units, stable cross–linked 3D networks were obtained, which remained 

insoluble and maintened their integrity after 3 h, presenting a sol–gel ratio of 93 

% from Equation II.10. 

It has to be mentioned that, as it has been reported elsewhere, nitrile imines of 

the tetrazole–containing acid can undergo dimerization reaction forming 
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dihydrotetrazines in the absence of suitable dipolarophiles6. In order to minimize 

this undesired side reaction, maleimide groups were added in excess (50 and 15 

times more), obtaining dark orange solid products (Figure VI.1). 

VI.2.2.1. Physico–chemical characterization 

The occurrence of the intermolecular cross–linking process could be readily 

monitored by fluorescence spectroscopy using an excitation wavelength of 396 

nm in order to verify the NITEC reaction (Figure VI.2A). As it could be observed, 

CsTZ/CsAMI hydrogels showed a broad and intense emission peak in the 

green/yellow region (left image in Figure VI.2), demonstrating the success of the 

reaction and the formation of fluorescent pyrazoline adducts. Furthermore, the 

degree of cross–linking clearly was influenced by the UV irradiation time, 

increasing with the increase of exposure time. Namely, higher fluorescence 

emission signals were obtained when the samples were irradiated for a longer time 

and at the same time, peaks were slightly displaced to higher wavelengths, which 

could be related to a higher number and better stability of the formed adducts 

between chitosan derivatives. On the other hand, with increasing the CsTZ 

content (1:15 formulation) the probability of pyrazoline adduct formation during 

the intramolecular cross–linking also increased, leading to increased fluorescence 

intensity, indicating higher cross–linking degree in this case. Table VI.1 collects 

the maximum of the broad fluorescence emission band, which lied at around 500 

nm for both formulations, being in the biocompatible visible range11. 

In the sake of comparison, control samples of both chitosan derivatives (CsTZ 

and CsAMI) were separately tested after 2 h of irradiation (Figure VI.2B). In this 

case, the control samples containing CsTZ and CsAMI presented their 

fluorescence emission peaks shifted towards lower wavelengths, which 

correspond to the blue/violet region (right image in Figure VI.2). These results 
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confirmed that the desired NITEC reaction among the reactive groups prevailed 

and the dimerization reaction occurred in a residual extent. 

400 450 500 550 600 650 400 450 500 550 600 650 700

 CsTZ
 CsAMI

Wavelength (nm)

B)A)  CsTZ/CsAMI 1:50 (1h)
 CsTZ/CsAMI 1:15 (1h)
 CsTZ/CsAMI 1:50 (2h)
 CsTZ/CsAMI 1:15 (2h)

Wavelength (nm)

E
m

is
si

on
 I

nt
en

si
ty

 (a
.u

.)

 

 

 

 

Figure VI.2. Images under irradiation light at λmax = 365 nm and fluorescence emission 

spectra at an excitation wavelength of 396 nm for: A) CsTZ/CsAMI hydrogels after 1 

and 2 hours of irradiation and B) CsTZ and CsAMI precursors after 2 hours of irradiation. 

Table VI.1. Wavelength values for the fluorescence emission signals of NITEC hydrogels 

and chitosan derivatives as a function of time. 

Sample 
Wavelength at 1 h 
irradiation (nm) 

Wavelength at 2 h 
irradiation (nm) 

CsTZ/CsAMI 1:50 518 530 

CsTZ/CsAMI 1:15 
CsTZ 

CsAMI 

518 
- 
- 

530 
415 
432 

It is known that the electronic spectrum of molecules is influenced by their 

immediate environment, where one of the main environmental factors affecting 
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the electronic spectra is the solvent effect. Indeed, a change of solvent is 

accompanied by a change in polarity, dielectric constant and change in 

polarizability of the surrounding medium, influencing the electronic state 

behaviour of the compounds12. As these interactions could affect the 

fluorescence, the fluorescent properties of the as–prepared CsTZ/CsAMI 

hydrogels were observed to change when varying the solution media where they 

were immersed in. Thereby, as explained in Chapter II, in order to check the 

effect on the fluorescent properties and the stability of the formed adduct, dried 

samples were immersed in HCl and PBS (pH = 1 and pH = 7.4, respectively) for 

48 h and the fluorencesce was measured after drying the samples again at room 

temperature. Figure VI.3 illustrates the emission spectra of the fluorescent hydrogels 

excited at 390 nm, where single peaks could be observed in all cases, being again 

higher the fluorescence intensity for 1:15 formulation as previously shown just 

after cross–linking (Figure VI.2). However, a dependency on the solvent was 

noticeable. Namely, a strong enhancement of the fluorescence signal happened 

after suspending the samples in PBS, suggesting higger stability and larger amount 

of the tetrazole/maleimide adduct. Without any other prior reference on which 

to base, this behaviour could be explained given the preference of the NITEC 

reaction to take place in phosphate buffer solutions13, basic aqueous solutions14 

or organic solvents6, being the most convenient solvent. In contrast, initially 

unreacted chitosan moieties could be dissolving in HCl, showing lower emission 

intensities than in PBS due to an alteration of the tetrazole/maleimide system. 

Furthermore, a slight emission spectral shift (Δλ about 14–17 nm) was remarked in 

HCl (Table VI.2). This effect could be attributable to the transition energy 

becomes higher based on a hypsochromic shift, giving place to a subtle blue shift 

of the emitted fluorescence with increasing solvent polarity12,15. 

In addition, along with the polarity of the solvent, the pH of the medium can also 

induce fluorescence fluctuations in the hydrogels10,16,17. As observed, the 
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fluorescent activity of CsTZ/CsAMI hydrogels was more intense in neutral pH, 

confirming the stability of the NITEC adduct under physiological conditions. 
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Figure VI.3. Fluorescence emission spectra at an excitation wavelength of 396 nm for 

CsTZ/CsAMI hydrogels after being immersed in HCl and PBS for 48 h. 

Table VI.2. Wavelength values for the fluorescence emission signals of NITEC hydrogels 

as a function of solvent. 

Sample 
Wavelength after HCl 

immersion (nm) 
Wavelength after PBS 

immersion (nm) 

CsTZ/CsAMI 1:50 542 525 

CsTZ/CsAMI 1:15 544 530 

VI.2.2.2. Rheological behaviour 

Similar to the previous hydrogels, dynamic rheological analysis was performed once 

the hydrogels were synthesized with the aim of studying the viscoelastic properties 

of the synthesized clicked hydrogels at 37 ºC (Figure VI.4). The influence of the 

amount of tetrazole–functionalized chitosan in the stiffness of the hydrogels was 

evaluated. As evidenced by the frequency sweep, the incorporation of tetrazole 

containing chitosan into the maleimide–functionalized chitosan matrix resulted 
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in the formation of robust stable networks, since both formulations showed a 

marked solid–like behaviour independent of the applied frequency and supported 

by the fact that G´ was always constant, even at lower frequencies, and higher 

than G´´. 
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Figure VI.4. Frequency sweep of CsTZ/CsAMI hydrogels at 37 ºC (G´ (●) and G´´ (○)). 

Table VI.3. Mean storage and loss moduli and tan δ values of CsTZ/CsAMI hydrogels at 

37 ºC (average ± standard deviation, n = 3). 

Hydrogel sample G´ (Pa) G´´ (Pa) tan δ (G´´/ G´) 

CsTZ/CsAMI 1:50 902 ± 320 226 ± 29 0.26 ± 0.08 

CsTZ/CsAMI 1:15 2716 ± 1253 515 ± 203 0.19 ± 0.01 

The mean G´, G´´ and damping factor (tan δ) values for the final hydrogels are 

summarized in Table VI.3. As it could be appreciated, for CsTZ/CsAMI 1:15, 

the damping factor value was lower, indicating an even more pronounced elastic 

character in this case. Moreover, significant differences were observed between 

the G´ values of both hydrogels. In fact, an increasing amount of tetrazole–

functionalized chitosan could promote further cross–linking of the network, 

giving a higher value of storage moduli even though the total polymer 
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concentration was lower. The storage moduli of the hydrogels, as indicator of 

rigidity, would be directly related to the final application of the material, 

influencing its final performance. Furthermore, the power of the proposed 

NITEC cross–linking reaction was highly manifested, since visibly higher values 

of storage modulus were obtained for CsTZ/CsAMI hydrogels regardless the 

molecular weight of the starting chitosan in this case, which was similar to that 

used in Chapter IV for DA hydrogels. 

To gain deeper insights, the structural parameters (ξ, ne and Mc) of the developed 

chitosan–based hydrogels were determined based on the rheological results from 

the Equation II.12, II.13 and II.14, being the polymer concentration (c) in the 

samples of 18 and 6 % w/v for CsTZ/CsAMI 1:50 and CsTZ/CsAMI 1:15, 

respectively. The calculated parameters are summarized in Table VI.4. 

Table VI.4. Structural parameters of CsTZ/CsAMI hydrogels based on the rheological 

frequency sweep analysis (average ± standard deviation, n = 3). 

Hydrogel sample ξ (nm) ne (mol m-3) Mc (kg mol-1) 

CsTZ/CsAMI 1:50 
CsTZ/CsAMI 1:15 

7.9 ± 1.0 
5.5 ± 1.0 

0.35 ± 0.12 
1.05 ± 0.49 

545 ± 193 
53 ± 24 

According with this data, both the ξ and Mc values of CsTZ/CsAMI hydrogels 

decreased as the amount of tetrazole–functionalized chitosan increased, and 

therefore, the resulting values for the cross–linking density (ne) increased from 

0.35 to 1.05 mol m-3 suggesting a higher cross–linked network for CsTZ/CsAMI 

1:15 hydrogel. As mentioned in previous chapters, results were in line with the 

expected behaviour that the higher the G´, the lower the mesh size and Mc and 

higher the cross–linking density18, highlitening the great cross–linking efficiency. 

Moreover, the obtained structural values were similar to those reported in 

previous chapters for the other chitosan–based clicked systems as well as to the 

results for other polymeric hydrogels covalently cross–linked through different 
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strategies; namely, hydrazine cross–linked polysaccharide–based hydrogels18 and 

poly(ethylene glycol)–based hydrogels cross–linked through thiol–ene reaction19. 

