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Abstract 

Spina Bifida - literally meaning “split spine” in Latin - is the most common birth defect 

with 0.2 % occurrence worldwide. It is due to foetus’ spine failing to close during the first 

month of pregnancy, resulting in the exposure of nerves to the amniotic fluid, with permanent 

consequences affecting both cognitive and psychometric capacities. To date no treatment exists 

and the damage to the nerves is irreversible. However, a possible solution could lie in the so-

called “double hit hypothesis”, which conjectures that covering the opening in the spinal cord 

either with a material non-permeable to the amniotic-fluid would protect the nerves or with a 

matrix for the tissue to grow on would prevent the induced life-long complications. 

This project aims to design, synthesize, and characterise biocompatible hydrogels from 

functionalised polymers and crosslinked microgels which would adhere to the spina bifida 

opening to form either a tough and highly flexible protective wound dressing that seals the 

nerves from the amniotic fluid or provide a scaffold for cells to spread on. Hydrogels appear 

as a material of choice in tissue engineering because of their elasticity and tensile strength very 

close to human tissues. Recent research in wound healing has highlighted the potential of 

polysaccharides as adhesive, biocompatible materials. 

To this end, chitosan was derivatised with carbic anhydride to provide a range of 

functionalised polymers that could be crosslinked via thiol-ene photoclick chemistry. The 

mechanical properties of the resulting hydrogels could be varied by controlled and preliminary 

cell studied highlighted their potential applications in tissue engineering. Alternatively, 

microgels could be successfully prepared by using water-in-oil nano-emulsions as templates, 

with gelation facilitated by in situ photo-initiated cross-linking. Both materials presented 

limited cytotoxicity and demonstrated promising initial properties for in utero management of 

Spina Bifida. In the course of this study, unexpected gelation condition of chitosan was also 

observed which were not precedented in literature. A new gelation mechanism was proposed 

which could be of interest to the scientific community. 
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1 Introduction 

1.1 Spina Bifida 

1.1.1 Definition, causes and consequences 

Spina bifida (SB), literally “split spine” in Latin, is one of the most common malformations 

resulting from a failure in the neural tube closure during the first weeks of pregnancy with 

consequences ranging from loss of skin sensation in its least severe form – SB Occulta - to 

paralysis and mental disorders in its most significant form – SB Myelomeningocele- depending 

on the location and the severity of the defect (Figure 1-1).1, 2 While the administration of folic 

acids in the early prenatal period and over the first month of pregnancy has been shown to 

prevent up to 70 % of SB cases,3 the origins of this condition are not yet fully understood and 

are known to arise from both genetic and environmental factors1. 

 

Figure 1-1. (A) Normal and (B) SB-complicated foetal development. Adapted from ref4 

 SB can be diagnosed within the first 20 weeks of gestation by ultrasound or by 

measuring the levels of acetylcholinesterase and α-fetoprotein in the amniotic fluid (AF).1, 5, 

Even if this diagnosis occurs fairly early on in pregnancy, no treatment is available to date. The 

wound is normally closed within 48 hours after birth, however this does not allow the repair of 

the related neurologic consequences, and individuals suffering from SB require lifelong 

medical assistance.6 
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1.1.2 Rationale for in utero therapy and preliminary results 

In the 1990’s, the concept of the double hit hypothesis emerged for the first time.  The first hit 

refers to the failure of the neural tube to close, while the second one refers to the damage of the 

nerves occurring in the AF.7 Much research has been conducted on sheep and mice showing 

that this second hit is mostly responsible for the observed life-long consequences.8-10 In 2003 

Kohl et al. used a poly(tetrafluoroethylene) (PTFE) patch to cover SB wounds in pregnant 

sheep.11 The study showed that the patch efficiently sealed the nerves from the AF, enabling 

the sheep to give birth to healthy lambs in most cases. The introduction of the patch, however, 

required traumatic surgery to reach the foetus as well as stapling to be fixed around the wound, 

which can give rise to future complications. 

 Currently in utero surgeries are offered in the US and in some of Europe and have 

provided a significant improvement in the management of SB.12 However, open foetal surgery 

remains extremely invasive and challenging owing to the small size of the defect, its difficult 

access and the complexity of the biological fluid around it (i.e. the AF). Classic surgical 

methods must be adapted to minimise post-traumatic surgery disorders.13  

1.1.3 Design of an ideal material for a non-invasive treatment of Spina Bifida 

More recently new biocompatible materials have been developed for surgeries, with very good 

sealing properties which reduce the need for stitching. While the small size of the defect makes 

in utero surgery highly challenging, it also designate the use of an injectable sealant as an 

incredibly simple alternative, as the defect is detectable early in pregnancy – while it is small 

and the damage to the nerves is still minimum - through echography and can be easily accessed 

with a needle.  

 The first improvement was the use of fetoscopy, a medical procedure involving a thin 

fibre optic tube, equipped with a camera, which is inserted in the uterus to allow for either 

foetus visualisation or to obtain amniotic samples. This technique, far less invasive than open 

surgery, is currently used for foetal surgeries. Common commercially available sealants, such 

as fibrin glue, failed to address SB requirements because of poor tissue adhesion and elasticity 

over time as the foetus grows.14, 15 Over the last decade several synthetic or biopolymers have 

been used as sealants in SB-induced defects in sheep, with results ranging from improved 

epidermal ingrowth to reduced damage to the spinal cord and improved neurological functions. 

For example, Peiro et al.16 and Fontecha et al.17 used a silicone-based and a silicone/collagen-

based sealant respectively, which completely covered the tissue and allowed for improved 

neuronal function. Fetoscopy, however, punctures the foetal membrane, possibly causing AF 
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leakages and complications.18 Perrini et al. reported a catechol-functionalised branched 

poly(ethylene glycol) (PEG) polymer which successfully sealed the amniotic membrane in 

rabbits by mimicking the mussel catechol glue.14, 19, 20 This very promising material  is currently 

under investigation. 

 Although significantly more efficient than not covering the wound, this approach only 

allows to minimize further nerve damage and does not restore any lost neurological function 

nor repair the spinal cord and would be useless if performed too late in pregnancy.21 

1.1.4 From a passive, protecting material to an active wound healing scaffold 

Recent studies and reviews have highlighted the use of bioactive materials that favour cell 

regeneration and can be used as a scaffold for cells to grow and to regenerate the damaged 

tissue.22-26 This strategy, called tissue engineering, takes advantage of a wide range of 

materials, derived from natural or synthetic polymers,27 organic or inorganic,28, 29 which can be 

formulated  as hydrogels,30 sponges, or fibres,31 tailored to the targeted application. An 

increasing number of papers report the use of these systems in the management of chronic 

wounds,32 severe burns33 or neuronal defects34, 35 with observations ranging from improved 

healing and wound closure to actual tissue regeneration, including neural tissues.  

 SB defects are excellent candidates for a tissue-engineering based approach, owing not 

only to the small size of the defect13 but also to the unique in utero wound healing mechanisms, 

different from the adult, leading to more efficient and scarless wound closure.36, 37 This is partly 

due to the amount of stem cells, growth factors and other key components present in utero 

involved in tissue regeneration. Therefore, designing a material able to take advantage of this 

environment is highly attractive. 

 Such bioactive coverings have been reported for the management of SB over the last 

decade,12 although in relatively small number. Materials used include cellulose,38 poly-(lactic 

acid) (PLA)39 and poly(lactide caprolactone) (PLC).40 Neural stem cells (NSC)21, 40 have also 

been injected at the wound site. All these scaffolds were incorporated using surgery on mice 

and sheep. A better preservation of the spinal cord was systematically observed, as well as an 

improved closure of the defect with some neovascularisation and cell differentiation. Even if 

these studies constitute an important proof-of-concept for a tissue-engineering-based approach, 

none of them has achieved a complete coverage of the defect with a fully preserved neuronal 

function to date. 

 This last decade has also seen the emergence of stem cell-based therapies. Fauza et al. 

noticed that the use of NSC favoured spinal cord repair to born children or adults and decided 
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to inject NSCs to foetus bearing SB defects. The experiment, conducted on lamb models, 

showed significant improvements in the size reduction of the defect after as little as 14 days.21 

This pioneering work resulted in the development of trans-amniotic stem cell therapy 

(TRASCET) which showed very promising results on lambs,41 dams42 or rabbits.43 Although 

promising in animals, these strategies have recently shown reduced efficiency in human clinical 

trials, and the incorporation of a matrix such as collagen (Col), polymer hydrogel or 

decellularizing tissues further supports cell growth. The incorporation of cytokines, 

neurotrophic factors or growth factors in these scaffold would allow preservation of the nerves, 

while favouring the formation of a new tissue.44 Stem cells therapies, however, remain in their 

infancy and their approval by the food and drug agency (FDA) may hinder their applications.45 

1.2 Project requirements: an injectable hydrogel for in utero 

repair of Spina Bifida 

This project aims at developing an injectable scaffold that would cover the SB defect in situ, 

protect it from the AF and favour its healing. The liquid scaffold precursor would be injected 

using a fetoscope equipped with a sheath. The site of injection can be controlled by ultrasound, 

while the material should be generated in situ by curing at the proper wavelength, allowed by 

the optic tube (Figure 1-2). The generated material must then adhere strongly around the defect 

and protect it from the AF, while presenting lower adhesion to the foetal membrane or to other 

skin regions after its placement to prevent its displacement after injection. In addition, it must 

be non-toxic and sterilisable. 

 

Figure 1-2. General approach to protect the SB defect in utero. Echograph photo from Foetal 

Treatment of New England website. The foetus illustration is taken from ref.46 
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 Two main approaches can be envisaged, each with special requirements (Table 1-1): 

the design of a sealant which would cover the nerves over the whole duration of pregnancy, 

and a tissue engineering-based approach using a matrix to promote in utero tissue formation. 

In both approaches, the ability of the material to repair the neural tube will be essential; the 

sealants currently developed are not addressing this issue and must therefore be used early 

enough to limit further damage. 

Table 1-1. Comparative requirements for the two approaches selected. 

 An efficient sealant must present strong under-water adhesion, be sufficiently elastic to 

allow for its extension as the foetus grows, and limits AF contact with the nerves. As the 

material will only stimulate neural tube repair – and not the closure of the defect - it should not 

be biodegradable and therefore highly elastic to adapt to the growth of the foetus. If a sufficient 

elasticity cannot be achieved and the material is sufficiently easy to use, several injections 

through pregnancy can be considered. 

 On the other hand, the design of a matrix to promote cell growth and repair requires to 

be biodegradable with degradation kinetics matching the formation of the new tissues. No 

protection is expected to the AF and so the requirements for elasticity and strong adhesion are 

not as important. The incorporation of biomolecules and/or amniotic stem cells (ASC) should 

also be envisaged to favour adequate repair. 

Property 
 Selected Approach 

Tissue Engineering  Sealant  

Immediate skin adhesion 

Required 

Low adhesion post-injection  

Injectability and in situ formation   

Sterilisation 

Non-toxicity 

Nerve repair 

Defect repair Required Not required 

Biodegradable Required Not required 

Elasticity Not required Required 

AF-impermeable Not required Required 
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1.3 Hydrogels, a material of choice for tissue engineering 

Ideal materials for wound dressings and tissue engineering are hydrogels as their swollen 3D 

structure is an excellent mimic of human tissues and provides an appropriate scaffold for cells 

to grow on.30, 47, 48 Hydrogels are hydrophilic, macromolecular networks resulting from the 

cross-linking of water-soluble polymers swollen in water.46 Their final properties can be 

adjusted according to the polymer chosen, the mode of cross-linking, as well as the synthesis 

conditions such as polymer concentration or degree of reticulation, allowing their design to be 

tailored to the need. 

1.3.1 Hydrogel precursors 

1.3.1.1 Biopolymers 

Biopolymers are naturally occurring molecules which are divided into three classes: proteins, 

DNA and polysaccharides. Most are biodegradable and bioactive and are therefore highly 

attractive in biomedicine. Their resulting hydrogels are generally mechanically weak and often 

require chemical functionalisation to improve their properties.47 They are also more 

heterogeneous in structure and suffer from greater batch-to-batch irregularities as they are 

extracted from natural sources.  

 The extracellular matrix (ECM) is a complex arrangement of proteoglycans and 

glycosaminoglycans (GAG) interacting with the membrane through intracellular protein 

receptors, such as β-glycans, CD44 or integrins, which promote adhesion through the well-

known arginine-glycine-aspartate (RGD) peptide sequence (Figure 1-3). Hydrogels developed 

or functionalised with the natural substrate of these receptors favour cell adhesion and 

consequent growth and development. The most common materials used in tissue engineering 

are therefore based on proteins such as Col or fibronectin – both involved in integrin-mediated 

interactions – and on polysaccharides, in particular GAG such as hyaluronic acid (HA), 

chondroitin sulfate (ChS) or heparin sulfate (HS).47 In particular, Col and HA are extensively 

used as they are the main components of ECM.31  Col can present some immunogenicity as 

well as solubility issues because of its triple helix structure, and is therefore sometimes 

preferred in its denaturised form, gelatin (Gel), which retains several properties of Col such as 

the promotion of cell adhesion, proliferation and differentiation.49 The incorporation of RGD 

peptides into hydrogels or synthetic precursors is a frequent technique to include biological 

adhesion mechanisms while limiting the incorporation of bigger proteins.50 



 

7 

 

 

Figure 1-3. Schematic representation of the extracellular cell matrix (ECM) composition. 

Legend: HA: hyaluronic acid; ChS: chondroitin sulfate; HS: heparin sulfate, GAG: 

glycosaminoglycan.  

1.3.1.2 Synthetic polymers 

The first polymeric hydrogels were reported in 1960 by Wichterle et al. as crosslinked poly(2-

hydroxyethylmethacrylate) (pHEMA) which was later used as contact lenses.51 The field has 

then quickly expended to a wide range of monomers, among which PEG – a standard bioinert 

polymer52 – poly(N-isopropylacrylamide) (pNIPAM) – widely used for its temperature-

responsivity near body temperature53 - and poly(urethanes) – frequently used in the fabrication 

of long-term implants54 (Figure 1-4). 

 Synthetic polymers are highly desirable due to their reproducible properties and the 

close control over their structure, molecular weight and mechanical properties. However, their 

toxicity, their biodegradability and their ability to interact with biological environments and to 

stimulate wound healing should be carefully studied.47, 55 

 

Figure 1-4. Commonly used synthetic polymers in biomedical hydrogels. 
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1.3.2 Hydrogel synthesis 

Hydrogel formation results from the crosslinking between polymer chains through either 

physical interactions – such as electrostatic or hydrogen bond – or by the formation of covalent 

bond, also known as chemical crosslinking. 

1.3.2.1 Chemical hydrogels 

Chemical – or covalent – hydrogels are strong networks obtained either from the 

polymerisation of reactive monomers or by crosslinking pre-formed polymers. The structure 

of the parent polymers as well as an appropriate choice of crosslinking chemistry allows to 

control the final hydrogel architecture and in turn to tailor its mechanical properties to the 

intended application.56 (Meth)acrylates are probably the most widely used polymer precursors 

due to the wide range of functional starting materials commercially or synthetically available 

and their efficient radical-mediated polymerisation. Although acrylate (co)polymerisation 

yields random networks, the development of sophisticated controlled polymerisation 

techniques, such as atom transfer radical polymerisation (ATRP)57 or reversible addition-

fragmentation chain transfer polymerisation (RAFT), allows fine tuning of the final polymer 

or hydrogel structure using macro-initiators, which has been shown to improve hydrogel 

degradation.58 These polymers are synthetically more challenging to obtain and the reaction 

conditions, especially regarding the radical initiator toxicity, prevent their straightforward 

translation to hydrogel formation. 

 

Scheme 1-1. Main reactions used for hydrogel synthesis. 
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 A more accessible method to obtain a better control over the hydrogel network is to 

perform selective crosslinking through condensation reactions of complimentary 

functionalised polymer chains, with crosslinked tetra-arm PEGs of identical length generally 

considered as the gold standard for homogeneous networks.59-61 A variety of reactions have 

been reported for this application, ranging from amide or ester formation – usually through N-

hydroxysuccinimide (NHS)-activated chemistry60 - to addition reactions involving 

haloalkanes,62 isocyanates63 or aldehydes.64 These reagents, however, are extremely reactive 

and not compatible with physiological conditions as side reactions are extremely likely. 

Enzyme-mediated crosslinking can also be performed between specific amino acid residues, 

for example tyrosine oxidation mediated by horse-radish peroxidase (HRP); HRP however can 

induce immunological response in vivo, and the required use of H2O2 can lead to cell toxicity.65 

 Materials chemistry greatly benefitted from the development of click chemistry, a term 

defined by Sharpless in 2001 as a high yielding, biorthogonal reaction proceeding even at low 

concentrations of reactive groups and under physiological conditions.66-68 The most famous 

click reaction is the copper(I)-catalysed azide-alkyne cycloaddition (CuAAC). To bypass 

copper toxicity various copper-free alternatives have been developed, such as Diels Alder 

(DA), inverse-electron demand Diels Alder (IEDDA), strain-promoted azide-alkyne 

cycloaddition (SPAAC) or photo-initiated thiol-ene. Although strain-promoted reactions are 

extremely attractive due to their near entire biocompatibility and extremely fast reaction 

kinetics, they are also synthetically challenging, with expensive starting materials, several steps 

and/or toxic catalysts needed, thus highly hindering their scale up and their wide application. 

Click chemistry also requires to pre-functionalise the polymers, which may be challenging with 

biopolymers.66, 69 

 In this context, the radical-mediated thiol-ene photoclick (Figure 1-5) reaction is a very 

attractive compromise, as it takes advantage of widely available alkenes and thiols starting 

materials, the latter being readily incorporated into peptides or proteins via cysteine (Cys) 

residues. In addition, the thiol-ene is photo-activated, which provides spatio-temporal control 

over the crosslinking process,70 while several biocompatible, visible-light activated 

photoinitiators have been successfully employed, such as Eosin Y71 or riboflavin.72 Although 

technically a low-wavelength (260 nm) UV photoinitiator, Irgacure 2959 (IRG) remains the 

most commonly used, as it can generate enough radicals to initiate gelation when excited at 

365 nm.73 The thiol-ene is often compared to or confused with the base-catalysed nucleophilic 

thiol-Michael addition between thiols and activated alkenes such as (meth)acrylates or 
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maleimides.74 While widely used, undesired acrylate copolymerisation75 or disulphide bond 

formation – favoured under basic conditions76 – can occur, while thiol- 

maleimide reaction can be reverted under acidic conditions.77 

Table 1-2. Common click-chemistry reactions in hydrogel synthesis and their main 

characteristics. 

Reaction Advantages Limitations Ref 

 

Biorthogonal 

Available 

reagents 

Copper 

toxicity 

78-80 

 

Biorthogonal 

Copper-free 

Cyclooctyne 

synthetic 

availability 

81, 82 

 

Thermoreversible 

Facilitated in 

water 

Slow 

kinetics 

Competition 

with thiols 

83-85 

 

Biorthogonal 

Copper-free 

Fast kinetics 

N2 side-

product 

Tetrazine 

synthesis 

86-89 

 

Spatiotemporal 

control 

Fast kinetics 

Available 

reagents 

Possible 

radical 

toxicity 

Competition 

with thiols 

90-93 

 

 The thiol-ene, on the other hand, can benefit from norbornene (nb), a bicyclic strained 

alkene highly stable under physiological conditions yet highly reactive towards radicals driven 

by the strain release from an sp2 alkene to an sp3 alkane (Figure 1-5).94, 95 Nb-based thiol-ene 

are not very sensitive to oxygen, highly advantageous over other radical-mediated reactions, 

and the gelation kinetics can be controlled by varying the power of the excitation source and 

the photoinitiator concentration, while the curing time impacts on the final material 
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properties.70, 75 Several examples of thiol-ene hydrogels have been reported, based on either 

synthetic or on biopolymers – Gel,96 alginate (ALG),97 HA98 – with very fast gelation kinetics 

and highly attractive properties for biomedical applications such as stem cells encapsulation,99 

controlled drug release,75 photopatterning98 or cell culture.72 

 

Figure 1-5. Thiol-ene mechanism and the bond angle release occurring in norbornene.   

1.3.2.2 Physical hydrogels 

Physical hydrogels result from non-covalent crosslinking mechanisms of the polymer chains 

through hydrogen bonds, ionic associations, metal coordination, hydrophobic interactions, 

host-guest inclusion complexes formation and chain entanglement.56 Unlike their chemical 

counterparts, gelation is very quick and can be triggered through a wide variety of stimuli such 

as pH, temperature or ionic strength; all these mechanisms are generally reversible and can be 

used in self-healing strategies.100-102 Although strong networks can be obtained, no control over 

the final structure is possible due to the random formation of crosslinking points.59  

 The most common example of biologically relevant physical hydrogel is probably 

pNIPAM, whose chain conformation in water transforms at 32°C from a solvated to a collapsed 

state driven by strong hydrogen bond interactions. This lower critical solution temperature 

(LCST), very close to body temperature, has driven a considerable interest for drug delivery 

applications or for in situ applications. A similar transition occurs for Gel, which undergoes a 

sol-gel transition below 25°C due to the formation of triple helixes.103 Ionic hydrogels can be 

obtained from ALG in presence of several di- or trivalent ions such as Ca2+, Ba2+ Sr2+ or Fe3+.104, 

105 The catechol moieties or dopamine (DOPA), inspired by the mussel adhesive protein, is 

also widely used in the design of biomedical sealants due to its high adhesion which can be 

modified by varying the pH or the concentration of Fe3+.18, 106  

1.3.3 Microgels 

Microgels are crosslinked polymer colloids that swell in a good solvent or when the pH 

approaches the pKa of the polymer subchains if these comprise polyacids or polybases.107 As 

opposed to nanoparticles they are soft, deformable and can swell or deswell in response to 
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external environment while retaining a 3D structure.108 Their application in the biomedical area 

takes advantage of their highly swollen core which can be loaded with drugs and biological 

molecules to protect and slowly release them.109 More recently, they have also been 

incorporated into macroscopic hydrogels to improve their properties.110 Microgels obtained 

from monomers are typically obtained by precipitation polymerisation, while the use of pre-

formed polymers generally relies on nano-emulsion templates.  

1.3.3.1 Microgel synthesis through nano-emulsions 

Nano-emulsions are kinetically stable liquid-in-liquid dispersions with droplet dimensions 

below 100 nm stabilised by surfactants, which lowers the surface tension at the oil/water 

interface.111, 112 They are termed oil-in-water (o/w) – “normal” - or water-in-oil (w/o) –

“reverse” - nano-emulsions depending on the dispersed phase and have found tremendous 

applications in the food industry, biomedical area, or as template to the synthesis of more 

complex structures. As opposed to micro-emulsions, they are not thermodynamically stable 

and require an energy input, typically shearing or sonication (Figure 1-6); low-energy methods 

also exist, like phase inversion temperature (PIT), routinely used in industry.112 Although 

efficient, high-energy methods can damage fragile biomolecules, leading for example to 

polysaccharide depolymerisation.113 

 

Figure 1-6. W/o nano-emulsion templated synthesis of microgels through high energy methods. 

 The surfactant plays a crucial role in the nano-emulsion stabilisation and must be 

chosen carefully. Their properties greatly depend on their structure; for example, non-ionic 

surfactants – like the Span and Tween family presented in Figure 1-7 - are generally preferred 

to stabilise charged polymers emulsions.114 As a general guideline in the choice of an adequate 

surfactant system, the hydrophilic-lipophilic balance (HLB) system developed by Griffin can 

be used, whereby the amount of hydrophilic and hydrophobic groups present on the surfactant 
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is quantified and ranked between 0 (completely hydrophobic) and 20 (purely hydrophilic).115 

The more stable emulsion for a given class of surfactants will be obtained by matching the 

HLB value of the surfactant mixture with the one of the continuous phase. Typically w/o and 

o/w emulsions require HLB < 10 and HLB > 10 respectively.116  

 

Figure 1-7. Structure and HLB values of selected surfactants of the Span and Tween family. 

 Nano-emulsions destabilisation mostly occurs through Ostwald ripening, whereby 

droplets of different sizes grow at different rate due to their different solubility in the 

continuous phase. Although nano-emulsions’ small dimensions and fast diffusion generally 

prevents them from creaming, Ostwald ripening can lead to coalescence or flocculation and 

eventually to creaming (Figure 1-8). All these mechanisms have been widely studied and the 

incorporation of a third component, such as a hydrophobe trapped in the droplets117 or a co-

surfactant of different HLB, can improve the stability by modifying the droplet diffusion 

rate.118 Theoretical models to predict nano-emulsion stability119 and droplet dimensions have 

been reported and are summarised elsewhere.119 

 

Figure 1-8. Nano-emulsion destabilisation by Ostwald ripening leading creaming. 

 Compared to precipitation polymerisation techniques, emulsions are general templates 

as they do not require special properties from the gel precursor while allowing control over the 

droplet size by varying the nano-emulsion composition. It has been shown that unlike micro-
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emulsions, nano-emulsion droplets can be considered as nano-reactors stable over the 

polymerisation process, as they are not subject to a loss of thermodynamic stability as the 

reaction progresses.117 It is worth noting that the crosslinking of pre-formed polymers is 

different from polymerisation reactions as all components should be initially present in the 

micro-emulsion reactor, although the excess of surfactant and empty micelles may affect their 

repartition.  