Nevetheless, regarding the polymer concentration (c), a characteristic behaviour 

could be highlighted for this particular tetrazole/maleimide system. The use of 

different c values derived in the possibility of studing the influence of this 

parameter in this case. Indeed, lower values for ξ and Mc and a higher value for 

ne were obtained for the lowest polymer concentration (6 % w/v). In contrast, 

Karvinen et al. claimed the opposite trend18; whereas, Rehmann et al. also 

observed a decrease in the mesh size value when increasing the polymer 

concentration19. The explanation to this particular finding may be related to the 

fact that when increasing the volume of aqueous solution, the amount CsTZ was 

also increased, enhancing the cross–linking between the two complementary 

derivatives. Therefore, even if the total polymer concentration was lower in 

CsTZ/CsAMI 1:15 hydrogel, the formation of the network was improved and 

gave rise to a smaller mesh size being consistent with the theory. Thereby, the 

potentiality of the NITEC reaction was reflected in the structural properties over 

the polymer concentration. 

As explained before, fluorescent hydrogels have great applicability in the 

biomedical field. At the same time, increasing investigations are focusing on the 

development of injectable or 3D printable biomaterials, since printing gives the 

possibility to create complex morphological structures similar to tissues and 

organs. The printability of hydrogels is subjected to the shear–thinning property, 

defined as the continuous decrease in the viscosity (η) with an increasing shear 

rate, allowing them to be extruded though a needle20. In order to assess the 

injectability of the developed NITEC hydrogels, shear thinning and yield stress 

rheological measurements were performed. Figure VI.5A shows the evolution of 

η for the two hydrogels during the shear–thinning test. As it could be observed, 

in both cases their viscosity sharply decreased with increasing the shear rate, 
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which represented the above mentioned shear–thinning behaviour in the range 

of interest (0.1 to 1000 s-1) and indicated that the tetrazole/maleimide clicked 

chitosan hydrogels described a typical non–Newtonian pseudoplastic fluid 

behaviour21,22. According to Alghooneh et al., during the application of high shear 

rates, shear forces promote the alignment of the polymer chains in the flow 

direction losing many of their intra and inter–chain interactions23. 
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Figure VI.5. A) Evolution of the viscosity (η) as a function of shear rate (
.

 ) and B) G´ 

(●) and G´´ (○) moduli versus shear stress (τ) for CsTZ/CsAMI hydrogels. 
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On the other hand, oscillatory stress sweep experiments were carried out in order 

to estimate the yield point of the as–prepared hydrogels (Figure VI.5B), i.e. the 

shear stress at which the material first started to flow. The transition between 

solid and liquid–like behaviour was clearly observed as a sharp decrease of the 

dynamic moduli, requiring similar yield stress (100 Pa) for both 

tetrazole/maleimide chitosan hydrogels close to that reported for other polymeric 

cross–linked hydrogels24. 

Based on the rheological results, the as–prepared hydrogels could be classified as 

so–called second–generation self–healing materials with hybrid architectures 

involving both reversible and irreversible interactions. Namely, upon application 

of the shear force, the ensemble of weak reversible interactions preferably yields 

providing deformability, while the stronger irreversible bonds remain intact, 

providing scaffolding. Ideally, when the force is removed, the scaffold of 

irreversible interactions guides the reassembly of the reversible interactions, 

restoring the material to its original undeformed state25. This self–healing 

phenomenon is a result of the presence of both the covalent bonds achieved 

through NITEC reaction between tetrazole and maleimide groups, and the 

secondary reactions involving the reversible non–covalent interactions such as 

hydrogen bonding or hydrophobic interactions in the complementary chitosan 

derivatives26. 
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Figure VI.6. Variation of G´ (●) and G´´ (○) moduli during the continuous step–strain 

measurement at alternate 0.1 % and 50 % strain (frequency = 1 Hz) versus time for 

CsTZ/CsAMI hydrogels. 

In order to further understand the ability of NITEC hydrogels to self–restore, 

step–strain measurements (strain = 0.1 to 50 % at 20 ºC) were conducted 

following the methodology described in Chapter II. Figure VI.6 displayed the 

results for the recovery of the CsTZ/CsAMI hydrogels. As described earlier, 

NITEC hydrogels had solid–like elastic properties at low strain values, where 

higher G´ modulus values were recorded in comparison with G´´. When the strain 

was increased above the critical region, the hydrogels collapsed to form fluid or 

quasi–liquid state, losing their mechanical stability which was indicated by a 

complete inversion of the G´ and G´´ moduli values. Finally, with the reduction 

of the strain, the broken hydrogel networks were transformed into stable gels and 

quickly recovered their mechanical strength. These results confirmed the 

reversible sol–gel transition of the networks and demonstrated the in situ recovery 

of the materials, confirming their self–healing capacity. 

The particular rheological response presented by the CsTZ/CsAMI hydrogels 

would be largely interesting for injectable or 3D printable applications. Both the 
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shear–thinning trend and the reasonable value obtained for the yield point could 

be reliable indicatives of the printability of the materials. Besides, the high storage 

modulus and the low tan δ values could confirm the shape fidelity of the 

tetrazole/maleimide systems after the printing process, which was also supported 

by the self–healing ability27. 

VI.2.2.3. Morphological analysis 

The microstructure of the hydrogels was studied by scanning electron microscopy 

(SEM). Regular and homogeneous porous microstructures for both hydrogel 

samples were obtained in Figure VI.7A and B in their initial state (freeze–dried 

just after the gel formation) and in Figure VI.7C and D after swollen in water for 

48 h, based on the equilibrium data from the swelling studies (described in the 

following section). In view of the SEM images, highly porous networks were 

obtained. 
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Figure VI.7. SEM images of the freeze–dried CsTZ/CsAMI hydrogels: A) as–prepared 

and C) after swollen in H2O for CsTZ/CsAMI 1:50; B) as–prepared and D) after swollen 

in H2O for CsTZ/CsAMI 1:15. 

A homogeneous distribution of porous within the hydrogels was expected to 

directly influence the response–rate of the materials. Accordingly, the resulting 

3D microstructure of the hydrogels could be a determining factor for the control 

of the swelling ability of the materials as previously was observed in Chapter IV 

for the CsFu/BMI hydrogels. Thus, the dimensions of the pores present in the 

interconnected networks were determined (Figure VI.8A and B for 

CsTZ/CsAMI 1:50 and CsTZ/CsAMI 1:15 samples, respectively). Based on the 

pore size distribution, a significant increase in the pore size after the hydrogels 

were swelled in water was observed. The mean pore diameter for CsTZ/CsAMI 

1:50 hydrogel increased from 267 ± 113 µm just after its formation to 884 ± 216 
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µm after swelling, whereas for CsTZ/CsAMI 1:15 hydrogel the mean pore 

diameter increased from 398 ± 98 µm to 1217 ±155 µm. 
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Figure VI.8. Pore size distribution for A) CsTZ/CsAMI 1:50 hydrogel and B) 

CsTZ/CsAMI 1:15 hydrogel. 

Analysing the pore size distribution in 3D matrices is very useful when studying 

changes and modifications produced as a result of in vitro behaviour of materials 

under simulated human body conditions. Namely, pore size distribution plays an 

important role in the signalling and microenvironment stimuli imparted to cells 

when studying cellular growth and proliferation within the matrix28 as well as in 

drug delivery applications, where in vitro drug release studies have shown that an 

increase in porosity results in the improved drug release29. Therefore, the tunning 

of pore size distribution clearly made this tetrazole/maleimide system competent 

for biomedical applications. The results were in total agreement with the data 

obtained in previous chapters for DA and MA hydrogels.  

VI.2.2.4. Swelling, pH sensitivity and degradation studies 

In order to assess the applicability of CsTZ/CsAMI hydrogels for biomedical 

applications that might be accompanied by changes of pH, their behaviour at 

different pHs under simulated gastric (HCl, pH 1) and intestinal (PBS, pH 7.4) 
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conditions at 37 ºC was explored (Figure VI.9) by a general gravimetric method 

detailed in Chapter II and using the Equation II.8. 
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Figure VI.9. A) Swelling kinetics of CsTZ/CsAMI hydrogels in HCl (●) and PBS (○) 

media and B) equilibrium swelling ratio of the hydrogels at 37 ºC in both aqueous media 

at 48 h. 

As expected, the swelling capacity of the hydrogels was again greater under acidic 

environment. As already has been commented in previous chapters for DA and 

MA hydrogels, this effect was due to the cationic nature of chitosan, wich 

generated repulsive forces between the protonated free amines causing the 

hydrogel expansion. Under buffered conditions of the intestine fluids, swelling 

was lower due to the decrease of repulsions between the chains at this pH. 

As reported in Chapters IV and V, further cross–linking degree could be related 

with lower swelling ratio values. Following this trend, the addition of a higher 

amount of tetrazole–functionalized chitosan seemed to be contributing to the 

formation of a higher interconnected network, since lower swelling ratios were 

presented in both media, even when the total concentration of polymer was lower, 

highlitening the potential of the NITEC reaction. Moreover, the present 

behaviour was in accordance with the observed rheological one. 
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The swelling kinetics of the hydrogels were adjusted to Equation II.9 and the 

obtained parameters (SRmax, kS and ro) are presented in Table VI.5, where SReq is the 

value of the swelling degree in equilibrium (48 hours) obtained from the data of 

Figure VI.9B. Greatly close values for SReq and SRmax in both media were obtained. 

Table VI.5. Swelling parameters of CsTZ/CsAMI hydrogels at 37 ºC in different aqueous 

media. 

Swelling 
media 

Hydrogel sample SReq (%) 
SRmax 
(%) 

kS·104 

(ghydrogel 
gsolution-1 s-1) 

ro·103 
(gsolution g 

hydrogel-1 s-1) 

HCl 
CsTZ/CsAMI 1:50 
CsTZ/CsAMI 1:15 

778 ± 156 
657 ± 90 

770 
640 

0.84 
0.21 

20 
116 

PBS 
CsTZ/CsAMI 1:50 
CsTZ/CsAMI 1:15 

435 ± 21 
354 ± 2 

440 
370 

0.50 
0.22 

103 
332 

 

As observed in Figure VI.9, regarding the pH, the absorption capacity of the 

hydrogels was higher in acidic medium. Therefore, the lower swelling ratio values 

presented by the hydrogels in basic medium were related with higher ro values as 

stated by Altinisik and Yurdakoc30. 