 Microgels can be obtained by w/o nano-emulsions, where a polymer (or hydrophilic 

monomer)-rich water phase is dispersed in an oil phase containing surfactants, which absorb at 

the droplet surface, thus improving its stability. Gelation is then triggered by the addition of 

the crosslinking reagent or by applying the appropriate stimulus, such as a temperature change 

(Figure 1-6). The microgels are finally recovered and washed from residual surfactants by 

centrifugation, precipitation or dialysis. Water-soluble molecules like drugs or bioactives can 

be encapsulated in the microgels by dissolving them with the polymer prior to gelation.109 

Nano-emulsion templates have been successfully used for the synthesis of both synthetic and 

biopolymer microgels like PEG,120ALG121, dextran (Dex)122 or HA.123 

1.3.3.2 Hydrogels containing microgels 

As discussed in section 1.3.1 hydrogels are generally weak materials and their inner structure 

– i.e. the nature of the crosslinks and their ability to dissipate stress - is key to their mechanical 

properties: in a non-homogeneous network, the stress concentrates in the weakest areas, leading 

to ruptures (Figure 1-9A). Although homogeneous hydrogel networks can be obtained – as 

illustrated in section 1.3.2.1 with tetra-arm PEGs59 and RAFT pNIPAM hydrogels58 for 

example – they require synthetic efforts to obtain very specific architectures from the 

monomers and are not applicable to biopolymers. Due to their softness and deformability, the 

use of microgels as hydrogel crosslinkers should allow for this energy dissipation, while 

broadening the range of hydrogel precursor available; their homogeneous distribution in the 

gel matrix is ensured by their solubility (Figure 1-9B).124 

 

Figure 1-9. Stress dissipation in (A) a hydrogel without and (B) with microgel filling. 
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 Hu et al. reported microgel-reinforced (MR) hydrogels by the incorporation of 

monodisperse microgels into poly(acrylamide) (pAAm) matrix. The microgels (5 μm in 

diameter) were synthesized from either cationic, anionic and neutral precursors and were 

incorporated in the synthesis process through acrylate polymerisation. The hydrogel 

mechanical resistance was greatly improved by the incorporation of the microgels, 

independently of their charge, which was attributed to the different moduli of the microgels 

compared to the hydrogel.124, 125 The microgels were not covalently bonded to the network in 

this study. 

 

Figure 1-10. Covalent incorporation of microgel in hydrogels. 

 A year later, Li et al. reported pAAm hydrogels crosslinked with amine-functionalised 

pNIPAM microgels (Figure 1-10). The properties of the final material were greatly dependant 

on the grafting density and the amount of microgels incorporated, with higher microgel content 

leading to decreased swellings and improved rheological properties and stress resistance – up 

to 150 times. A comparison with physically entrapped pNIPAM microgels showed comparable 

resistance, but a leakage of the microgels occurred with time, probably due to their smaller 

diameters (~ 0.5 – 1.5 μm). More interestingly, pNIPAM microgels conferred thermo-

responsivity to the hydrogels closed to 32°C, although the transition was not as sharp as for the 

pure microgels.126 The incorporation of pNIPAM microgels into pNIPAM hydrogels also 

resulted in faster shrinkage and presented an improvement of the release of encapsulated 

Rhodamine B of 20 to 80%, attributed to the faster response of the microgels compared to the 

bulk macrogels (Figure 1-11).127 
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Figure 1-11. (A) Temperature response of pNIPAM macrogels and (B) with pNIPAM filling.   

 Microgels were also used as crosslinkers to generate hydrogels from pre-formed 

polymers. Sivakumaran et al. reported the covalent or physical incorporation of pNIPAM 

microgels into covalently crosslinked hydrazide-functionalised carboxymethyl 

cellulose/oxidised Dex hydrogels as a drug release system. Covalently incorporated microgels 

improved only slightly the mechanical properties but drastically decreased the initial burst 

effect and the overall drug release due to constriction in the microgel structure.128 Due to their 

higher surface area and faster response towards physico-chemical stimuli microgels offer 

consequent improvement in drug delivery applications.129 

 The incorporation of microgels into hydrogels have proven highly valuable for tissue 

engineering as it provides fine tuning over the pore size and mechanical properties while 

allowing for microgel functionalisation or loading with bioactives or cells to promote cell 

adhesion or differentiation.129, 130 Douglas et al. took advantage of the incorporation of loosely 

crosslinked pNIPAM microgels into fibrin hydrogels as a very simple way to introduce pores 

of controlled dimension in a gel network, allowing for concomitant high, clinical fibrin 

concentrations to be reached while maintaining mesh sizes favourable for cell infiltration 

(Figure 1-12).131 As the microgel only allowed for the incorporation of a fixed mesh size, the 

methodology should be applicable to a wide range of chemical structures bearing possible 

functionalisation.  HA microgels were also covalently crosslinked with HA polymers through 

hydrazone132 or photochemistry,133 improving the hydrogel enzymatic stability while retaining 

their non-toxicity. Finally, Rose et al. encapsulated superparamagnetic iron oxide nanoparticles 

in RGD-functionalised hexa-arm PEG microgels which were magnetically aligned and 

consequently congealed by embedding into a hydrogel network. The use of microgels allowed 

for reduced iron-induced cell toxicity while their functionalisation was required for cell 

adhesion; the magnetic alignment recreated anisotropic matrixes known to impact on cell 

guidance and ultimately wound healing. The functionalisation of the microgels as well as the 
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polymer chosen as hydrogel precursor shed light on cell interactions and fibrin production 

relevant to tissue engineering.134 

 

Figure 1-12. Application of microgel-filling concentrated fibrin hydrogel porous networks. 

1.3.3.3 Microgels as reactive monomers 

Hu et al. took advantage of the very fast response of microgels to external stimuli to design 

new hydrogel networks from the covalent binding of gel microparticles. Temperature-

responsive microgels derived from divinyl sulfone (DVS)-crosslinked hydroxypropyl cellulose 

were successfully reacted together in the presence of DVS to yield a structured hydrogel whose 

temperature-induced shrinkage was twice as fast as the macro hydrogel’s (Figure 1-13). The 

concept was extended to various other microgels such as pNIPAM or poly(vinyl alcohol) 

(PVA) with nm dimensions which could also be combined, suggesting the versatility of the 

method.135 Similar work was performed by Cho et al. where amine-functionalised pNIPAM 

microgels were crosslinked with glutaraldehyde. The resulting hydrogels maintained their 

shape and presented twice as fast shrinking kinetics which were not impacted by the addition 

of fluorescent moieties or silica particles.136  

 

Figure 1-13. Crosslinker-mediated microgel assembly into hydrogel. 

 Microgels as monomers have recently proven very advantageous in tissue engineering. 

Pioneering work was performed by Griffin et al. with multi-arm PEG microgels decorated with 

RGD and transglutaminase peptides bearing vinyl sulfones. The PEG microgels were 

crosslinked by metalloprotease cleavable peptides bearing Cys residues and further crosslinked 

together through amide bond facilitated by the Factor XIII enzyme using the transglutaminase 
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peptides. The resulting hydrogel, termed microporous-annealed particle (MAP), presented 

homogeneous networks with pore size ranging between 10 to 35 μm from microgel building 

blocks of ~ 30 – 150 μm in diameter. The resulting hydrogels were injectable and modulable, 

supported fibroblasts and human mesenchymal stem cells (hMSC) growth and invasion, while 

presenting faster healing abilities and lower immune response compared to the analogue 

hydrogel, which was attributed to their unique connected porosity.137 Willits et al. later used 

similar PEG microgels crosslinked in the presence of Col to design hydrogels of similar internal 

structure but whose stiffness could be easily tuned from 0.1 to 0.8 kPa. All substrates supported 

efficiently the growth of Schwann cells, whose role in neural regeneration is crucial.138 Xin et 

al. used thiol-ene crosslinked, RGD-decorated PEG microgels to design MAP hydrogels which 

successfully supported hMSC encapsulation and growth with significant effect of the network 

mechanical properties which could be efficiently adjusted by changing the crosslinking 

density.139  

 All the microgel crosslinking presented above required the addition of a crosslinker. 

Liu et al. focused on the direct crosslinking of a residual functional group present on the 

microgel surface. Poly(methacrylic) acid (pMAA) copolymer microgels were synthesized by 

emulsion polymerisation and further decorated with methacrylate moieties. The resulting 

microgels were suspended in water and subsequently swollen under basic conditions due to the 

carboxylate moieties, resulting in shell inter-penetration bringing the methacrylate functions in 

proximity. Subsequent crosslinking was performed through radical-initiated methacrylate 

polymerisation (Figure 1-14).140 This methodology was successfully applied to other weak 

polyacids, crosslinkable shell141 or polybases, as demonstrated with poly(vinyl amine) 

microgels,142 the only technical requirement being to perform the swelling step prior to 

crosslinking in an appropriate pH range. The resulting networks, termed double-crosslinked 

(DX) microgels, presented excellent mechanical properties and minimal swelling. Compared 

to the PEG crosslinked microgels presented above they possess very small porosity due to the 

small size of the microgel monomers (< 350 nm) and their very close proximity imposed by 

the absence of crosslinker. The properties of DX hydrogels could be further controlled by 

modifying the microgel initial structure143 or crosslinking different microgel populations144 

while the monomer design allowed to incorporate more functionality.145 These DX hydrogels 

hold promising potential as degenerated intervertebral disc replacement,146 currently under 

clinical investigations130 and have been recently used as nanoprobes for the sensing of hydrogel 

environmental changes.147 
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Figure 1-14. Synthesis of double crosslinked (DX) microgels. 

1.4 Polysaccharide-based materials  

While synthetic polymers provide flexibility over the final material properties, they often lack 

biological features required for essential cell interactions, as discussed in section 1.3.1.2. 

Among biopolymers, polysaccharides have greatly contributed to the development of tissue 

engineering and to the biomedical field in general as cheap and abundant yet biocompatible, 

biodegradable and bioactive materials owing to their similarities with the GAG and 

glycoproteins of the ECM. Although most of them present a high charge density often used to 

design physical hydrogels, they also contain numerous functional groups of different 

reactivities enabling their crosslinking and tailored functionalisation. The main limits of 

polysaccharides reside in their polydisperse structure regarding molecular weight distribution 

or monomer arrangement.148-150 The polysaccharides most commonly used in wound healing 

or tissue engineering, summarised in Table 1-3, will be presented with their main 

characteristics followed by polysaccharide functionalisation strategies. 

1.4.1 Polysaccharides in tissue engineering and wound healing 

1.4.1.1 Alginate 

ALG is an anionic linear polysaccharide extracted from several algae from the brown sea weed 

family151 composed of repeating disaccharide units of β-1,4-D-mannuronic acid (M) and α-1,4-

L-guluronic acid (G) residues.148 As discussed in section 1.3.2.2 ALG G blocks interact 

strongly with divalent ions such as calcium or barium to generate ionic gels whose properties 

are therefore directly dependent on the M/G ratio.104, 151, 152 ALG does not support cell growth 

and need to be preliminary functionalised either with RGD152 peptides or by NaIO4 oxidation 

to incorporate aldehyde moieties, resulting in both better degradation rates and improved cell 

adhesion through covalent bonds. Oxidised ALG, however, yields weaker gels compared to 

native ALG, and is generally mixed with polyamines to generate covalent hydrogels through 
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Schiff base crosslinking.153 In this respect the lysine residues of Gel designate it as an attractive 

crosslinker as it also provides the missing cell adhesion motives of ALG.154 Chitosan (CS) 

crosslinkers have also been reported for liver tissue engineering.155 

 

Table 1-3. Commonly used polysaccharides in wound healing and tissue engineering. 

Polysaccharide Benefits Limitations 

 

Ionic gelation 

No enzymatic degradation 

Promotes cell spheroids 

Poor protein binding affinity 

Poor mechanical 

properties 

Cell adhesion requires 

functionalisation 

 

Antimicrobial 

Structurally similar to GAG 

Promotes wound healing and 

neural repair 

Brittle 

Solubility issues 

 

Chondro-protective 

Anti-inflammatory 

Cartilage component 

Proteoglycan structure 

Highly hydrophilic 

Solvability 

 

High viscoelasticity 

Chondro-protective 

ECM component 

Promotes cell proliferation and 

adhesion 

Poor mechanical 

properties 

Fast enzymatic 

degradation 

 

1.4.1.2 Chitosan 

CS is the only cationic natural polysaccharide consisting of β-1,4-D-glucosamine (GlcN) and 

β-1,4-N-acetyl-D-glucosamine (GlcNAc) units. CS is generally obtained by deacetylation of at 

least 50 % of GlcNAc residues of chitin.156 The presence of free amines imparts CS with 

mucoadhesion properties, haemostatic action and antibacterial activity, while its similarities 

with GAGs provide a favourable environment for cell adhesion or proliferation.157-160 CS 

hydrogels can be easily obtained by simple mixing with polyanions like ALG or sodium 

tripolyphosphate (TPP); alternatively covalent hydrogels can be obtained by exploiting the 
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high nucleophilicity of its amine groups with glutaraldehyde or genipin. While both 

crosslinking procedures are fast, they yield heterogeneous networks and the crosslinkers are 

also susceptible to self-polymerise; in addition, unreacted glutaraldehyde presents significant 

toxicity.159 

 These inherent properties, along with CS good processability and easy functionalisation 

have placed it under the spotlights of not only the biomedical area, but also in wastewater 

treatment,113 food packaging161 or cosmetics.162 CS micro- and hydrogels have shown 

particularly promising applications in wound healing and tissue engineering as they allow for 

efficient delivery of fragile bioactives such as growth factors or proteins.150, 157, 159, 163 In 

addition, CS alone induces wound healing, enhances vascularisation and reduces scaring. It 

was also shown to support attachment and proliferation of various cell lines such as fibroblasts, 

nerve cells or chondrocytes.164, 165  

1.4.1.3 Chondroitin sulfate 

ChS is an anionic linear glycosaminoglycan consisting of β-1,4-D-glucuronic acid and β-1,3-

N-acetyl galactosamine units bearing sulfate groups either at the 4 or at the 6 position. ChS is 

a key component of cartilages and presents both anti-inflammatory and chondro-protective 

activities, promotes proteoglycan secretion and tissue integration, and ultimately wound 

healing and cartilage repair. ChS sulfation profile – i.e. the location and the amount – triggers 

different cell interactions or biological pathways and achieving selective sulfation of 

polysaccharides is of particular interest in research.148, 166 ChS high solubility, however, 

requires its incorporation in other matrixes to achieve sufficient stability and mechanical 

properties. ChS is frequently combined with HA and Col or Gel to recreate artificial ECM,167 

while CS/ChS scaffolds have shown promising applications in wound healing.168, 169  

1.4.1.4 Hyaluronic acid 

HA is an anionic linear glycosaminoglycan consisting of alternating β-1,4-glucuronic acid and 

β-1,3-N-acetylglucosamine units. As a key component of synovial fluid, cartilage and 

extracellular matrix, it has been widely used for biomedical applications as drug delivery vector 

or tissue engineering scaffold.170, 171 Although it presents several remarkable properties, such 

as lubrification, shock absorption, stimulation of chondrocyte metabolism and several 

chondroprotective roles, it presents very poor mechanical properties and a very fast 

biodegradation.148 Chemical modification, including intramolecular crosslinking98, 172 and 

polymer conjugation,170 are frequently used to overcome these limits. More recently the ability 
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of HA to bind to CD44 receptors has also attracted a great interest for targeted drug delivery 

strategies.173, 174 

1.4.2 Polysaccharide functionalisation 

Polysaccharides greatly benefit from chemical functionalisation to improve their mechanical 

properties either by more selective crosslinking methods or by the grafting of other polymers. 

1.4.2.1 General routes for polysaccharide functionalisation: hydroxyl functions 

Polysaccharides present several hydroxyl groups that can be functionalised as esters, ethers or 

carbamates (Scheme 1-2).175 Although it is generally accepted that the substitution will favour 

the primary O6 position, mixtures of products are generally obtained, with similar reactivities 

of the secondary hydroxyl groups observed; the O2 position is some time preferred over the 

others for steric hindrance, 176  but complete control requires several protecting group 

modifications. 177, 178 Selective modification can be obtained with selective enzymes such as 

galactose-6-oxidase but with a severe limitation regarding the substrate scope. In addition, 

polysaccharide functionalisation is typically performed in water due to their poor solubility in 

organic solvent, and the competition between the nucleophilicity of the hydroxyl groups and 

that of water yields very poor degree of substitution (DS).176  

 

Scheme 1-2. Main reactions involving hydroxyl moieties onto polysaccharides.  

 Selective hydroxyl groups functionalisation exploits oxidation of primary alcohols into 

aldehydes using TEMPO179, 180 or Dess Martin.181 TEMPO oxidation is very common among 

polysaccharides but the pH and the amount of co-oxidising agent used – typically H2O2, NaOCl 

or enzymes - must be carefully controlled to prevent further oxidation into carboxylic acid.179, 
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182 Aldehydes can also be selectively obtained by the cleavage of syn diols mediated by 

NaIO4
183 or enzymes.184 The introduction of aldehyde groups both increases the water-

solubility of polysaccharides185 and provides a useful handle for selective functionalisation via 

reductive amination,186 Schiff base formation,187 hydrazide addition188 or oxime ligation.189 It 

is worth noting that CS oxidation with TEMPO leads to immediate reaction with the amine 

groups.190 

1.4.2.2 Polysaccharide functionalisation through carboxylic acid functions 

Carboxylic acids – either naturally present as for HA or introduced by TEMPO oxidation – can 

be selectively activated prior to reaction with alcohols or amines to yield esters and amides 

respectively (Scheme 1-3).175 Amides are generally preferred as they are less sensible to 

hydrolysis; amines are also more nucleophilic than alcohols which limits side-reactions with 

the polysaccharide backbone. Carboxylic acid activation is traditionally performed with 

carbodiimide coupling agents such as DCC, DIC or the water-soluble EDC and  activating 

agents like NHS or HOBt.175 Amides have also been formed using CDI191 or enzymes.192 

Typically DS of about 20 % are obtained in water as the intermediate is susceptible to 

hydrolysis.193 Polysaccharide solubility in organic solvents can be improved by cation 

exchange with  tetrabutylammonium (TBA) leading to higher DS by amide substitution.194, 195 

Huerta et al.  showed that converting the sodium salt form of HA to the acid form was sufficient 

to solubilise it in DMSO, with consequent DS as high as 90% reported for amide bond 

formation.193 

 

Scheme 1-3. Main reactions involving carboxylic moieties onto polysaccharides. 

1.4.2.3 Polysaccharide functionalisation through amine functions 

The higher nucleophilicity of CS amine groups compared to hydroxyl groups allows 

simultaneously for higher reaction efficiency and selectivity. CS can be reacted under mild 

acidic conditions with NHS-activated esters or anhydrides to obtain amides, the latter yielding 
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higher DS. The selective amine addition onto aldehydes through Shiff base,196 followed or not 

by reductive amination197 is an elegant method to obtain highly substituted products. 

Nucleophilic substitutions with haloalkanes or additions onto isocyanates are also possible but 

less preferred due to possible competition with the primary alcohol. Selective O6 reaction is 

possible following amine protection.198 CS functionalisation also include carboxyethylation199 

and trimethylation200 to improve water-solubility. 

 

Scheme 1-4. Main reactions involving amine moieties onto polysaccharides. 

1.4.3 Polysaccharide functionalised hydrogel precursors 

As presented in section 1.4.1 polysaccharide materials benefit from the incorporation of 

polymers or bioactive moieties to improve their bioactivity and their mechanical properties. 

The incorporation of pNIPAM for example can provide temperature-responsivity,149 while 

CS/polyurethane composites are promising candidates for implants.201 The incorporation of 

Pluronics F127, a thermo-responsive copolymer, to DOPA-functionalised CS resulted in 

thermo-responsive sealants with potential applications in surgery.202 Polysaccharide 

functionalisation also include the incorporation of bioactive moieties such as RGD peptides to 

favour adhesion. 

 As mentioned in section 1.3.2.1 chemical hydrogels result in better-defined networks 

and improved properties. This particularly profits polysaccharides which suffer from their 

polydisperse and non-regular monomer arrangement. The functionalisation of polysaccharides 

with (meth)acrylates is frequently used to generate hydrogels either through their direct 

crosslink or their polymerisation with monomers such as acrylamide (AAm) or NIPAM, which 

in turns confers temperature response;203 controlled polymerisation has even been reported 

through the synthesis of adequate RAFT or ATRP precursors, as reviewed elsewhere.204 CS-

methacrylate, obtained from CS derivatisation with methacrylate anhydride, is a very common 

precursor for photo-crosslinked materials.205 Photo-crosslinkable CS have also been obtained 

by functionalisation with para-azidobenzoic acid whose gelation occurs through light-initiated 

nitrene crosslinking. When conjugated to the angiopeptide QHREDGS the resulting hydrogels 

supported heart cells attachment and survival for up to 5 days.206  
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 Click chemistry reactions have also been widely applied to polysaccharides and  are 

part of numerous reviews on polysaccharide-based materials.69, 175, 207, 208 A wide range of 

clickable groups, such as alkynes/azides,186, 193 tetrazines/nb,86, 209 oxanorbornadiene210 or 

maleimide211 have been developed. Thiol-ene photoclick precursors, which have the advantage 

to present an additional spatiotemporal control over the gelation, are typically obtained by 

(meth)acrylation. Nb-functionalised ALG97 and HA98 polysaccharides have also been reported; 

the first CS example was developed during this work.                                                                                                                                                                                                                                                                                                                                                                                                                      

1.5 Proposed approach 

In light with literature, the different requirements identified in section 1.2 can be addressed 

using the following strategies, summarised in Table 1-4 and illustrated in Figure 1-15. 

 

Figure 1-15. Proposed general approach for the design of an in utero treatment of SB 

highlighting the environment conditions to consider. The foetus illustration is taken from ref.46 

 As discussed in section 1.3 hydrogels are a material of choice for tissue engineering as 

they provide a swollen 3D network similar to natural tissues. Additional biological properties 

can be incorporated depending on the chosen hydrogel precursor, either inherently active 

biopolymers or functionalised synthetic polymers. For simplicity, the focus was made on 

polysaccharides as they are widely studied and already clinically used as hemostatic212 or as 

fillers213 for example. HA and CS are materials of choice owing to their similarity with the 

ECM. Both HA and HA receptors are highly present in utero and are thought to be involved in 

foetal wound healing mechanisms.214 HA biodegradation however is expected to be fast in 

these conditions. CS on the other hand is not only degraded slower but also generates stronger 

materials and favours neural wound healing, which would be needed to repair any possible 
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damage caused over the first months of pregnancy; its positive charge on the other hand allows 

it to interact with negatively charged cells or ECM while conferring antimicrobial properties. 

Table 1-4. Proposed approach to address the challenges of in utero therapy. 

  

 Adhesion and fast formation can be simultaneously addressed by using radical-initiated 

crosslinking as free radicals would also react with skin at the site of injection, which can be 

controlled by echography – an ultrasound-based medical imaging technique routinely used in 

foetal medicine. Among the radical-mediated crosslinking reactions introduced in section 

1.3.2.2 the thiol-ene is of particular interest as it is extremely fast, with gelation below 1 min 

reported, while the use of nb as the alkene part allows for high selectivity and low side-toxicity 

as it reacts very quickly with radicals but is highly stable in vivo. Interestingly, while several 

nb-functionalised biopolymers have been reported, no example of CS existed. Side-toxicity 

with thiols contained in Cys residues should be avoided by the local injection where the 

concentration of crosslinker will be more important than those of proteins. The photoactivation 

allows for temporal control of the production of radicals and no undesired adhesion should 

occur once the light source is switched off. Medical probes are routinely used at hospital and 

present the ability to switch from visible to UV light in situ with control over the wavelength, 

Property Tissue Engineering  Sealant  Solution 

Immediate skin adhesion Required 

Radical-initiated 

crosslinking 

Low adhesion post-

injection  
Required 

Injectability and in situ 

formation   
Required 

Sterilisation Required 

Polysaccharides 

Non-toxicity Required 

Nerve repair Required 

Defect repair Required Not required 

Biodegradable Required Not required 

Elasticity Not required Required Flexible crosslinks 

AF-impermeable Not required Required Tight mesh size 

Approach Hydrogel DX microgels  
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which can be matched to an appropriately chosen thiol-ene photoinitiator excitation 

wavelength. The thiol-ene also offers an elegant way to control the elasticity, mechanical 

strength and biodegradability of the resulting hydrogel network by modifying the crosslinking 

density, which could be tuned for each different SB case depending on its severity for example. 

 

Figure 1-16. Compared approach for the development of a sealant (left), designed as a network 

of DX microgels, or of a tissue engineering scaffold (right), designed as a hydrogel. 

 While hydrogels have proven their potential in tissue engineering their use as sealants 

and as a protection from the AF is less trivial. The permeability can be controlled by the degree 

of reticulation and the mesh size of the network, where tighter mesh sizes limit swelling and 

reduce the water content. Strong adhesion with limited deformation is expected in this case. As 

the foetus will continue to grow with time, the sealant should ideally promote tissue closure 

and be slowly enzymatically degraded; several injections during pregnancy can also be 

considered as the procedure is expected to be simple and the material readily available. Such 

high mechanical properties can be obtained by crosslinking microgels (DX microgels) instead 

of polymer precursors, as presented in section 1.3.3.3 and illustrated in Figure 1-16. The 

dimension and the structure of the microgels will impact on the final hydrogel properties, 

providing an additional handle to its final properties. The degradation of DX microgels is also 

expected to be slower, as reported with HA.132 Finally the microgels can be loaded with growth 

factors to favour healing mechanisms or cell recruitment. 
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1.6 Thesis outline 

Chapter 2 introduces the main techniques used in this work – namely dynamic light scattering, 

small angle neutron scattering and rheology – focusing on the physical theory, the 

instrumentation as well as the data analysis in light with reported works. 

 Chapter 3 presents the synthesis and characterisation of the first nb-functionalised CS, 

named CS-nb. The synthesis of the related thiolated CS, names CS-SH, is also reported. The 

reactivity of CS-nb towards thiols is finally verified, as a proof-of-concept for its use as a 

hydrogel precursor. 