With the aim of applying the synthesized hydrogels as possible bioink materials 

for the 3D printing of tissue structures, particular requirements apart form 

printability (confirmed above in Section VI.2.2.2) need to be satisfied, which 

mainly include biodegradability and biocompatibility (explained below in Section 

VI.2.2.5). As reported in previous chapters, chitosan biodegrades in human body 

due to the activity of lysozyme and bacterial enzymes present in the colon31. In 

order to estimate the behaviour of the final materials in vivo, in vitro degradation 

studies were carried out. Therefore, the degradation of CsTZ/CsAMI hydrogels 

was monitored for 4 weeks following the method described in Chapter II. The 

degradation profiles for the NITEC hydrogels at physiological conditions, both 

in 1 mg mL-1 lysozyme and enzyme–free solutions, are shown in Figure VI.10. 
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Figure VI.10. Dry weight remaining percent of CsTZ/CsAMI hydrogels in 1 mg mL-1 

lysozyme/PBS (●) and in PBS without lysozyme (○) at 37 ºC as a function of time. 

The degradation behaviour of the hydrogels in lysozyme containing environment 

showed that the samples were sensitive to enzymes. Their highly porous 

microstructures and the good pore interconnectivity facilitate the enzyme 

transport and diffusion of the degradation products from the material, which is 

essential for tissue restoration31. Furthermore, when the breakage of the 

glycosidic bonds and the amide bonds reach a critical value, the whole cross–

linked network will disjoin, resulting in the disappearance of the hydrogel32. 

Herein, NITEC hydrogels suffered a sharp decrease in their remaining mass ratio 

from the beginning of the study and completely degraded after 28 days of 

incubation in lysozyme solution, being even more pronounced in the case of 

CsTZ/CsAMI 1:15 hydrogel probably related with its higher pore size. The ability 

of the hydrogels to be biodegradable brings numerous advantages to these 

materials towards being used in the field of biomedicine. On the other hand, the 

control samples incubated in PBS without enzymes showed the opposite trend. 

The loss of weight remained constant during the degradation study, as was already 

observed when calculating the gel content of the NITEC hydrogels, where values 
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around 93 % were obtained. This behaviour suggested the excellent stability of 

the tetrazole/maleimide hydrogels in the medium due to the presence of the 

covalent bonds generated after the NITEC reaction. 

VI.2.2.5. Biocompatibility 

In order to evaluate the suitability of the new hydrogels as potential biomaterials, 

the biocompatibility was assessed following ISO 10993 standard, using 

cytotoxicity assessment employing L929 murine fibroblast cells, as explained in 

Chapter II. Figure VI.11 shows the cell viability (in % with respect to the negative 

control) at 24 and 48 hours for the CsTZ/CsAMI 1:50 hydrogel and the positive 

control. As the nature of the hydrogels in terms of toxicity could be analysed in 

the same way, CsTZ/CsAMI 1:50 was used as reference. According to the results, 

the cell viability was demonstrated as the obtained value was higher than the 

established acceptance limit of 70 % with respect to the negative control, 

indicating the potential biomedical applicability of the new hydrogels. 
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Figure VI.11. A) Absorbance at 570 nm versus incubation time of the positive control, 

negative control and CsTZ/CsAMI 1:50 hydrogel and B) in vitro cell viability of the 

positive control and CsTZ/CsAMI 1:50 hydrogel extract against L929 fibroblasts as a 

function of incubation time (*p < 0.05, ***p < 0.001). 
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VI.3. CONCLUSIONS 

In this chapter, a novel synthetic strategy involving the synthesis of totally 

renewable materials from tetrazole/maleimide–functionalized chitosan 

precursors was proposed. Accordingly, covalently cross–linked hydrogels were 

successfully synthesized through light induced click strategy. The photo–triggered 

NITEC reaction was confirmed by fluorescence spectroscopy, resulting in broad 

and intense emission peaks in the green/yellow region, originated from the cross–

linkes in the networks. With increasing the tetrazole content, the fluorescent 

signal became more intense. Moreover, the degree of cross–linking depended on 

the UV irradiation time, i.e. it increased as exposure time increases, leading to 

hydrogels with higher elastic solid–like properties and lower swelling ratio33. 

The formation of stable networks after the cross–linking reaction was confirmed 

by rheology. Increasing the amount of CsTZ in the hydrogel notably improved 

the storage modulus value, which was related with an increase in effective cross–

linking density and simultaneous decrease in the mesh size and the average 

molecular weight between cross–linking points. Furthermore, the G´ value of 

CsTZ/CsAMI 1:15 hydrogel was measured to be comparable to those of that of 

liver, fat, relaxed muscle or breast gland tissue, which are found in the range 

between 103–104 Pa34. On the other hand, NITEC hydrogels presented shear–

thining property and a reasonable value of yield point, making them interesting 

candidates for injectable or 3D printable applications. In addition, hydrogels were 

proved to present self–healing ability, which could occur autonomously without 

any external intervention based on supramolecular chemistry. 

Spongy–like microstructures were obtained for the freeze-dried samples both 

before and after swelling in water, where it was noteworthy that all of the 

hydrogels were highly porous. Analysis of the SEM image revealed that the 

hydrogels displayed a continuous and porous structure by virtue of the NITEC 

reaction, resembling other natural macromolecular hydrogel system structures, 
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with mean diameter pore size in the range of 267–398 μm for the original 

hydrogels. When hydrogels were not swollen, the samples only contained the 

water used during their synthesis. On the contrary, after being swollen in water, 

their liquid content was significantly higher and the amount of solvent embedded 

in the hydrogels influenced the microstructure of the network. Thus, after 

swelling in water the mean diameter pore size of the hydrogels increased to 884–

1217 μm. This finding confirmed the hypothesis that CsTZ/CsAMI hydrogels 

could be highly promising materials as structural scaffolds, allowing cellular 

growth or encapsulating cells or biomolecules for delivery that need relatively 

large dimensions. 

The swelling was recorded for 48 hours in both fluids in order to ensure 

equilibrium was reached. The swelling study revealed the pH–sensitiveness of the 

synthesized hydrogels, being more pronounced in acidic medium given the 

cationic nature of the chitosan. Furthermore, the swelling capacity was influenced 

by the degree of cross–linking as was evidenced by the lower values obtained for 

the CsTZ/CsAMI 1:1 5 hydrogel. Additionally, the fluorescence signal of the 

synthesized hydrogels was markedly influenced by the surrounding media, being 

more affected by neutral pH. 

Finally, even if the developed tetrazole/maleimide clicked systems were observed 

to remain stable and insoluble under physiological conditions due to the formed 

cross–linked networks, CsTZ/CsAMI hydrogels were susceptible to degradation 

during the in vitro culture with lysozymes. In contrast to the common cross–

linking strategies to fabricate hydrogels, which include the Diesl–Alder reaction 

and the Michael addition described in previous chapters, the use of the NITEC 

reaction for developing green 3D networks resulted to be highly novel. 
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VII. NANOGELS DESIGN FOR TARGETED 
DELIVERY 

VII.1. INTRODUCTION AND OBJECTIVE 

In the research field of hydrogels, a great number of studies are focused on the 

development of nanoscaled new alternatives. Indeed, given their small size, 

nanogels have shown advantages over their macroscopic analogs and have been 

recently envisaged as an alternative solution to obtain less invasive delivery 

carriers than hydrogels1. Nanogels present larger surface area and can enhance 

penetration through tissue barriers. Therefore, the diameter of nanogels is 

approximately of 1 to 100 nm2, being their size much smaller than the inner 

diameter of most needles (∼ 1 mm). At the same time, nano–sized gels respond 

more rapidly to changes in the environment and therefore, can be used more 

efficiently in biomedical applications3. 

In fact, the size of the hydrogels determines how they transport and adhere once 

introduced into blood vessels, airways or the gastro–intestinal tract. In addition 

to transepithelial and local injection (such as intraperitoneal and intrabony 

injection), nanogels also enable other routes for penetration. Nanogels of size 10–

100 nm are suitable for systemic drug administration, because they can leave small 

blood vessels through fenestrations in the endothelial lining, allowing for 

extravasation into tissues. Furthermore, hydrogels below 10 nm in diameter can 

be cleared by kidney filtration, while those of 500–10000 nm can be 

phatogocytized by macrophages4. 

The synthesis of nanogels by emulsion methods is currently an area of 

considerable interest5. The emulsion technique promises to be one of the versatile 

preparation methods, which enables to control the particle properties such as 

mechanisms of particle size control, geometry, morphology, homogeneity and 

surface area. Emulsions are isotropic, macroscopically homogeneous and 
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themodinamically stable solutions containing at least three components: a polar 

phase (usually water), a non–polar phase (usually oil) and a surfactant. On a 

molecular level, the surfactant molecules form an interfacial film separating the 

polar and the non–polar domains, where water droplets are dispersed in a 

continuous oil phase, i.e. water in oil (W/O) emulsion. Indeed, W/O emulsions, 

which are also called as reverse emulsions, can be used as nanoreactors for the 

synthesis of nanoparticles with low polydispersity6,7. Especially, nanoemulsions 

(d < 100 nm) are particularly suitable in low to high viscosity products where high 

optical clarity, high physical stability and rapid release are required5. Figure VII.1 

shows a graphical depiction of the formation of a reverse micelle by 

nanoemulsion. 

 

Figure VII.1. Schematic representation of a nanoemulsion where a reverse micelle is 

formed. 

In accordance with the general purpose of this thesis focused on applying specific 

click reactions as a powerful tool for developing novel biomaterials, the greatest 

contribution of this chemistry in nanogels relies on the surface–functionalization 

of the nanogels with different purposes. One of the research areas where the use 

of functionalized nanogels is of great interest is that focused on targeted drug 
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administration for cancer therapies. Namely, since some specific antigens or 

receptors are overexpressed on the membranes of cancer cells, the selectivity to 

tumor tissues of the nanoparticles can be improved by coupling with specific 

targeting agents. Among them, folic acid derivates have demonstrated high 

specificity for tumor cells and are currently promising in the vectorization of anti–

cancer systems, since its receptors have been identified as tumor markers8,9. 