 Chapter 4 covers the synthesis, characterisation and preliminary cytotoxicity testing 

of several CS-nb hydrogels developed as potential tissue engineering scaffolds for the 

management of SB through a wound healing approach. 

 Chapter 5 presents the optimisation and characterisation of w/o nano-emulsion 

templates developed for the synthesis of CS-nb microgels, intended as building blocks for the 

synthesis of DX microgels to seal the SB defect in utero. 

 Chapter 6 contains the synthesis, characterisation and preliminary cytotoxicity testing 

of different CS-nb microgels obtained from the template presented in Chapter 5. 

 Chapter 7 reports the unexpected formation of non-covalent CS-nb hydrogels. A 

mechanism for this unprecedented gelation is proposed and the resulting materials are 

characterised. Although not intended for SB applications, their cytotoxicity was also 

investigated. 

 This thesis concludes in Chapter 8 with a summary of the main findings and possible 

future directions. 
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2 Methods 

This chapter introduces and describes the main techniques used to study and characterise the 

hydrogels and microgels synthesized: dynamic light scattering (DLS), small-angle neutron 

scattering (SANS), and rheology. Specific experimental protocols will be given in each 

subsequent chapter.  

2.1 Scattering techniques: generalities 

Scattering is a non-destructive technique, allowing for the study of materials in solution. In a 

typical scattering experiment, a monochromatic radiation of wavelength  and intensity I0 is 

directed towards a sample, which is deviated from its trajectory with an intensity depending on 

the scattering angle 2θ (Figure 2-1A). The scattered intensity is recorded as a function of the 

scattering vector q⃗  which in the case elastic scattering is defined as: 

 ‖
q
→‖ = 

4π

λ
 sin θ (2-1)

 

Figure 2-1. (A) Typical scattering experiment configuration, and (B) illustration of the 

investigation of different length scales in a single material. 

 The size of the detectable objects is directly related to the wavelength of the radiation 

(or source) used and to the scattering angle. Therefore, the use of different scattering sources 

allows for the investigation of different length scales. An example is given in Figure 2-1B, 

where a microgel hydrodynamic diameter can be obtained from dynamic light scattering 

measurements while the network mesh size can be obtained with neutron scattering. 

Table 2-1. Scattering sources characteristics: q range, probed length scale and contrast origin. 

Scattering source q range (Å-1) Size length scale (nm) Contrast 

Light 10-5 < q < 5.10-3 10 - 1000 Refractive index 

Neutron 10-3 < q < 1 0.1 - 100 Isotopes 

X-ray 10-2 < q < 10 0.1 - 10 Electron density 
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2.2 Dynamic light scattering 

Light scattering intensity constantly varies with time due to the movement of particles 

dispersed in a medium, creating local concentration gradients. Dynamic light scattering (DLS) 

monitors the mobility of materials in solution by measuring the intensity fluctuations with time 

at a given scattering angle. This is done by normalising the auto-correlation function G2(t): 

g
2
(t)=

G2(t)

⟨I(t)⟩2
=

⟨I(0)I(t)⟩

⟨I(t)⟩2
 (2-2) 

g2(t) is related to the electric field intensity g1(t) which depends on particles relaxation. In the 

assumption of Brownian motion, this leads to: 

g
2
(t)=⟨I⟩2+[g

1
(t)]

2
= ⟨I⟩ 2+ [e - 

t
τ]

2 

(2-3) 

where τ is the particle relaxation time and ⟨I⟩2 is the average intensity of the fluctuations 

described by a Gaussian function. τ can be further related to the diffusion coefficient of the 

particles D by: 

𝜏 =
1

D q2
 (2-4) 

In particular, when q → 0 the corresponding auto-diffusion coefficient of a hard sphere D0 is 

directly related to the hydrodynamic radius rh by the Stokes-Einstein equation: 

D0 = 
 kbT

6π η
s
 rh

 (2-5) 

where kb is the Boltzmann constant, T is the temperature, and ηs is the viscosity of the solvent. 

Fitting g
2
(t) to an exponential expression according to Eq (2-3) allows to experimentally 

determine τ which in turns can be related to D0 through Eq (2-5).215 

2.3 Small angle neutron scattering 

Small angle neutron scattering (SANS) experiments were performed at two different beamlines 

which will be briefly presented in section 2.3.1. The theory of SANS will be presented in 

section 2.3.2 and the data analysis in  section 2.3.3. 

2.3.1 Neutron scattering facilities 

2.3.1.1 Sans2d beamline (STFC Rutherford Appleton Laboratory, Didcot, U.K) 

Sans2d is a time-of-flight small-angle diffractometer at the ISIS Pulsed Neutron Source (STFC 

Rutherford Appleton Laboratory, Didcot, U.K.) where neutrons are produced by a spallation 

source.216, 217 A q-range of 0.00156 – 0.49090 Å-1 was achieved utilizing an incident 
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wavelength range of 1.75 – 12.75 Å and employing an instrument set up of L1 = L2 = 12 m, 

with a rear 1 m2 detector offset vertically 75 mm and sideways 8 mm. The beam diameter was 

8 mm. 

 

Figure 2-2. Schematic of a SANS diffractometer with a spallation source (Sans2D). 

 Each raw scattering data set was corrected for the detector efficiencies, sample 

transmission and background scattering and converted to scattering cross-section data (∂Σ/∂Ω 

vs. q) using the instrument-specific software Mantidplot. The data was placed on an absolute 

scale (cm-1) using the calibration from a standard sample of known scattering length density 

(e.g. a solid blend of hydrogenous and perdeuterated polystyrene) in accordance with 

established procedures218 Data fitting was performed with SasView 4.1.2 software. 

2.3.1.2 PA20 beamline (Laboratoire Léon Brillouin, CEA Saclay, France) 

PA20 is a time-of-flight small-angle diffractometer at the Laboratoire Léon Brillouin (CEA 

Saclay, France) where neutrons are produced by the nuclear reactor Orphée.219 The desired 

neutron wavelength is selected with a monochromator and the resulting beam is directed 

towards the sample (Figure 2-3). The following combination of wavelengths and 

configurations was used to allow for an overall q range of 0.0008 – 0.3 Å-1: 

- Wide angles: L = 2 m; λ = 15 Å so that 0.02 < q <0.3 Å-1 

- Intermediate angles: L = 8 m; λ = 15 Å so that 0.004 < q <0.05 Å-1 

- Small angles: L = 18 m; λ = 6 Å so that 0.0008 < q <0.01 Å-1 

 

Figure 2-3. Schematic of a monochromatic diffractometer (PA20). 
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 Each raw scattering data set was corrected for the detector efficiencies, sample 

transmission and background scattering, converted to scattering cross-section data and stitched 

together using the instrument-specific software Penguin. Data was processed with SasView 

4.1.2 software. 

2.3.2 Neutron scattering experiments 

2.3.2.1 Typical experimental setup 

In a typical SANS experiment, a sample is irradiated by a neutron beam ki
⃗⃗  of initial magnitude 

2π

λ
  where λ is the neutron wavelength. The intensity of the elastically scattered neutrons, 

described by the wave vector kf
⃗⃗  , is recorded as a function of the scattering angle 2θ where θ is 

typically within the range of 0.2° to 20°. The scattered intensity, measured in 2D, is finally 

radially integrated to obtain the 1D scattering intensity profile I as a function of the wave vector 

q (Figure 2-4).220, 221 

 

Figure 2-4. Schematics of a SANS experiment: data acquisition and processing.  

2.3.2.2 Neutron contrast 

The elastic scattering intensity I(q) is separated in two contributions: 

I (q) = Ic (q) + Iic (2-6) 

where Ic and Iic are respectively the coherent and non-coherent contributions to scattering. Ic is 

dependant of q and contains structure-related information, while Iic is constant and depends on 

the material composition only. 

 Ic and Iic are highly sensitive to the nucleus composition. For instance, the incoherent 

contribution of hydrogen (1H) is significant, while it is negligible for deuterium (D, 2H) and for 

most common atoms (Table 2-2). As a result, deuteration considerably impacts on the 

scattering while minimising the effect on the overall material structure, as represented by the 

scattering length bi for an atom i. 
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Table 2-2. Neutron scattering cross sections and scattering length of most common atoms. 

 
Coherent cross section 

(10-24 cm2) 

Incoherent cross section 

(10-24 cm2) 

Scattering length 

(10-13 cm) 

1H 1.7583 80.27 -3.739 

2H 5.5592 2.05 6.671 

12C 5.559 0 6.646 

14N 11.03 0.5 9.360 

16O 4.232 0 5.803 

The scattering length density (SLD) ρx of a compound x is given by: 

ρ
x
=

∑ bii

ν
NA (2-7) 

where ν is the molar volume of compound x and 𝒩A is the Avogadro number. 

 The scattering length density ρphase of a phase containing multiple compounds and the 

contrast Δρ between two phases 1 and 2 can be respectively calculated as: 

ρ
phase

= ∑ ϕ
k
ρ

k

k

 (2-8) 

Δρ = │ρ
1
– ρ

2
│ (2-9) 

where ϕk is the volume fraction of components k. Adjusting the scattering length density of the 

solvent by playing on the H/D ratio allows to selectively contrast-match parts of a system 

(Figure 2-5). 

 

Figure 2-5. Illustration of contrast variation with different solvent scattering length densities. 

2.3.3 Data processing 

2.3.3.1 Scattering theory 

The scattering intensity can be expressed as: 

I(q)= n.P(q).S(q) (2-10) 
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where n is a constant related to the particle contrast and concentration, P(q) is the form factor 

describing the scattering from individual particles and S(q) is the structure factor which 

represents inter-particle interactions. In the case of spherical particles n can be expressed as: 

n = 
N

V
 VP 

   2Δρ2 (2-11) 

where  
N

V
  is the number density of particles, VP is the particle volume and Δρ is the contrast. 

 The form factor of a uniform spherical particle of radius R can be calculated as: 

𝑃(q) = 4πR3 sin(qR ) - q R cos(qR)

(qR) 3  (2-12) 

The simplest way to account for the radius polydispersity is to incorporate a Gaussian 

distribution function: 

D (R,⟨ R⟩,s) = 
1

2π s ⟨R⟩
 e

 - 
 ( R - ⟨ R⟩ )2

2s2 ⟨ R⟩ 2  (2-13) 

where s represents the relative size polydispersity and ⟨𝑅⟩ is the mean radius diameter. 

Polydispersity can also be expressed by the Schulz-Zimm distribution function:222  

D(R) = [ 
z+1

⟨𝑅⟩
 ]

 z
R2

Γ(z+1)
e - (z+1)R (2-14) 

 

where ⟨𝑅⟩ is the mean radius diameter, Γ is the Gamma function and z is related to the standard 

deviation σ by z + 1 = 1/σ2. The form factors of cylinders, ellipsoids, core-shell structures or 

polymer chains in solution are also known.  

 The interaction of non-deformable, homogeneous hard spheres can be modelled by the 

following structure factor: 

S(q) = 1+
N

V
 4π ∫(g(r) -1) 

sin (qr)

qr
r2dr (2-15) 

where g(r) is the pair correlation function which represents the average of the normalized 

density of atoms in a shell of thickness dr situated at the distance r from the centre of a particle. 

This assumes particle interactions based only on their excluded volumes and neglects any 

electrostatic interactions. Nevertheless, this expression is widely used as it presents an 

analytical solution when using the Percus-Yevick approximation, which relates mathematically 

the direct and indirect correlations of particles.223  In the case of dilute solutions, the inter-

particle interactions are negligible and the structure factor can be approximated as S(q) ~ 1.   
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2.3.3.2 Guinier approximation 

The Guinier approximation stipulates that the form factor of any particles can be represented 

by a Gaussian function in the low q region regardless of their shape. For dilute solutions – 

where the structure factor is negligible – the scattering can therefore be approximated as: 

I(q) ~ P(q) ~ I0 e 
- 

Rg
2

3
 q2

 (2-16) 

where Rg is the radius of gyration and I0 is the intensity extrapolated to q = 0.  Rg is independent 

of the system intensity and of its shape in solution. The radius R of a homogeneous sphere can 

be obtained from Rg by the following equation: 

 R =√
3

5
 Rg (2-17) 

Rg accounts for the hydration layer of a particle and is sensitive to inter-particle interactions at 

higher concentrations or polydispersity. Rg is typically obtained by plotting ln(I(q)) as a 

function of q2 – known as the Guinier plot – whose slope equals 
Rg

2

3
. The Guinier approximation 

must satisfy q.Rg < √3.220 

2.3.3.3 Porod’s law 

The Porod’s law is performed in the high q region (qRg >> 1) where the scattering intensity 

follows an asymptotic decay: 

I(q)= S.q -D + background  (2-18) 

where S can be related to the surface area of the particles and D is the fractal dimension of the 

object, obtained as the slope of the log(I(q)) against log(q) plot. D provides useful information 

on the morphology of the system, where D varies between 1 (corresponding to rigid rods) and 

4  (corresponding to small particles of smooth surfaces) (Figure 2-6). Polymer solutions 

typically present a slope D = 5/3 for fully swollen coils in good solvent and D = 2 for polymer 

chains in Θ solvent,224 while a slope between 2 and 3 is a signature of a mass fractal, defined 

as a structure containing branching and crosslinking points and therefore typically found in 

crosslinked polymer gel. A slope comprised between 3 and 4 corresponds to a surface fractal 

and indicates rough interfaces between particles.220 
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Figure 2-6. Illustration of Porod’s law for various shape objects. 

2.3.3.4 Guinier-Porod plot 

As the Guinier and the Porod regions are valid in different regions of the spectra, Hammouda 

reported a procedure to calculate them simultaneously using the following equations:225 

I(q) = 
A

qs
e

- 
Rg

3-
2
s
 q2

  for q < q
1

(2-19) 

I(q) = 
B

qD
  for q > q

1
(2-20) 

where A and B are respectively the Guinier and the Porod scale factors, and s is a dimensional 

parameter used to describe non-spherical objects. For spherical or 3D objects s = 0 which leads 

to the classic Guinier approximation: 

I(q) ~ P(q) ~ I0 e 
- 

Rg
2

3
 q2

 (2-21) 

 Platelets are characterised by s = 1 and rods by s = 2. A, B and q1 and are imposed by the 

continuity of the function over the whole q range, so that D and Rg are independent and q1 can 

be calculated as:  

q
1
=

1

Rg

√
3D

2
  (2-22) 

 

It is worth noting that q1 does not need to be calculated in prior and that these calculations 

should not include the background region. 
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Figure 2-7. Scattering intensity of Span 80/Tween 80 micelles in d-cyclohexane (blue) and the 

corresponding Guinier-Porod plot (black line). 

2.3.3.5 Kratky plot 

Kratky plots – q2.I(q) VS q – are performed in the high q region. They are particularly used in 

the study of polymer in solution. The scattering intensity of an ideal polymer chain following 

Gaussian statistics follows I ~ q-2 – as seen in 2.3.3.3 – and will therefore present a plateau on 

the corresponding Kratky plot. On the other hand, a crosslinked polymer network – such as a 

gel – presents a mass fractal so that I varies proportionally to ~ q-2 – q-3, which results in the 

formation of a peak (Figure 2-8).220 These plots have been used to confirm hydrogel 

formation.61, 224 

 

Figure 2-8. Schematic representation of a Kratky plot for ideal polymer in solution (brown) 

and crosslinked polymers such as gels (blue). 
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2.3.3.6 Nano-emulsion modelling 

Reverse nano-emulsions consist of water droplets dispersed in a non-water-miscible phase -

referred to as the oil phase – and stabilised by a surfactant film. The scattering of these objects 

is generally well represented by the sum of a polydisperse water core surrounded by a surfactant 

shell: 

P (q) = C. F2(q) +background (2-23) 

where C is a constant accounting for the geometry and the contrast and F(q) is: 

 F (q) = 
3

Vs

[Vc (ρ
c
- ρ

s
)

sin (qrc ) - qrc cos (qrc)

(qr
c
)

3
+Vs (ρ

s
 - ρ

solv
)

sin  (qrs) - qr s cos (qrs)

(qrs)3
] (2-24) 

where Vs and Vc are the volume of the whole particle and of the core respectively, rc is the 

radius of the particle core and rs the radius of the whole particle with core radius rc and shell 

thickness t and ρc, ρs and ρsolv are the scattering length density of respectively the core, the shell 

and the solvent. Nano-emulsions droplets are polydisperse, which is generally accounted for 

by adding a Gaussian function to the core radius rc and to the shell thickness t.222, 226 

 Gradzielski et al. investigated the scattering of o/w micro-emulsions based on 

D2O/C10D22 and C10E4 surfactants. In these conditions the scattering length densities of the 

C10D22 core ρc and of the D2O solvent ρsolv were almost equal, which allowed them to model 

the scattering as a polydisperse Gaussian shell.227 Although discrepancies were observed in the 

low q region, the data fitted correctly in the low and medium q regions which allowed for the 

determination of rc and to the shell thickness t. The introduction of a hard sphere structure 

factor did not yield satisfactory scattering, suggesting that a more complex description of the 

inter-particle interactions should be envisaged. 

 Foster et al. studied w/o micro-emulsions based on D2O/C6D12 and stabilised by C12E6, 

a non-ionic surfactant. They found that the scattering densities of the core and of the solvent 

were too different to allow the Gaussian shell model developed by Gradzielski et al. to describe 

the scattering, which was attributed to an impurity in the D2O.226 They introduced individual 

scattering from the core/shell and from the shell/solvent interfaces. They obtained good fits in 

the high and intermediate q ranges, which yielded to the values of the shell thickness and of 

the water core respectively. The introduction of a hard sphere structure factor yielded lower 

scattering intensity in the low q region, consistent with the charged nature of the emulsion 

droplets and their resulting repulsion. Using a structure factor of sticky hard spheres, on the 

other hand, allowed to effectively represent the behaviour in the low q region. Interestingly, 
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the values or rc and t obtained with S(q) = 1 and with a sticky hard sphere structure factor were 

identical, suggesting that the approximation S(q) ~ 1, although incorrect, is enough to 

characterise the micro-emulsion droplets, as reported in earlier studies.228, 229 

 De Molina et al. studied w/o and o/w/o nano-emulsions consisting of D2O/C6D12 with 

Span 80 (S80) and Tween 20 (T20) non-ionic surfactants.222 They observed various 

microstructures depending on the water volume fraction used, ranging from micelles to reverse 

vesicles, some of them with multiple encapsulated vesicles. The scattering of the water droplets 

was well decsribed by a polydisperse core-shell sphere accounting for both the D2O core ρc and 

of the C6D12 solvent ρsolv with a hard sphere structure factor and a Schulz-Zimm function to 

account for the polydispersity of the water core rc. 

 The use of a core-shell model requires the knowledge of the scattering length density 

of the shell and hence the surfactant composition at the interface. Foster et al. calculated the 

surfactant solubility in cyclohexane through the study of phase diagrams for various surfactant 

mass fraction γb.
226 The same method was used to determine the composition of shells after 

addition of block copolymers.230 De Molina et al. used contrast-match scattering experiments 

to the surfactant head groups so that only the water-oil interface is visible.222 They did not find 

differences in the resulting core dimension rc while the shoulder featuring the surfactant shell 

was no longer visible, strongly suggesting that the solvation of the surfactant shell was not 

visible by SANS, and used therefore the scattering length density of the surfactant mixture for 

ρs. 

2.3.3.7 Hydrogel modelling 

Geissler et al.224, 231, 232 first proposed a gel scattering function Igel(q) as a combination of a 

liquid-like (IL(q)) and a solid-like (IS(q)) scattering terms modelling the polymer chain in 

solution and the crosslinking points respectively: 

Igel(q)= IL(q)+ IS(q) (2-25)  

The polymer contribution IL(q) is typically given by a Lorentzian equation: 

IL(q) = 
IL(0)

1+ξ
2
q2

 (2-26) 

where ξ is the correlation length, which represents the mesh size of the gel network.  

 For an ideal homogeneous crosslink hydrogel, the mesh size is the only characteristic 

length of the network internal structure, representing the distance between crosslinking points; 

tetra-arm PEGs60 or click hydrogels61 for instance are generally considered as ideal networks. 

In practice, inhomogeneities can arise from incomplete crosslinking or the formation of highly 
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reticulated regions of high scattering (Figure 2-9).233 These inhomogeneities are typically 

described by one of the following functions: another Gaussian term, an exponential function 

or with the Debye-Buesche-Anderson (DAB) model as will be discussed below.233, 234  

 

Figure 2-9. Illustration of an ideal hydrogel network and possible inhomogeneities. 

 These inhomogeneities - or solid-like behaviour IS(q) – were first introduced by Mallam 

et al.232 as an exponential: 

Is(q) = Is(0) e -Ξ sq s (2-27) 

where Ξ is the mean size of the solid-like uniformities and s is a positive constant. In particular, 

if s = 2 – which was observed for end-crosslinked poly(dimethylsiloxane) (PDMS) gels in 

toluene – IS(q) follows a Gaussian distribution, which leads to the following expression for I(q) 

by Shibayama et al.:224 

Igel (q) = 
IL(0)

1+ξ
2
q2

+  Is(0)e
- 

Rg 
2 q2

3  (2-28) 

where Rg is the radius of gyration of the polymer rich domain, with Rg = √3 Ξ. Although s = 2 

gave satisfactory fits for pNIPAM hydrogels, poly(vinyl acetate) (PVAc) gels were better fitted 

with s = 0.7, consistent with a randomly covalently crosslinked gel.231 Finally, for hydrogen 

bonding-rich networks such as PVA hydrogels, IL(q) varies accordingly to the mass fractal D 

according to:231 

IL(q)=
IL(0)

(1 + 
D+1

3
 ξ

2
q2)

D/2
 (2-29)

 

It is worth noting that for a mass fractal of D = 2 the classic Lorentzian equation is recovered. 

 More recently, Hammouda et al. investigated poly(ethylene oxide) (PEO) clustering 

mechanism leading to gel formation. The system was well modelled by the addition of a 

Lorentzian equation describing the polymer chain scattering and a Porod scattering term 

representing the clusters:235 
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I(q) =
A

qD +
C

1+(qξ) m +background (2-30) 

where D is the Porod exponent of the system, m is the Lorentzian exponent, ξ is the correlation 

length and A, C and the background are all constant. This model was also used by Saffer et al. 

in their study of photo-chemically crosslinked PEG hydrogels through thiol-ene chemistry.61 

The Lorentzian exponent is related to the polymer-solvent interactions, with m < 2 

characteristics of efficient polymer solvation and m > 2 typically representative of polymer 

chains in a θ solvent. For m = 2 the classic Lorentzian component is recovered, which was 

shown by Mears et al. to model well non-interacting pNIPAM microgels with a Porod decay 

in q - 4.236 

 Hyland et al. used SANS to investigate the mesh size of physical polysaccharide-based 

hydrogels containing calcium ions237 or peptides238. Following on the work of Debye-

Anderson-Bueche (DAB) they calculated the mesh size of the network as: 

I(q) = A
Lc

3

(1 + q2Lc
2)

 2 +background (2-31) 

where Lc is the correlation length of the system and A is a constant. Although this equation was 

initially developed to characterise the porosity of inhomogeneous solids,239 Soni et al. observed 

a good correlation between Lc and their PDMS gels in toluene.240 This equation is sensibly 

different as it does not present a term to account for the covalent crosslinking points in the low 

q region. It also exhibits a q-4 behaviour in the high q region, indicating smooth interfaces 

between the polymer chains and the solvent, while the Lorentzian equation classically assumes 

a q-2 behaviour. Crompton et al. combined this equation with a Lorentzian term to describe 

physical chitosan/glycerophosphate hydrogels, where the Gaussian term – coming from the 

DAB relation – accounted for the solid-like inhomogeneities.241 

 The formation of highly reticulated regions can create sharp binderies between the 

swollen polymer chains and densely, solid-like frozen crosslinks, which can result in a 

scattering peak described by a broad Lorentzian peak:61, 242 

I(q) = 
A

qn
 + 

1

1+ (|q+q
0
|
ξ
)

2
 + B (2-32)

 

where q0 is the peak position, related to the d spacing between the frozen crosslinks: 

q
0
=

2π

d0

 (2-33) 
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2.3.3.8  Microgel modelling 

As for hydrogels, the scattering of microgels can be expressed as the sum of the intensity from 

the dynamic polymer chains IL(q) and from the crosslinked particles IS(q). While the polymer 

chain mobility is still appropriately modelled by a Lorentzian function, different description of 

the solid-like component has been reported depending on the material dimensions and 

morphology. In addition, inter-particle interactions must be considered as it may result in an 

additional structure factor S(q). 

 Mears et al. simply described IS(q) of non-interacting pNIPAM microgels by a Porod 

law in the low q region (q = 0.01 – 0.1 Å-1) following a q - 4 dependence:236 

I(q) =
A

q4 +
IL(0)

1+(qξ) 2
 (2-34) 

where A and IL(0) are constant. The addition of sodium dodecyl sulfate (SDS), an ionic 

surfactant, resulted in the formation of charged aggregates which required the introduction of 

a structure factor S(q) proposed by Hayter and Penfold to account for the additional charges.  

 Following on this work, Saunders studied pNIPAM microgels under dilute conditions 

so that S(q) ~ 1. The microgel core was represented by a Porod form factor representing a 

crosslinked core of surface area ST and a solvated shell of thickness σ so that:243 

I(q) =
2πST(Δρ)2

q4
e - σ2q2

+
IL(0)

1+(qξ) 2
 (2-35) 

where Δρ is the contrast. Although very simple as not accounting for the deformations of 

microgels, this model gave valuable insights into the internal structure of pNIPAM microgels 

and allowed for a linear relationship between Rg and ξ to be drawn. This study took advantage 

of the very monodisperse nature of pNIPAM microgels, suggesting that these results may not 

translate to more polydisperse systems.  