Therefore, folic acid derivates has been extensively employed as a targeting 

moiety for various anti–cancer drugs through covalent conjugation with 

liposomes, radio imaging agents, gene transfer vectors and microgels, which have 

shown to be efficiently internalized within tumor cells via folate receptor–

mediated endocytosis10. For that reason, folate was used to functionalize the 

synthesized nanogels on its surface via thiol–Michael addition. Namely, 

commercially available maleimide and folate heterofunctionalized 

polyethylenglycol (PEG) derivative was reacted with the vacant thiol groups on 

the surface of the previously modified nanogels. 

As it has been reported throughout this thesis, one of the main drawbacks of the 

chitosan is that it is only water–soluble at acid pHs, which could limit in some 

cases its biomedical applications. In order to overcome this drawback and achieve 

well–dispersed chitosan–based nanogels in water, thiolated chitosan (CsSH) was 

employed as precursor, which has been confirmed to be soluble in neutral 

aqueous solution in Chapter III and V. Namely, aqueous solutions of the starting 

materials are indispensable for the implementation of reverse emulsion method. 

On the other hand, in this case, low molecular weight chitosan was used for the 

formation of the nanogels based on the synthesis requirements. Indeed, it is 

considered that the increased solubility of the low MW chitosan may aid in the 

colloidal stability of nanoparticles in solution11. 

Thereby, the possibility to modify chitosan provides the opportunity to create 

novel cross–linked nanogels, with a high versatility of their architecture that 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 232 

allows stimuli–responsive behaviour and the accommodation of several 

molecules12. Moreover, the presence of covalent cross–linked points in nanogels 

enable the stability of these type of soft networks. Commonly, chitosan nanogels 

have been synthesized through amide coupling reaction with a wide range of 

bifunctional agents13. Nevertheless, it has been reported that some of these cross–

linkers could display certain toxicity obstructing the final purpose of their 

existence. Bearing this in mind, biocompatible and non–toxic poly(ethylene 

glycol)bis(carboxymethyl)ether (PEGBCOOH) was used for the cross–linking 

and formation of chitosan nanoparticles via W/O reverse nanoemulsion method 

in this chapter. As reported by several authors, PEG is one of the most popular 

polymers used to covalently cross–link chitosan chains in order to form 3D 

networks14–16. It shows exceptional physicochemical and biological properties, 

such as high solubility in water, biocompatibility and ease for chemical 

modification17. 

Furthermore, the mucoadhesive nature of chitosan is a valuable property, which 

makes it a great candidate for the controlled release in oral delivery18. As expressed 

in Chapter III, mucoadhesion is defined as the ability of materials to adhere to the 

soft mucosal surface that lines the gastrointestinal, tracheobronchial, reproductive 

and ocular systems, varying the thickness of the mucus layer depending on the area19. 

The mucus layer is primarily composed of the mucin glycoprotein, water, inorganic 

salts and lipids. Specifically, the natural mucoadhesion of chitosan is achieved by a 

strong electrostatic adhesion force between the positively charged chitosan 

molecules and negatively charged mucosal surface19, enabling the development of 

carriers for transmucosal drug delivery that achieve a localized and prolonged effect 

of active ingredients (~ 12–24 h)20. In addition, thiolation or addition of thiol 

carrying moiety to chitosan greatly improve its mucoadhesion by creating a strong 

interaction between the thiol group on the chitosan surface and the cysteine rich 

region of the mucus glycoprotein (disulphide bond)21 as pioneered by Bernkop–
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Schnurch et al. by modifying different polysaccharides after grafting thiol groups 

with encouraging outcomes22–25. These covalent bonds are much stronger than the 

original mucoadhesive interaction between the positively charged chitosan and 

negatively charged mucin as it was corroborated after turbidimetric assays in Chapter 

III. 

Thus, thiolated nanogels with uniform particle size distribution were obtained in 

this chapter. The morphology and topography of the nanogels were studied by 

TEM and AFM, respectively. Besides, the dispersion of the nanogels in aqueous 

solution and their pH–sensitive swelling along with the interaction with mucin 

proteins of mucosa were improved by the presence of thiol groups, highlighting 

this novel incorporation even more. The nanogels were further labelled with 

folate as an example of simple and easy functionalization pathway via Michael–

addition (MA) reaction for future studies of tumor targeting efficiency. 

VII.2. THIOLATED CHITOSAN–BASED NANOGELS 
FORMATION (CsSH/PEGBCOOH) 

VII.2.1. Experimental part 

Thiol–functionalized chitosan (CsSH) nanogels were cross–linked with 

PEGBCOOH following a previously reported method based on reverse W/O 

emulsion17,26, where chitosan/cross–linker equivalent ratio was fixed to 1:1 

(Scheme VII.1). The degree of substitution of the CsSH used for the nanogels 

synthesis via ninhydrin assay (Equation II.7) was calculated to be 11 %. 

The cross–linked nanoparticles were obtained by mixing separately prepared 

thiolated chitosan and cross–linking agent emulsions. Firstly, a solution of 0.01 g 

mL-1 of thiolated chitosan in 1% v/v aqueous acetic acid solution was prepared. 

Cyclohexane (organic phase), 2–hexanol (co–surfactant) and chitosan solution 

were mixed in a fixed ratio of 5.5:2:2 (v/v) at room temperature. The thiolated 

chitosan emulsion was formed by adding Triton X–100 (surfactant) drop by drop 
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into the mixture under vigorous stirring until the mixture became transparent and 

left for 1 hour. The W/O emulsion of the cross–linker was prepared following 

the same procedure but prior to it, the carboxylic acid groups were activated by 

reaction with EDC and NHS following the synthetic pathway represented in 

Scheme III.1 (Chapter III). In order to ensure the efficient activation, 242 µL of 

PEGBCOOH and 220 mg of NHS were first mixed in 20 mL of water for 15 

minutes. The pH of the mixture was adjusted to 5.4 by the addition of 1 M NaOH 

solution. Afterwards, 750 mg of EDC were gradually added and the mixture was 

stirred at room temperature during 4 hours. The ratio between COOH, NHS and 

EDC was 1:4:10 (v/v). 

 

Scheme VII.1. Nanogels formation through the cross–linking reaction between CsSH 

and PEGBCOOH. 

The cross–linking reaction took place during 24 hours at room temperature after 

the addition of the cross–linker nanoemulsion into the thiolated chitosan 

nanoemulsion (Figure VII.2). The nanoparticles were isolated by precipitation in 

ethanol. After decantation, the nanogels were washed by dispersion in ethanol 

followed by centrifugation for successive cycles (6500 rpm, 15 ºC and 20 minutes 

per cycle). This step was repeated four times and the obtained nanogels were then 

dispersed in 1 % v/v aqueous acetic acid solution. The samples were dyalized in 

tubings of cellulose membranes (molecular weight cutt–off of 3.5 kDa) alternating 

between aqueous acetic acid solution and water by purification for 15 days. Finally, 
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the nanoparticles were lyophilized (30 % w/w yield) and stored at 4 ºC in dark 

until needed for further use. 

 

Figure VII.2. Schematic representation of the experimental procedure for obtaining 

CsSH/PEGBCOOH nanogels. 

VII.2.2. Results and discussion 

Nanometric gel particles were successfully synthesized through covalent cross–

linking between the remaining free amines of the chitosan after the thiolation and 

the carboxylic acid groups of the cross–linker. Thus, the amidation reaction led 

to the formation of stable nanosized networks which were positively or negatively 

charged depending on the pH of the medium due to the presence of both amines 

and thiols. Not being the number of charged groups of both natures very high 

given the purpose of amines for reacting, this behaviour was markledy observed 

during the characterization of the nanogels, concluding the high impact that could 

suppose this nanoparticles, which have not been studied before. 
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VII.2.2.1. Physico–chemical characterization 

The success of the cross–linking reaction was confirmed and quantitatively 

evaluated by 1H NMR spectroscopy. Figure VII.3 displays the spectra of thiolated 

chitosan and CsSH/PEGBCOOH nanogels. As has been repeatedly shown in 

Chapter III, the spectrum for pure chitosan shows a peak at 1.90 ppm 

corresponding to the three protons of N–acetyl glucosamine (GlcNAc) and a 

peak at 3.0 ppm related with the proton of the C2 (H2) of glucosamine residues 

(GlcN), which represent the primary amino group content of the chitosan27,28. 

The same signals appeared in the corresponding spectra of thiolated chitosan and 

CsSH/PEGBCOOH nanogels. However, the signal corresponding to the 

presence of the carbonated polymeric chain of the diacid (PEGBCOOH) in the 

nanogels could be appreciated by the new prominent signal at 3.6 ppm. Moreover, 

a clear decrease of the signal at 3.0 ppm was observed for the 

CsSH/PEGBCOOH sample, indicating the loss of amine groups by the reaction 

with the PEG–based diacid in order to develop the cross–linked nanogels as 

detailed below. Consequently, the formation of nanoparticles was successfully 

carried out.  
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Figure VII.3. Liquid–state 1H NMR spectra of thiolated chitosan and 

CsSH/PEGBCOOH nanogels. 

Since the cross–linking involves the formation of new amide groups, the protons 

of C2 were displaced to lower positions. Therefore, the cross–linking degree was 

determined by quantifying the protons that were not shifted. Briefly, the peak of 

the 1H NMR spectra corresponding to the methyl protons at 1.90 ppm (ACH3) was 

used as reference for the quantitative determination of the composition of the 

nanogels, by means of the integration of the resonance of the proton of the C2 

(AH2) at 3.0 ppm following the procedure reported by Arteche Pujana et al. in 

several works8,13,17,26. Firstly, the modification degree of the cross–linking reaction 

was evaluated by the decrease of the glucosamine signal (3.0 ppm), followed by 

the calculation of the overall degree of cross–linking, assuming that no 

intramolecular cross–linkings were formed (cross–linking degree = (modification 

degree)CsSH – (modification degree)CsSH/PEGBCOOH/2, as it was assumed that the 

reaction occurred on both reaction sites of the diacid cross–linker molecule). 