 To account for a more accurate structure of the microgels, Stieger et al. represented the 

solid-like scattering contribution of pNIPAM microgels as a polydisperse fuzzy sphere with a 

densely crosslinked core and a shell consisting of loose polymer chains, whose form factor 

P(q) was calculated as:244 

 P (q) = [ 3 
sin(qR) - qR cos(qR)

(qR) 3  e -  
σ2

2
 q2

]

2

 (2-36) 

where σ represents the width of the smeared particle surface – that is, the standard deviation 

from the average height of the fuzzy interface – and R is the particle radius, which is represented 

by a Gaussian function to account for particle polydispersity. The scattering of concentrated 

microgel suspensions was satisfactorily described following the addition of a simple hard 
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sphere structure factor.245 This more sophisticated model was successfully used by Aguirre et 

al. to study thermo-responsive oligo-ethylene glycol microgels.246 

 Finally, the scattering of core-shell microgels such as pNIPAM247 or poly(N-vinyl 

caprolactam) (pVCL)248 can also be expressed as a combination of  one term for the crosslinked 

core and one final term for the shell; these models, however, require a very good understanding 

of the microgel structure and cannot be easily transferred to new systems. 

2.4 Rheology 

Rheology is the study of flow and deformation of materials under an applied force suited to 

soft materials, whose properties lie between those of an ideal solid and of an ideal viscous 

fluid.249 The deformation of these so-called viscoelastic materials is modelled by the 

combination of a term describing an ideal solid whose deformation σs is directly proportional 

the applied strain γ according to Hooke’s law: 

σs = G.⋅γ (2-37) 

and the addition of a term describing an ideal viscous liquid whose deformation σl persists if 

the constraint is applied according to Newton’s theory:  

σl = η
dγ 

dt
 (2-38) 

where G is the elastic modulus and η is the Newtonian viscosity.  

2.4.1 Dynamic rheology: theory 

In a dynamic rheology experiment, the sample is subjected to a sinusoidal deformation γ(t): 

γ(t)= γ
0
.sin(ωt) (2-39) 

where γ0 is the initial amplitude, ω is the deformation – related to the frequency f = 
2π

ω
. The 

resulting material deformation follows a sinusoidal law with a phase-shift δ: 

σ(t) = σ0 sin(ωt + δ) (2-40) 

For a purely elastic material – i.e. an ideal solid – δ = 0 while for a purely viscous material – 

i.e. an ideal liquid - δ = 
π

2
. σ(t) can be further rearranged as: 

σ(t) = σ0 sin(ωt) cos δ + σ0 cos(ωt) sin δ  (2-41) 

From this equation the storage (or elastic) modulus G’ and the loss (or viscous) modulus G’’ 

are defined by: 

 G' = 
σ0

γ
0

 cos δ  (2-42) 
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G'' = 
σ0

γ
0

 sin δ  (2-43) 

 tan δ  = 
G''

G'
 (2-44)

where G’ and G’’ quantify the energy stored and lost respectively during a strain cycle. The 

dominance of a solid-like behaviour results in a loss factor tan δ < 1 while a liquid-like 

behaviour presents tan δ > 1. A hydrogel typically presents G’ > G’’. 

2.4.2 Amplitude or stress sweep measurements 

In an amplitude sweep experiment, a stress of an increasing amplitude is applied to a material 

with a constant frequency.  In these conditions, a viscoelastic material presents a constant 

response to an applied stress up to a certain point, knows as the yield stress γ
C

 where it starts 

to flow. The range of stress where G’ and G’’ are constant (γ < γ
C

) is known as the linear 

viscoelastic region (LVER) (Figure 2-10). Most rheology experiments are performed within 

the LVER as both G’ and G’’ and independent of the strain, so that any observed deformation 

can be attributed to the frequency. Non-linear rheology can also be performed. It is worth 

mentioning that the LVER is directly dependant on the chosen frequency. 

 

Figure 2-10. Amplitude sweep measurements: (A) experimental setup, (B) evolution of the 

amplitude with time for a given frequency, and (C) typical data. 

2.4.3 Frequency sweep measurements  

In a frequency sweep experiment a constant stress γ on the LVER is applied while the frequency 

is varied. For a strongly connected material such as a crosslinked hydrogel G’ and G’’ are 

independent of the frequency, while the solid-like and viscous-like behaviour of softer 

materials such as physical hydrogels varies with frequency. A crossover of G’ and G’’ may 

occur, with important variations by an order of magnitude typically observed (Figure 2-11).  
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Figure 2-11. Frequency sweep measurements: (A) experimental setup, (B) evolution of the 

frequency with time for a given amplitude, and (C) typical data for covalently (circles) and 

physically (triangles) crosslinked hydrogels. 
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3 Polymer synthesis and characterisation 

3.1 Introduction and aims 

This chapter covers the synthesis and the characterisation of a novel photocrosslinkable 

chitosan hydrogel precursor. As discussed in the Chapter 1, chitosan (CS) is a promising 

material due to its biocompatibility and its bioactivity, namely its antibacterial properties and 

its ability to favour wound healing and tissue regeneration. Photo-crosslinkable CS hydrogel 

precursors are typically obtained by radical-initiated step-growth polymerisation or thiol-ene 

photoclick after (meth)acrylation functionalisation. To limit acrylate side reactions, a new CS 

derivative was designed based on norbornene (nb), a more stable derivative yet more reactive 

towards radicals. The synthesis and characterisation of this derivative, as well as its reactivity 

towards model thiols, will be discussed. 

3.2 Methods 

CS (low molecular weight 50-190 kDa, deacetylation degree (DD) = 76 % calculated by 1H 

NMR – see Figure 3-1) was purchased from Sigma. Carbic anhydride (mostly endo, CA) was 

obtained from Acros. Imminiothiolane hydrochloride was received from Carbosynth. Other 

reagents were purchased from Sigma, Acros, Fluka or Lancaster and used as received. Dialysis 

against deionised (DI) water (MilliQ; resistivity 18.2 M cm and total organic content (TOC) 

< 4 ppb) were performed using a SnakeSkin dialysing tubing with a molecular weight cut-off 

(MWCO) of 10 kDa (Thermo Scientific). 

 1H NMR were recorded with a Varian VNMR S600 equipped with an HCN triple resonance 

cryogenic probe at 40 °C to sharpen the water peak and to allow for more accurate integration 

of the nb peaks. DOSY NMR were performed on a Varian spectrometer (500 MHz) at 25°C 

with a pulse length of 2 ms and a diffusion time of 500 ms. Pulse gradients were increased in 

16 steps from 2% to 95% of the maximum gradient strength (53.5 G/cm) in a linear ramp. FT-

IR was performed on a were recorded on  the  neat  compounds  using  an  ATR  sampling  

accessory  on  a  Perkin Elmer  Spectrum  One spectrometer. 

3.2.1 Determination of the deacetylation degree (DD) of CS 

DD was obtained by integrating the singlet at 1.92 ppm (a,CH3 of GlcNAc units, blue, 3H) and 

the singlet at 3.04 ppm (b, H2 of GlcN and GlcNAc units, yellow, 1H) as described by Hirai at 

al.250  
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𝐷𝐷 =  1 − 

𝐼𝑎
3
𝐼𝑏

 (3-1) 

 

 
 

Figure 3-1. Determination of the deacetylation degree (DD) of CS by 1H NMR.  

Using Equation (3-1) with Ia = 0.71 and Ib = 1: DD = 76 % 

3.2.2 Synthesis of CS-nb-ald 

CS (1 g, 5.90 mmol of amine group) was dissolved in 100 mL of DI water by slow addition of 

acetic acid until pH reaches 5 then norbornene-carboxyaldehyde (nb-ald, 0.5, 1, 1.5, 2 or 3 eq 

per free amine) was added. The reaction mixture was stirred for 2.5 hrs to allow for imine 

formation then sodium cyanoborohydride (3 eq per imine) was added and the mixture was 

stirred at room temperature for another 24 hrs. The resulting polymer conjugates were dialysed 

against 5% NaCl for 24 hrs, DI water for 48 hrs and lyophilised. Due to the very low solubility 

of the products CS-nb-ald a presat 1H NMR of the product was performed in 1% DCl/D2O (see 

Figure 3-2). 
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Figure 3-2. Presat 1H NMR of: A) CS and B) CS-nb-ald in 1% DCl/D2O. 

3.2.3 Synthesis of CS-nb-CDI 

CS (1g, 5.9 mmol) was dissolved in 100 mL 0.1 M 2-ethanesulfonic acid (MES) buffer adjusted 

to pH 5.0 by stirring at room temperature. Once solubilised, 1, 1’-carbonyldiimidazole (CDI, 

2.87 g, 3 eq. per free amine) and norbornene-2-carboxylic acid (nb-COOH, 2.44 g, 3 eq. per 

free amine) were added, and the mixture was stirred at room temperature for 3 days. The 

polymer was dialysed against 5 % NaCl for 24 hrs first and then deionised (DI) water for 2 

days, and then lyophilised. Due to the low solubility of the products CS-nb-CDI a presat 1H 

NMR of the product was performed in 1% DCl/D2O, which presented multiple sharp peaks 

attributed to remaining nb-COOH in solution (see Figure 3-3). 
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Figure 3-3. Presat 1H NMR of: A) CS and B) CS-nb-CDI in 1% DCl/D2O. 

3.2.4 Purification and solubility testings of CS-nb-ald and CS-nb-CDI 

Solubility was tested in aqueous solutions of dimethylsulfoxide (DMSO), dimethylacetamide 

(DMAc) and dimethylformamide (DMF) with and without 8% LiCl as well as in 

urea/LiCl/KOH mixes as previously reported.251 

 Several purification procedures were attempted: precipitation against acetone, 

methanol and ethanol; dialysis against DI water; dialysis against a decreasing gradient of NaCl. 

The efficiency of the removal of non-covalently bonded nb was measured by DOSY. Only 

dialysis against a decreasing gradient of NaCl successfully removed the unreacted material, 

which is due to the screening of charges by NaCl reducing secondary electrostatic interactions 

between the polymer chains and remaining small molecules.252 

3.2.5 Synthesis of CS-nb 

CS (1 g, 5.9 mmol) was dissolved in 100 mL of 2% acetic acid (AcOH). Once solubilised, 

carbic anhydride (CA, 972 mg, 5.9 mmol) was added, and the mixture was stirred at 50 °C for 

2 days. The resulting polymer conjugates were dialysed against 5% NaCl for 24 hrs, DI water 

for 48 hrs, and lyophilised. Effective removal of unreacted CA was verified by DOSY NMR 

(Figure 3-7A). 

The degree of substitution (DS) was calculated by 1H NMR as detailed in Equation (3-2): 
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𝐷𝐷 =  1 − 

𝐼𝑑
2
𝐼𝑏

 (3-2) 

where the signals corresponding to Id and Ib are shown in Figure 3-4. 

 

 

Figure 3-4. 1H NMR of CS-nb and detailed calculation of the degree of substitution (DS).                   

Using Equation (3-2) in this example: DS = 

0.71

2

1
= 35.5 %  

The degree of functionalisation (DF in µmol of nb/mg of CS-nb) was calculated by 1H NMR 

by dissolving 2-to-5 mg of CS-nb in D2O containing 1 mM of anhydrous DMF, used as a 

standard as reported by Ooi et al.97 as:  

 𝐷𝐹 =  𝐼𝑓 . 𝐶𝐷𝑀𝐹 . 𝑉𝐷𝑀𝐹

𝐼𝑑
2

𝑚𝐶𝑆−𝑛𝑏

(3-3) 

where: 

𝐼𝑓 is the integral of the amide H of DMF (labelled f in Figure 3-5, 1H) 

𝐶𝐷𝑀𝐹 is the concentration of DMF used to prepare the NMR sample (1 mM) 

𝑉𝐷𝑀𝐹 is the volume of DMF used to prepare the NMR sample (550 µL) 

𝐼𝑑 is the integral of the alkene peaks of norbornene (labelled din Figure 3-5, 2H) 
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𝑚𝐶𝑆−𝑛𝑏 is the mass of CD-nb dissolved to make up the NMR sample  

An example of calculation is given Figure 3-5 with 𝑚𝐶𝑆−𝑛𝑏 = 3.10 mg, which gives: 

DF =  1 × 1 × 0.550
10.61

2

3.10
 = 0.94 µmol nb/mg CS-nb 

 

 

Figure 3-5. 1H NMR of CS-nb with 1 mM DMF and detailed calculation of the degree of 

functionalisation (DF) 

3.2.6 Optimisation of the synthesis of CS-nb by experimental design 

Experimental design was performed using MODDE 9.1 software. Three parameters were 

studied: temperature (varied between 25 and 50 °C), reaction time (6 to 48 hrs), and equivalents 

of carbic anhydride (0.5 to 1.5). DS was chosen as the only variable to measure the result; the 

desired value was set to 50%. 11 experiments were suggested by the software (see the table in 

Figure 3-8), which were conducted with 50 mg of CS in 5 mL of a 2% AcOH solution. The 

reaction was carried out as described in Section 3.2.5 and the experimental analysis was 

performed with MODDE 9.1 using a standard screening design. 
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3.2.7 Synthesis of CS-SH 

The polymer was synthesized according to a previously reported procedure.253 Briefly, CS (500 

mg, 2.96 mmol of amine group) was dissolved in 50 ml of 2% AcOH by stirring at room 

temperature. Once dissolved pH was adjusted to 7 by dropwise addition of NaOH 1M then 

imminiothiolane (81 mg, 0.592 mmol, 0.2 eq) was added. The reaction was performed at room 

temperature for 16 hrs and the polymer was recovered after dialysis against NaCl for 24 hrs 

followed by DI water for 48 hrs and freeze drying. The pH during the dialysis step was 

maintained to 5 to limit the formation of disulfides, which is favoured at higher pHs; a final 

dialysis was performed against DI water for 2 hrs to remove the excess of salts. The degree of 

thiolation was measured by colorimetry using Ellman’s reagent according to the manufacturer 

protocol, using cysteine as an internal standard. The disulfides were preliminary cleaved for 2 

hrs with tris(2-carboxyethyl)phosphine hydrochloride (TCEP). 