Thus, the modification degree (MD) for the thiolated chitosan (CsSH) and the 

nanogels (CsSH/PEGBCOOH) was calculated the same way by comparing the 
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new signal ratio of the nanogels spectrum (Equation VII.1)29 and were found to 

be 79 and 74 %, respectively. 
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For the formation of thiolated chitosan–based nanogels, which involved the 

cross–linking by amide coupling reaction, the degree of cross–linking was 

estimated to be 3 %. Although it may be considered a humble value in comparison 

with the results obtained by Arteche Pujana et al.8,13,26, the cross–linking reaction 

widely demonstrated that allowed the generation of stable and well–formed 

nanogels with novel properties as it is shown below. 

VII.2.2.2. Thermal behaviour 

The thermal behaviour of CsSH/PEGBOOH nanogels could be evaluated by TGA 

experiments as described in Chapter II. The corresponding thermograms for neat 

and thiolated chitosan were previously analysed in Chapter III (Section III.4), 

whereas the thermal behaviour for CsSH/PEGBOOH nanogels is shown in Figure 

VII.4. Following the same trend as its precursors, when exposing the material to 

high temperatures, the thermal degradation was observed to be the principal process. 

In Figure III.12 the incorporation of thiol groups was observed to reduce the 

decomposition temperature of the biopolymer, while in the thermogram of the 

nanogels shown in Figure VII.4, a gradual degradation that started long before was 

observed. The cross–linking by the PEG–based diacid was noticeable by the shift 

on the thermogram of the nanogels, where the stability of the final materials in 

terms of thermal behaviour was enhanced. While a new peak appeared at 147 ºC, 

the main degradation of the biopolymer was displaced to 295 ºC and took placed 

in two–stages just as the modified sample, represented by the small shoulder in 
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the dTGA curve. Furthermore, the content of water was significantly higher in 

the case of the nanogel samples, being represented by the peak at 56 ºC. 
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Figure VII.4. TGA (left axis, solid line) and dTGA (right axis, dash line) curves of CsSH 

and CsSH/PEGBCOOH nanogels under inert atmosphere. 

VII.2.2.3. pH–responsive swelling properties 

The particle size and zeta potential of the swollen nanogels was determined after the 

progressive dilution of the nanoparticle dispersions, which has been reported as an 

effective way to reduce the inter–particle interaction and the presence of large 

aggregates of chitosan30, following the method reported in Chapter II. 

The swelling behaviour of thiolated chitosan nanogels was studied by dynamic light 

scattering (DLS) as a function of the external pH. Figure VII.5 shows the 

hydrodynamic mean diameter (DH) and the evolution of the zeta potential (ζ–

potential) of CsSH/PEGBCOOH nanogels measured at different pHs. Chitosan 

cross–linked nanogels showed a pH–responsive volume transition, where the 

average size increased both at acid and basic pH being consistent with the pKa 
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value of linear chitosan chains17 since tended to show a minimum in that pH 

range. It should be noted that the developed nanoparticles possessed free primary 

amines and thiol pending groups, both sensitive to the surrounding pH changes. 

In fact, the primary amines will be protonated in acid media and thus, the 

hydrodynamic diameter increased because of the repulsive interactions31. At the 

same time, the presence of negatively charged ions at higher pH values due to the 

deprotonation of the thiol group was also noticeable, where the hydrodynamic 

diameter of the nanogels again increased. Supporting this approach, Figure VII.6 

shows a schematic representation of the behaviour that the as–prepared nanogels 

would follow when varying the pH of the medium. Therefore, depending on the 

surrounding environment, the nature of the charged groups located on the surface 

that would determine the swelling of the nanogels would vary. In general, when 

referring to pH–responsive hydrogels, the final materials are supposed to swell 

mostly at some pH levels rather than others, depending on the nature of the 

starting polymer. Nevertheless, the dual response to pH achieved by the present 

system included extreme pHs, covering the whole pH range. 

All those findings were opposite to the results observed by other authors when 

studying the pH–response of cross–linked chitosan nanogels, where a decreased 

in the hydrodynamic diameter was observed as the pH rised17,26. Moreover, the 

potential of this system was not only evident by the presence of thiol groups and 

the distintive pH–responsive behaviour, but also because of the large volume of 

solvent absorbed by the nanogels. Therefore, it could be concluded that the 

synthesized nanogels displayed a strong swelling capacity which could be also 

related with the hydrophilic nature of the employed cross–linker, in contrast with 

other authors which did not observe the expected pH–responsive swelling 

behaviour due to the limitations caused by the cross–linking32 and the 

hydrophobic nature of the cross–linker8,17 or the reaction conditions 

themselves33. 
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Figure VII.5. Average hydrodynamic diameter and zeta potential of 

CsSH/PEGBCOOH nanogels as a function of external pH. 

 

Figure VII.6. Schematic representation of the variation of the superficial charges of 

thiolated chitosan nanoparticles depending on the pH. 

On the other hand, results obtained from the study of the electrophoretic mobility 

of the nanogels displayed both positive and negative values of ζ–potential depending 

on the surrounding environment conditions. Indeed, the most important factor 

that affects the measurement of the particles ζ–potential is pH. A ζ–potential value 

on its own without a quoted pH is a virtually meaningless number32. Namely, by 

measuring the electrokinetic potential of the nanogels, it was confirmed the 

progressive protonation of amino groups when the pH decreases and the presence 

of anionic groups in the nanogels at higher pH values, decreasing the ζ–potential 
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value from +36 ± 4 to -7 ± 1 mV in the range of pH from 2 to 12. An inflexion 

point could be appreciated at pH around 6.5 (pKa value of chitosan), since at this 

pH the transition between positive and negative values of ζ–potential occurred. 

The decrease of the ζ–potential before that value was observed to be more 

pronounced, whereas after this point, the drop was less sharp, reaching a plateau 

from pH 9 onwards. Therefore, the cationic nature of the biopolymer prevailed, 

given place to a reasonable behaviour despite the chemical modifications 

conducted on chitosan. Although the ζ–potential measurements characterizes the 

surface charge of the particles, it could be assumed that the charged groups inside 

the nanogel behave in a similar way to the surface ones17. 

The positive value of ζ–potential is clearly related to the presence of chitosan in the 

nanoparticles and the free amino groups of the polyssacharide34,35. Nevertheless, 

different approaches have been made in the last decade concerning the ζ–potential 

value of chitosan–based nanoparticles. Namely, Bravo–Osuna et al. observed a 

decrease in the positive charges onto chitosan particles in the presence of 

superficially localized thiol groups when increasing the pH, especially at pH 

higher than the chitosan pKa value (around 6.5), which was influenced by the 

emulsion polymerization technique but never reached negative ζ–potential 

values32. On the other hand, Arteche Pujana et al. carried out several studies 

where they observed a similar ζ–potential tendency to the one in Figure VII.5 for 

chitosan nanogels cross–linked with a dicarboxylic acid linker, even without the 

presence of other negatively charged molecules than the –COO- of the acid that 

could remain unreacted, but did not notice an increase in the size of the nanogels 

at high pH values17,26. 

These data supported the theory that the synthesized nanogels swell both at low 

and high pH values due to the presence of cationic (–NH3+) and anionic groups 

(S-) that create repulsive interactions in the whole measurement range, not being 

all necessarily in the surface. Results extracted from Figure VII.5 are summarized 
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in Table VII.1. Additionally, the polydispersity index (PdI) was observed to be < 

0.50 for the entire pH measuring range, which indicated that adequate 

monodisperse nanoemulsions were obtained36. 

Table VII.1. Hydrodynamic mean diameter (DH), polydispersity index (PdI) and ζ–potential 

for CsSH/PEGBCOOH nanogels as a function of pH. 

pH DH (nm) PdI ζ–potential (mV) 

2 601 ± 81 0.51 ± 0.15 +36 ± 4 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

488 ± 70 
483 ± 46 
409 ± 30 
286 ± 17 
362 ± 44 
647 ± 15 
564 ± 25 
566 ± 61 
485 ± 10 
561 ± 35 

0.54 ± 0.17 
0.52 ± 0.15 
0.55 ± 0.12 
0.49 ± 0.10 
0.46 ± 0.12 
0.34 ± 0.04 
0.44 ± 0.04 
0.37 ± 0.17 
0.32 ± 0.04 
0.27 ± 0.03 

+22 ± 4 
+15 ± 1 
+11 ± 1 
+5 ± 1 
-3 ± 3 
-1 ± 2 
-6 ± 2 
-6 ± 1 
-7 ± 1 
-7 ± 1 

VII.2.2.4. Size and morphological analysis 

TEM technique allowed the isolation and observation of very well individualized 

particles. TEM micrograph (Figure VII.7A) showed that spherical particles were 

obtained in the nano–size range, where nanogels seemed to be non–agglomerated 

and highly monodispersed. Figure VII.7B confirmed that the size distribution of 

CsSH/PEGBCOOH nanogels ranged from 5 to 12 nm, in that, more than 60 % 

of the nanogels were between 6.5–7.5 nm in size. Therefore, the cross–linking 

technique used for the formation of the nanogels allowed obtaining chitosan 

particles with small size, in great agreement with different studies based on 

reverse emulsion method for the cross–linking of chitosan nanogels, where 

diameter sizes ranged from 3 to 20 nm13, 11 to 15 nm17 or 4 to 15 nm31 guided by 

TEM images. 
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Besides, as observed before by many other authors when analysing chitosan 

particles, smaller particle diameters were obtained by TEM or AFM techniques, 

while these methods are based on the dry state of the materials, DLS shows the 

hydrodynamic particle diameter32,37,38. In agreement with the definition of 

hydrogels which states that gel type materials are mainly constituted by water and 

content high percentajes of liquid, the synthesized nanoparticles showed a mean 

hydrodynamic diameter 50 times higher than the observed by TEM/AFM for the 

dried samples. 

 

Figure VII.7. A) TEM micrograph and B) particle size distribution of 

CsSH/PEGBCOOH nanogels. 

The AFM technique allowed to examine the surface morphology and the size of 

the synthesized nanoparticles. The obtained height images are presented in 

Figures VII.8A and VII.8B. As it could be observed quite eliptic shaped 

nanoparticles were detected probably due to the haul of the tip and the operating 

tapping mode that provoked slightly the elongation and orientation of the 

nanoparticles in the same direction (vertical), partially distorting the real image in 

this plane. However, the average diameter of the nanogels (horizontal) (Figure 
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VII.7C) was in good agreement with the sizes obtained previously by TEM 

(Figure VII.7B), where more than 50 % of the nanogels were 12.5 nm in size. 

 

Figure VII.8. Height topographic AFM images at different scan area (A and B) and C) 

particle size distribution of CsSH/PEGBCOOH nanogels. 

VII.2.2.5. Mucoadhesion property 

The body protects its cavities from the external environment by utilizing the goblet 

cells of the mucosal tissues, which cover all body cavities and secrete mucus onto 

the epithelial surfaces. Mucins, the main component of mucus, are responsible for 

the adhesion phenomena and are known as soluble, heterogeneous, have a high 

molecular weight and are cysteine rich glycoproteins39,40. Furthermore, 
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mucoadhesion is a condition where macromolecules of different nature adhere to 

these mucosal surfaces in the body (buccal, intestinal, vaginal, rectal, etc.)40. 

In order to assess the mucoadhesion capacity of the developed nanoparticles, the 

influence of the pH and the concentration of mucin was studied for different 

polymer/mucin mixtures after 1, 2, and 5 h of interaction under magnetic stirring 

at room temperature. In the same way as in Chapter III for chitosan and its 

thiolated derivative and following the methodology described in Chapter II, 

thiol–functionalized chitosan samples were compared with the resulting thiolated 

nanogels. The polymeric samples concentration was kept constant (0.25 mg mL-

1) in all the cases while the mucin concentration was varied (0.25, 0.50, 1.25 and 

1.50 mg mL-1) both in water (pH 6) and acid aqueous environment (0.5% v/v 

HAc, pH 3). The response derived from the interaction between the polymeric 

samples and the mucin in both media was obtained by applying the Equation 

II.17 and II.18 and is represented in Figure VII.9 and VII.10. 
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Figure VII.9. Influence of mucin concentration on CsSH and CsSH/PEGBCOOH 

nanogels as a function of interaction time for: A) 0.50, B) 1.25 and C) 1.50 mg mL-1 mucin 

concentrations at pH 3. 
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Figure VII.10. Influence of mucin concentration on CsSH and CsSH/PEGBCOOH 

nanogels as a function of interaction time for: A) 0.25, B) 0.50, C) 1.25 and D) 1.50 mg 

mL-1 mucin concentrations at pH 6. 

In view of the results, the polymer/mucin interactions greatly depend on the mucin 

concentration and the interaction time. Moreover, the nature and conformation of 

the polymers in study were also highly significant in order to achieve spotlighted 

values of mucoadhesion. First, as the concentration of mucin increases, both in 

acid and neutral medium, the interactions between the mucus layer and the chitosan–

based materials increased (in a greater extent under acid environment) 

independiently to conformation of the materials. Indeed, higher concentrations 

favoured bioadhesion because higher number of molecules can interpenetrate and 

more functional groups are available to develop electrostatic or chemical bonds41. 

Moreover, as in Chapter III, no adhesion was detected for none of the materials in 
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stomachal conditions (pH 3) for 0.25 mg mL-1 mucin concentration, which indicated 

that this concentration was not enough for the creation of detectable interactions 

under these conditions. 

Mucoadhesion results varied with the contact time depending on the pH of the 

medium. At neutral pH, the interactions remained equal or lost force as the time 

went by. On the contrary, time acted in favour under acid conditions, where all 

samples showed improved interactions with all concentrations of mucin as the 

contact time increased. This trend could be explained by the decrease in the thiol 

group content as a function of time at pH 6, which was previously studied by Kast 

and Bernkop-Schnürch42. Indeed, they observed that thiols were susceptible to 

oxidation and turned to negative thiolate anions (S-) at this pH values, being this 

tendency even more pronounced as the contact time increased. Thus, the probability 

of forming intramolecular disulphide bonds within the nanogels could increase in 

the present case, decreasing the amount of connections with the mucus layer. 

As reported in literature, the mucoadhesion increases with the degree of 

deacetylation and decreases with an increase in the cross–linking43. Therefore, in 

accordance with this statement, when cross–linking the thiolated chitosan to 

develop CsSH/PEGBCOOH nanogels, the mucoadhesion was maintained slightly 

below the levels presented by the thiolated chitosan. This effect could be explained 

by the reduction of available reactive groups once the nanogels are formed, namely 

i) the number of amines in the chitosan main chain, which created the electrostatic 

bonds with the mucus layer, decreased due to cross–linking reaction with the cross–

linker and ii) the amount of thiol groups grafted into the chitosan main chain, 

which were not implicated in the cross–linking remaining free and were 

responsible for the formation of covalent disulphide bonds, may not be so 

accessible due to the new conformation of the material. Nevertheless, the 

mucoadhesion values for the CsSH/PEGBCOOH nanogels at pH 3 (Figure VII.9) 

were similar to the ones obtained for CsSH for all the mucin concentrations. 
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In general, the final CsSH/PEGBCOOH nanogels displayed a significant 

mucoadhesive behaviour in either medium, being highly influenced by the contact 

time with the mucus layer. Indeed, similar interaction values were obtained for 1.50 

mg mL-1 mucin concentration after 5 h of contact time in pH 3 (Figure VII.9C) and 

after 1 h of contact time in pH 6 (Figure VII.10D), revealing the great potential of 

the CsSH/PEGBCOOH nanogels which showed a dual behaviour given their 

charged nature. This behaviour could be explained by the in situ disulphide exchange 

reaction between the cysteine rich domains of the mucus layer and the thiolate 

anions of the nanogels at pH 6 or the progressive creation of electrostatic linkages 

with the amines at pH 3, which are less stable and could need more time to generate 

similar strong bonds. 

Therefore, the additional mucoadhesive property presented by the synthesized 

nanogels could promote the use of these nanodevices as drug delivery systems. 

Namely, the nanogels could extend the retention period of the dosage form at the 

absorption site, enhancing absorption and consequently, the therapeutic 

effectiveness of the drug both in stomach and intestine environment. 

VII.2.2.6. Assessment as potential nanocarriers for targeted drug delivery by 

click chemistry 

Folate ligand was clicked into chitosan nanogels by in situ functionalization 

procedure by means of thiol/maleimide reaction (Figure VII.11). Therefore, 

instead of the traditionally employed direct amide link between folic acid and 

chitosan, a modified folate compound containing maleimide (each at one end of a 

PEG spacer) was employed in order to provide the linkage of this ligand to the thiol 

molecules grafted to the chitosan backbone and presumably located in the surface 

of the nanogels that also could be found inside the particles. Figure VII.11 represents 

the CsSH/PEGBCOOH nanogels after applying the thiol–Michael addition 

reaction for folate insertion. 
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Figure VII.11. Schematic representation of the chitosan nanoparticles after the folate 

receptor incorporation. 

VII.2.2.6.1. Experimental part 

In situ functionalization of the thiolated nanogels was carried out by mixing 300 

μL of a dispersion of CsSH/PEGBCOOH nanogels in 2 % v/v aqueous acetic 

acid solution (0.002 g mL-1) to a final volume of 0.9 mL of PBS solution 

containing Folate–PEG–Mal (3.5·10-4 g mL-1) in an equivalent ratio of 2:1 thiol–

to–maleimide. The reaction was carried out at 37 ºC under continuous magnetic 

stirring for 24 h. Finally, a clear yellowish nanodispersion was obtained as a result 

of the addition of folate moieties. 

VII.2.2.6.2. Results and discussion 

The MA reaction between the maleimide containing folate derivative and the 

thiolated nanoparticles was followed by UV–vis spectroscopy as the reaction 

proceeded and the adduct was formed due to the progressive disappearance of 

the absorbance signal associated to the maleimide moiety. The reaction was 

monitored for 24 h after placing aliquots in a 1 mL quartz cuvette inside the 

spectrophotometer at specific time intervals as described in Chapter II. 

During the reaction, the loss of conjugation between the two carbonyl groups and 

the double bond of the maleimide ring took place due to the formation of the 

MA adduct when reacting with the thiol group as described in Chapter V (Scheme 
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V.1). Therefore, the folate receptor coupling to the nanogels could be monitored 

by the progressive decrease in the intensity of the absorption signal (Figure 

VII.12). Thus, in a very equal way that in the cases reported in Chapter IV for the 

DA cross–linking reaction, as the reaction proceeded, the absorption band 

associated to the maleimide groups near 278 nm decreased. Besides, the folate 

moiety also presented a maximum absorption peak close to this wavelength44. The 

particular profile of the folate conjugates was clearly observed for the as–prepared 

derivatives characterized by a principal signal with various shoulders26, which 

could also be influenced by the presence of maleimide groups in this case. Given 

the possibility that part of the thiol groups could be found inside the nanogels 

making the access somehow more complicated, the reaction took place during 24 

h and the thiol groups were found in excess. Considering these particular 

conditions, the absorption signal did not disappear completely, which did not 

have to mean that maleimide remain without attaching, since the signal 

corresponding to the folate moiety will always remain visible. 
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Figure VII.12. UV–vis spectra following the MA reaction between CsSH/PEGBCOOH 

nanogels and Folate–PEG–Mal in PBS. 
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FTIR was employed as an efficient technique to determine the incorporation of 

folate moieties into the nanogels (Figure VII.13). As shown in the spectrum of 

CsSH/PEGBCOOH, the structure of the chitosan main chain could be clearly 

identified as the principal compound in the nanogels CsSH/PEGBCOOH, where 

the distintictive bands for neat and thiolated chitosan were identified in Chapter 

III (Section III.4). On the other hand, in the Folate–CsSH/PEGBCOOH 

nanogels spectrum the characteristic bands related to both chitosan and Folate–

PEG–Mal were displayed, which confirmed the successful immobilization of the 

new compound into the chitosan nanocarriers. Indeed, the folate containing 

compound was evidenced by the presence of several new bands which were 

characteristic of the Folate–PEG–Mal (Figure VII.13A) at 856 and 660 cm-1 45. 

Moreover, the addition of new C–H and C=O groups into the final nanomaterials 

was also relevant. Namely, the bands at 2936 and 2851 cm-1 and the one 

corresponding to the amide I band at 1648 cm-1 were affected by the 

incorporation of Folate–PEG–Mal45, resulting in more intense and pronounced 

bands. 

The resulting data evidenced that as–prepared nanoparticles still had the potential 

to undergo further modifications, as demonstrated by the functionalization with 

folate containing ligand. Therefore, the prepared folate–nanogels enhance the 

potential use of the prepared particles as biomaterial nanodevices for antitumor 

targeted drug delivery. 
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Figure VII.13. FTIR spectra of A) Folate–PEG–Mal, B) thiolated chitosan nanogels 

(CsSH/PEGBCOOH) and C) folate containing thiolated chitosan nanogels (Folate–

CsSH/PEGBCOOH). 

VII.3. CONCLUSIONS 

In this chapter, novel chitosan–based nanogels were synthesized by applying a 

commonly employed synthetic strategy. Indeed, nanogels were obtained after the 

well–established reverse emulsion method based on cyclohexane/Triton X–

100/n–hexane/water systems. Previously synthesized water–soluble thiolated 

chitosan (Chapter III) was cross–linked with a commercially available PEG–

based diacid, involving the creation of materials at the nanometric scale. The 

cross–linking degree was assumed to be adequate to obtain well–dispersed and 

stable nanoparticles, whereas the thermal behaviour of the final materials was 

observed to be influenced by the formation of the nanogels. 

Swelling results suggested that CsSH/PEGBCOOH nanogels were completely 

swollen in aqueous solutions due to their high liquid absorption ability over the 

entire pH range. The particle size of nanogels dispersion decreased from 601 to 

286 nm by increasing the pH from 2 to 6, while increased from 362 nm to 561 
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nm by increasing the pH from 7 to 12. Therefore, the synthesized nanogels 

showed a pH–responsive swelling behaviour that corresponds to the pKa of the 

neat chitosan. Regarding the zeta potential values, the charge of the protonated 

network suffered a progressive decrease until pH 9, where it reached a plateau. 

The swelling capacity and surface charge were influenced in great extent by the 

functional groups grafted to the polymeric chains and the flexibility and the 

hydrophilic character of the cross–linker. 

The use of reverse emulsion method allowed obtaining small size nanogels, which 

are better carriers for biologically active molecules than those of bigger size. AFM 

images of nanoparticles confirmed TEM observations, showing spherical shapes 

and similar average diameter size ranging from 5 to 23 nm when analysing dry 

samples. 

For the purpose of using the synthesized nanogels as mucosal drug delivery 

nanocarriers, the importance of their mucoadhesive property was reported. 

Chitosan has an inherent mucoadhesive and permeation enhancer activity19, 

which was shown to increased after its thiolation. CsSH/PEGBCOOH nanogels 

maintained the mucoadhesion values presented by the thiolated chitosan, being 

significant both in acid and neutral pH, even if the contact time with the mucus 

layer played an important role. Namely, at 1.50 mg mL-1 mucin concentration 5 

hours were required to reach the highest values of interaction under stomachal 

conditions, while similar results were obtained after 1 hour at intestinal 

environment. 

Finally, the synthesized nanoparticles were further functionalized in order to 

assess their applicability in the highly demanded targeted drug delivery field. 

Namely, chemical modification of the nanogels allowed the incorporation of 

targeting ligands for guided drug delivery, which would help to control the drug 

release in a specific site through external stimulus. Therefore, the prepared 



 

Click chemistry: an efficient toolbox for the design of chitosan–based hydrogels for biomedicine 

Page │ 256 

chitosan nanogels were potential candidates for new cancer treatments, based on 

a targeted therapy.  
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VIII. GENERAL CONCLUSIONS, FUTURE WORK 
AND PUBLICATIONS 

VIII.1. GENERAL CONCLUSIONS 

The main objective of this thesis was to design novel biopolymeric hydrogels 

starting from chitosan and appropiately using click synthetic strategies and 

reactions based on green chemistry, mainly for drug delivery and tissue 

engineering applications. The present study could be the promoter of this 

interesting and relevant line of research, which implies the development of stable 

materials with outstanding properties that were acquired not only after the cross–

linking reaction (fluorescence, great porosity and swelling capacity, pH–sensitivity 

or self–healing ability, among others) but also by presenting a natural origin 

(biodegradability, biocompatibility, mucoadhesion or non–toxicity). 

Therefore, throughout this thesis the versatility and sustainability of using 

chitosan for a variety of click reactions were declared in order to develop a wide 

range of chitosan–based 3D networks. Final results confirmed the high potential 

of this biopolymer, mainly due its great capacity to adapt under different 

environments and its high reactivity towards different molecules. 

Nevertheless, one of the main drawbacks of neat chitosan is related to solubility 

limitations, merely possible in aqueous acid pHs, which restricts its biomedical 

applications. As it has been extensively studied, the main explanation of chitosan 

insolubility is the structured network of intra/intermacromolecular hydrogen 

bonds that lead to the chitosan chains to be held together. The disruption of these 

intra/intermacromolecular hydrogen bonding interactions leads to a decrease in 

chitosan crystallinity and results in an improvement of its water solubility. In this 

way, the crystallinity and solubility of the synthesized chitosan derivatives in this 

thesis were affected by the modification of the biopolymer. Indeed, chitosan was 

chemically modified obtaining more accessible and versatile chitosan. With the 
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purpose of achieving this goal, furan, maleimide, thiol or tetrazole groups were 

covalently grafted into the chitosan main chain conferring a high reactive 

character to the biopolymer (Chapter III). Certainly, X–ray diffraction patterns 

of the functionalized chitosan precursors demonstrated the loss of crystallinity in 

all cases. However, the solubility in neutral aqueous solutions was only achieved 

when thiol groups were grafted, resulting in totally water–soluble derivative at 

neutral pHs. Additionaly, thiolated chitosan presented improved mucoadhesivity 

both at acid and neutral pHs. 

As a result of the combination of complementary chitosan derivatives (CsFu, 

CsAMI, CsSH and CsTZ) or the reaction with a properly synthesized cross–

linking agent (BMI), stimuli–responsive covalently cross–linked hydrogels were 

developed based on Diels–Alder (furan/maleimide), thiol–Michael addition 

(thiol/maleimide) or NITEC (tetrazole/maleimide) click reactions. The simple 

reaction conditions, the use of biocompatible molecules and the aqueous 

environment, made the synthesized products mimic natural systems to be widely 

applied in biomedicine. Therefore, different final soft materials with tailored 

properties were obtained depending on the specific characteristics that provide 

each of the reactions. Namely, the hydrogels obtained by Diels–Alder reaction 

proved to be great candidates as drug delivery devices (Chapter IV); while in situ 

hydrogels were synthesized by thiol–Michael addition reaction under 

physiological conditions with potential applications in the field of tissue 

engineering (Chapter V); whereas the fluorescent hydrogels synthesized by light–

driven NITEC reaction presented excellent rheological properties, highlighting 

their self–healing ability, which turned them into possible bioinks to be used in 

3D printing (Chapter VI). 

Resulting hydrogels also presented common properties independent of the 

peculiarities acquired after each reaction. Indeed, synthesized hydrogels were 

characterized by remarkable stability and porous microstructures. Furthermore, 
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all hydrogels displayed interesting viscoelastic behaviour with storage moduli 

resembling that of liver, fat, relaxed muscle or breast gland tissue (103–104 Pa) or 

brain and nerve tissues (102–103 Pa). Based on these values, the internal 

architecture of the materials was modelled in order to determine the average mesh 

size (ξ, nm), the cross–linking density (ne, mol m-3) and the average molecular 

weight between neighbouring cross–links (Mc, kg mol-1) in the nanometric scale. 

On the other hand, the pH responsive swelling presented by the hydrogels under 

different environments was also studied. Great amounts of fluid were absorbed 

by the resulting materials. However, the characteristic cationic character of the 

chitosan at acid medium, the cross–linking degree and the hydrophilic nature of 

the cross–linker (when used) determined the swelling behaviour of the final 

materials. In addition, the synthesized all–chitosan hydrogels (CsFu/CsAMI and 

CsTZ/CsAMI hydrogels) were found to interact with the human system properly 

and degrade by certain human enzymes as lysozymes at physiological conditions. 

Preliminary short–term cytotoxicity studies revealed that the synthesized 

hydrogels showed a non–toxic profile arising as suitable materials for biomedical 

applications. 

Table VIII.1 summarizes the principal characteristics collected throughout this 

thesis for the four types of hydrogels obtained via different click reactions, i. e. 

CsFu/CsAMI (Chapter IV), CsFu/BMI (Chapter IV), CsSH/BMI (Chapter V) 

and CsTZ/CsAMI (Chapter VI). After a deep analysis where the behaviour of the 

hydrogels in different areas was studied, the optimum formulations for each of 

the systems were selected, which are the ones specified in Table VIII.1. 
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Table VIII.1. Main properties of the clicked hydrogels. 

Properties 

HYDROGELS 

CsFu/CsAMI 
(58 kDa) 

CsFu/BMI 
1:2 

(58 kDa) 

CsSH/BMI 
1:3 

(680 kDa) 

CsTZ/CsAMI 
1:15 (67 kDa) 

Pore size (μm) 
Swelling time (h) 

SReq (%) 
ro·103 (gsolghyd-1s-1) 
Gel content (%) 

G´ (Pa) 
ξ (nm) 

ne (mol m-3) 
Mc (kg mol-1) 

c (% w/v) 

281 ± 23 
24 

1050 
8.72 
60 

399 ± 87 
10.3 ± 0.8 
0.15 ± 0.0 
329 ± 71 

5 

500 ± 130 
24 

877 ± 168 
1.65 
61 

379 ± 95 
10.5 ± 1.0 
0.15 ± 0.0 
211 ± 61 

3 

343 ± 124 
48 

2430 ± 624 
1.90 
35 

3332 ± 502 
5.1 ± 0.6 
1.3 ± 0.5 
58 ± 21 

7 

398 ± 98 
48 

354 ± 2 
332 
93 

2716 ± 1253 
5.5 ± 1.0 
1.1 ± 0.5 
53 ± 24 

6 

According to the results in Table VIII.1, several concepts have to be highlighted. 

Even if it would not be correct to compare the four samples between them, since 

a great deal of concepts would have to be taken into account, certain similarities 

and differences were obvious among the clicked hydrogels. While keeping in mind 

that the starting chitosan was different in every system, with particular average 

molecular weight (MW) and degree of deacetylation (DDc) that influence the final 

properties, the type of reaction chosen seemed to be decisive. At first glance, both 

furan/maleimide systems based on Diels–Alder reaction presented analogous 

features, while the thiol/maleimide and tetrazole/maleimide coupling systems 

behaved similarly in terms of general characteristics. As it could be observed, 

regarding elastic properties, the mean G´ values for the two latest were one order 

of magnitude higher than those of DA hydrogels, which is crucial in terms of 

tissue engineering applications as has been emphasized by the in situ formation of 

MA hydrogels and the self–healing behaviour of NITEC hydrogels. The 

structural parameters proceeded in parallel to the increase observed in the storage 

modulus, i.e. the cross–linking density (ne) was observed to be higher while the 

average mesh size (ξ) and the average molecular weight between neighbouring 

cross–links (Mc) decreased1, regardless the polymer concentration. Typical mesh 

PBS 
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sizes reported for hydrogels range from 5 to 100 nm2. Due to network heterogeneity 

and polymer polydispersity, a wide distribution of mesh sizes is normally common, 

as the mesh size depends on polymer and cross–linker concentration, as well as 

external stimuli such as temperature and pH2. To put into context the obtained 

mesh size value for the clicked hydrogels, the widely used lysozyme and 

immunoglobulin G model proteins have hydrodynamic diameters of 4.1 and 10.7 

nm, respectively3, in the range of the obtained mesh size values, and, thus, indicating 

that the as–prepared hydrogels would allow the transport of small molecules though 

the networks, resulting in interesting biological scaffolds. 

Moreover, the microstructure of the synthesized hydrogels gives an opportunity 

to get an overview of the conformation and morphology of the final products in 

terms of porosity, pore size or interconnectivity between pores, relevant 

parameters for future final applications. Furthermore, one of the most important 

characteristics that defines this type of materials, as the swelling capacity which 

directly affects the pH–sensitivity, is ruled by the porosity of the hydrogel. Moura 

et al. reported that covalently cross–linked chitosan–based hydrogels presented a 

size distribution curve shifted towards higher values compared to ionically cross–

linked ones4. Furthermore, previously reported investigations studied the pore 

size of chemically cross–linked chitosan–based hydrogels; namely, the pore 

diameter when using glutaraldehyde ranged from 20 to 100 µm5,6, while 

employing genipin from 30 to 170 µm7. Indeed, genipin and glutaraldehyde are 

characterized for being small size cross–linkers, where the cross–linking reaction 

with the amines of chitosan is highly accessible, giving rise to smaller pores. In 

the case of the clicked hydrogels in study, the possibilities were reduced since the 

functional groups capable of the cross–linking were randomly distributed, 

resulting in larger pore sizes in all the cases ranged from 300 to 500 μm. 

Additionally, the pore size distribution in 3D matrices is also greatly useful when 

studing changes and modifications produced as a result of using the as–prepared 
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materials as cellular growth and proliferation containers, as pore size distribution 

plays an important role in the signalling and microenvironment stimuli imparted 

to the cells8. Indeed, the tissue engineering scaffolds should have a interconnected 

porous structure and high porosity, necessary to provide sufficient space for 

growth, attachment and proliferation of cells and secretion of extracellular 

matrix9,10. The size of a human cell range from 6 to 100 μm in diameter, being the 

red blood cell and the oocyte the smallest and largest cells of the human body, 

respectively. For instance, Janik and Marzec reported that the optimum pore size 

of a cartilage scaffold should be about 200 μm11, whereas Wang et al. designed 

3D tumour models based on chitosan with a mean pore size of approximately 

180 μm for growing breast cancer MCF–7 cells12. Therefore, the obtained 

materials in this thesis could be considered as interesting biomaterials for cell 

growth according to the previous statement. 

In addition to porosity and mesh size, as it has been already discussed, the swelling 

process could also be affected by specific relations between the swelling medium 

and the polymer pendant groups, where many kinds of polymer/solution 

interactions could be expected giving place to complex kinetics. Regarding swelling 

capacity, the MA hydrogels were observed to absorb higher amounts of fluid, 

probably related to the water affinity presented by these hydrogels due to the 

hydrophilic nature of the precursors. Nevertheless, solubility could also influence 

the low gel content value of these hydrogels. Furthermore, the initial swelling rate 

that was calculated from the swelling parameters could help understanding the 

behaviour of the designed networks. Thereby, as stated by Altinisik and Yurdakoc 

an increase of ro was related with the decrease in the swelling ratio13. Namely, 

NITEC hydrogels showed the lowest swelling capacity exhibiting the highest 

values of initial swelling ratio and gel content. It is observed that the lowest values 

of ro were presented by the systems containing BMI, which may be related with 

the presence of hydrophilic chains that could be water–soluble and affect swelling 
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beyond cross–linking, resulting in greater swelling ratio values, as already 

discussed in this thesis. 

On the other hand, nanogels show advantages similar to those from bulk 

hydrogels and can be targeted to specific sites of action in the organism. 

Therefore, hydrogel nanoparticles with uniform particle size distribution were 

obtained after covalently cross–linking with a commercial biocompatible cross–

linking agent via reverse emulsion method (Chapter VII). Nanogels were 

extremely swollen in aqueous solutions due to their high liquid absorption ability 

over the entire pH range. Besides, nanogels maintained the enhanced 

mucoadhesion properties shown by the thiolated chitosan precursor, which 

turned them into excellent bioadhesive materials. In order to develop potential 

anticancer drug delivery nanodevices with specific targeting properties, folate 

receptor was attached into the nanogels surface by thiol–Michael addition linkage.  

Therefore, smart materials as stimuli–responsive hydrogels and nanogels based 

on chitosan were successfully developed in this thesis. The whole set of analysed 

properties made them of particular interest for application in tissue engineering 

or design of drug delivery platforms, opening a new line of research that could 

enable the creation of heterogeneous gel–type scaffolds of different sizes applying 

a great variety of green click cross–linking reactions. 

All these results motivated the proposals for future research routes. 

VIII.2. FUTURE WORK 

Based on this work and with the aim of following with the research in this field, 

different challenges are proposed, which would complete this work and provide 

suitable outlines for future frameworks: 

i. The selection of photo–initiated chitosan derivatives in hybrid hydrogels 

introduces the exciting possibility of an additional level of spatial control over 
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these materials. Therefore, the synthesized NITEC hydrogels can be tuned by 

controlling the photocleavage reaction sites within the networks. It is 

proposed the photo–irradiation of the hydrogels through a mask, enabling to 

pattern specific regions of the networks by controlling the site of irradiation. 

ii. Given the excellent rheological response shown by the NITEC hydrogels in 

terms of being used as injectable materials, it is suggested the 3D printing 

technology for the development of tridimensional scaffolds. Thus, the main 

parameters involved in the printing process have to be optimized in order to 

obtain biocompatible materials with a final applicability in the area of 

biomedicine concerning tissue engineering. 

iii. The use of DNA as a structural element to build novel architectures. Namely, 

hydrogels based on pure DNA have shown to be expensive and exhibit low 

sensitivity14; therefore, sensing hydrogels combining polymers and DNA have 

attracted great attention lately. Among others, DNA–conjugated hydrogels 

have shown to be useful in bioanalytics and biosensing, new material design 

and surface modification15. In this context, the development of novel 

chitosan–DNA hybrid hydrogels is proposed. The preparation of chitosan 

containing clickable functional groups that allow the incorporation of 

modified DNA strands into the biopolymer backbone through click reactions 

for the subsequent formation of chitosan–DNA conjugates by hybridisation. 

Being the DNA strands complementary sequences, they are expected to 

hybridise into double helix when mixed together, cross–linking the polymer 

chains and resulting in the desired hydrogel. 

iv. Tissues are dynamic structures constituted by multiple cell types, an 

extracellular matrix (ECM) and a variety of signalling molecules, where the 

extracellular matrix is a crucial component of the cellular microenvironment 

and forms a complex 3D network16. The development of tissue specific 

scaffolds that possess the complex hierarchy of natural tissues remains 

deficient in tissue engineering applications; therefore, it is proposed the 
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suitability of the synthesized chitosan–based hydrogels as sustainable 

containers for cell growth. Previous studies performed in this thesis revealed 

that functionalized chitosan matrixes displayed excellent properties and short–

term cytotoxicity assays confirmed the biocompatibility of the materials; thus, 

cells could be seeded onto these scaffolds after fabrication, penetrating the 

depths of the structure due to their microporous morphology, simulating the 

extracellular matrix of human tissues. In addition, enzymatic degradation of 

the hydrogels loaded with cells could also be performed in order to study the 

action of the lysozymes on the cells once the hydrogels are degraded. So that 

the in vivo situation could be mimic, different human cell lines could be 

cultured into the hydrogels to discover new therapies, namely, breast cancer 

MCF–7 cells or lung fibroblasts WI–38 cells. 

v. Due to their size, nanogels can enter areas which are not easily accessed by 

bulk compounds or drugs and have the capacity to deliver therapeutic 

nucleoside analogs (siRNA/DNA) into the cytoplasm for intracellular 

delivery. Therefore, gene delivery involves the loading of genetic materials like 

DNA, RNA, oligonucleotides or combinations of these in the nanogels that 

provide protection and act as nanocarriers for direct and localized 

administration of genes to tissues. Chitosan can self–assemble with DNA or 

RNA by electrostatic attraction to form complexes due to its cationic nature17. 

Thus, applying the reverse emulsion technique described in this thesis, the 

design of hybrid chitosan–based nanogels for gene delivery is proposed. 

VIII.3. LIST OF PUBLICATIONS AND COMMUNICATIONS 

The results obtained from this work have led to several scientific publications and 
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