3.2.8 Proof-of-concept: thiol-ene coupling 

CS-nb (5 mg, 3.3 µmol nb) was dissolved in D2O containing Irgacure 2959 (1 mg/mL, 550 µL) 

and combined with cysteine ([nb]:[SH] molar ratio Rs = 1:4, 1:2 and 1:1) in an NMR tube. The 

resulting mixture was cured with UV-B for 5 min. The reaction was studied by in situ 1H NMR 

by monitoring the ratio between the alkene peak of nb and the N-acetyl group. 

3.3 Results and discussion 

3.3.1 Synthesis and characterisation of nb-functionalised CS polymers (CS-nb) 

CS is commonly functionalised through its amine groups which higher nucleophilicity 

compared to hydroxyl groups allows for enhanced selectivity. Common functionalisation 

strategies include Schiff base reduction with aldehydes (Scheme 3-1, route a) and amide 

coupling of carboxylic acids (Scheme 3-1, route b). Schiff base formation represents an 

attractive solution due to the selectivity and the efficiency of imine formation, leading to 

polymers of relatively high degree of substitution (DS) compared to the amide and ester 

analogues.176 Shortly after the addition of carboxyaldehyde norbornene (nb-ald) the polymer 

precipitated out of solution, even when lower concentrations of nb-ald where investigated, and 

the resulting conjugates suffered from low solubility not only in water but also in a variety of 

solvents known to favour CS solubility (see section 3.2.4). 
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Scheme 3-1. Nb-functionalised CS polymers and their synthetic routes. 

 CS amidation with norbornene-carboxylic acid (nb-COOH) using CDI resulted in the 

successful synthesis of CS-nb-CDI (Scheme 3-1, route b) as evidenced by 1H NMR (see 

Appendix B-B). It is noteworthy that amide coupling using EDC and NHS-activated nb-COOH 

led to mixtures of product and unreacted EDC that could not be separated by dialysis or 

precipitation (see section 3.2.4 for details on the purification procedures attempted).  As CS-

nb-ald, CS-nb-CDI suffered from low solubility, which is probably due to the reduction of the 

positive charge as CS amines were converted to amides, in combination to the increased overall 

hydrophobicity induced by the addition of nb groups.  

 To circunvent this, carbic anhydride (CA) was used to react with the CS amine groups, 

which upon ring opening resulted in the concomitant amide formation and introduction of an 

acid functionality on the pendant nb that led to the polymer CS-nb (Scheme 3-1, route c). CS-

nb was not only soluble in mild acidic conditions, but also in DI water, giving solutions of final 

pH ~ 5 depending on the concentration of polymer used. Although the final polymer could not 

be directly dissolved in phosphate buffer saline (PBS) or at pH > 6 this is a massive 

improvement over native CS for which acidic pH or chemical modifications are required. This 

improved solubility likely results from both the introduction of a carboxylic acid group and by 
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the concomitant disruption of the hydrogen bond network as amines react, as previously 

reported.254 

 

Figure 3-6. 1H NMR of: CA (A), CS (B) and CS-nb (C).  

 The incorporation of nb into CS was confirmed by 1H NMR, with the appearance of nb 

alkene peaks at 6.2-6.3 ppm, (Figure 3-6) and of the bridged protons at 1.7-1.9 ppm (Figure 

3-6). This spectrum is consistent with previous work reported by McOscar et al. for 

carboxymethylcellulose functionalised with CA.91  The broadening of the alkene signal from 

15.9 Hz in CA to 65.6 Hz in CS-nb indicated a slower tumbling leading to faster relaxation, 

consistent with the covalent binding of CA to CS. In addition, the bridged protons shifted from 

~ 1.6 to ~ 1.8 ppm, consistent with previous reports.91 In addition, DOSY NMR confirmed the 

formation of a single species in solution, with a diffusion coefficient consistent with values 

expected for a polymer in solution (~ 7.10-8 cm2.s-1, compared to ~ 6.10-6 cm2.s-1 for CA, Figure 

3-7A). Finally, FT-IR presented new bands at 1695 and 1570 cm-1 corresponding respectively 

to carboxylic acid C=O and to cyclic alkenes C=C stretching (Figure 3-7B). 
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Figure 3-7. DOSY NMR (A) and FT-IR (B) of CS-nb. 

3.3.2 Optimisation by experimental design 

Control over the degree of substitution (DS) and the amount of crosslinking point is an 

important parameter for the final properties of hydrogels, with higher DS leading to stronger 

materials and a minimum DS needed to achieve gelation.255 As summarised in the table in 

Figure 3-8, an increase in the DS of the amines by nb from 24 to 43 % was observed as the 

reaction time, the temperature, or the equivalent of CA increased. Figure 3-8 shows that the 

reaction time and the amount of CA significantly contributed to the DS (A), whilst the 

temperature and the reaction time in conjunction had less impact on the final DS, as suggested 

by the dominant green colour (B). Hence, the most efficient way to increase the DS is to 

increase the amount of CA and/or to increase the reaction time, rather than varying the 

temperature. This short screening showed that the reaction was reproducible and allowed for 

the generation of a reliable model (q2 = 0.365, r2 = 0.924). This DS is consistent with values 

reported for gelatin functionalisation with CA under similar conditions, where pH and nb steric 

hindrance were identified as the main limitations.92, 96 As initial CS solubility required mild 

acidic conditions, pH could not be used as a variable in this study, and the synthesis of CS-nb 

was further conducted for 48 hrs with 1 equivalent of CA at 50 ºC to improve its solubility, 

which yielded a DS of 38%. 
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Figure 3-8. Contour plots showing the effect of the reaction time and the equivalents of CA 2 

at 35 °C (A) and of the temperature and reaction time for 1 eq. of CA used (B) on the DS of 

CS-nb. Degree of substitution (DS shown in mol%) obtained for a matching set of conditions, 

where the impact of a set of parameters on the final DS is shown by a change from green (low) 

to red (high). 

3.3.3 Proof-of-concept: Reactivity of CS-nb with a model thiol 

Functional reactive groups added to macromolecules might not be sterically accessible for 

functionalisation due to solvation or chain conformation effects.256 To assess the feasibility of 

the thiol-ene, CS-nb was coupled to a model thiol, cysteine (Cys, Figure 3-9A), where the thiol-

ene was monitored by 1H NMR by comparing the ratio between the alkene and the acetyl amine 

signals. As the amount of incorporated thiol increased the signal of nb decreased steadily, with 

a total disappearance after 5 min of irradiation for Rs = 1.9:1, confirming the accessibility of 

the thiol-ene reaction (Figure 3-9B-E).  

 The thiol-ene click reaction – such as any click reaction – is known for its high 

efficiency even at low concentration66, 94 and observing only half of the nb peaks disappearing 

for Rs = 1:1 may appear very low. The short reaction time as well as the very low concentration 

of both thiols and nb imposed by NMR experiment to reduce polymer viscosity should be kept 

in mind. Huerta-Angeles et al. quantified clickable hyaluronic acid functionalisation after 

enzymatic reduction which allowed for NMR of non-viscous solutions. Enzymatic cleavage of 

CS can be performed by lysozyme257 but requires a pH range not compatible with CS-nb 

solubility.  Cysteine is also a hindered thiol bearing charged groups which may reduce the thiol-

ene efficiency. 



 

57 

 

 

Figure 3-9. Thiol-ene coupling of Cys with CS-nb scheme (A) and the resulting 1H NMR studies 

when Rs is varied between 1:4 and 1:1.9 (B-E). IRG peaks after UV degradation are labelled 

with *. 

3.3.4 Synthesis and characterisation of thiolated CS (CS-SH) 

The feasibility of the thiol-ene established, a thiolated CS (CS-SH) was synthesized to be used 

as a crosslinker for hydrogel synthesis to obtain purely polysaccharide-based materials. The 

synthesis of thiolated CS has been extensively reported in literature and optimum conditions 

have already been developed. Undesired in situ disulphide bond formation between polymer 

chain can be limited by acidic conditions.252 Thiolation strategies rely on amide coupling with 

a thiolated carboxylic acid ; to limit polymer crosslinking, thiols can also be protected through 

symmetric disuldife bond formation and deprotected by mild reductions (Scheme 3-2 route a); 

amide bonds can also be obtained by amine-mediated ring opening of γ-

thiobutyrolactone.90 Alternatively, amine-containing biomolecules can ring-open Traut’s 

reagent, imminothiolane, leading to concomitant thiolation and formation of a positively 

charged amidine, hence improving CS solubility253 (Scheme 3-2, route b). 
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Scheme 3-2. Reaction routes to synthesize thiolated CS. Reaction conditions: a) thiolated 

carboxylic acid, EDC/NHS OR disulphide dicarboxylic acid followed by TCEP reduction. b) 

imminothiolane. 

 The reaction of CS with mercaptoacetic acid resulted in low-substituted, poorly soluble 

derivatives. Thiols, like amines, are very nucleophilic and are therefore susceptible to undergo 

competitive addition with activated carboxylic acids in place of amines, leading to thioesters.  

Although thioesters are classic intermediates for amide bond formation through native 

ligation,258 they are also prone to hydrolysis (Scheme 3-3), which may explain the low DS 

observed. To improve solubility thiolation was performed with Traut’s reagent, as it has been 

reported to improve CS solubility through the formation of amidine.253 Kast et al. showed that 

this reaction is highly sensitive to pH, where neutral or basic pH promotes the nucleophilicity 

of the amines, while favouring competitive disulphide bond formation. They reported that 

optimum CS functionalisation was observed at pH = 5 which was therefore chosen for the 

reaction.253 The pH was maintained slightly acidic during the dialysis to limit the formation of 

disulphide bridges. 

 

Scheme 3-3. Competitive carbonyl addition reactions between thiols and amines and the 

resulting side-products. 

 Several methods have been developed to quantify thiolation of biomolecules, ranging 

from chromatography to electrophoresis. UV-visible spectroscopy-based detections remain 

very attractive owing to their simplicity and their rapidity although they are also less sensitive. 

Colorimetry thiol quantification procedures typically involve the reaction of thiols leading to a 
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coloured compound either by covalent bond formation or by redox reaction with iodine, as 

developed by Bravo-Osuna et al.259 The most common method remains the use of Ellman’s 

reagent 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) which relies on nucleophilic substitution 

of thiolate ions onto DTNB resulting in the formation of a yellow 5-thio-2-nitrobenzoic acid 

(TNB2-) with strong absorbance at 410-420 nm (Scheme 3-4).260 The reaction must be 

performed at basic pH to enhance thiol nucleophilicity and TNB2- absorbance which can lead 

to solubility problems.261 CS-nb was first dissolved in DI water and then diluted in PBS 

buffered to pH = 8. Thiolation contents of 0.49 µmol of thiol/mg of CS were measured using 

this method, consistent with the value of 0.33 µmol of thiol/mg of CS reported by Kast et al.253 

 

Scheme 3-4. Ellman’s reaction for the quantification of thiols. 

3.4 Conclusion 

New photo-reactive, water-soluble CS derivatives functionalised with norbornene (CS-nb) 

were successfully synthesized and characterised. The degree of functionalisation could be 

easily tuned by adjusting mostly the reaction time and on the equivalent of CA added, with a 

minor effect played by the temperature. Finally, the reactivity of these nb pendant groups was 

proved by conjugating a model thiolated molecule, cysteine. This photocrosslinkable precursor 

would allow for efficient generation in situ generation of hydrogel scaffolds made of either 

macro-hydrogels or of DX microgels. The synthesis of characterisation of CS-nb hydrogels 

and microgels will be further discussed in chapters 4 and 6 respectively. 
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4 Thiol-ene click hydrogels: Synthesis, characterisation and 

applications 

4.1 Introduction and aims 

This chapter describes the synthesis and characterisation of hydrogels derived from the new 

photo-crosslinkable norbornene-functionalised chitosans CS-nb precursor described in Chapter 

3. Gelation conditions were investigated, and the resulting hydrogels were characterised by 

rheology, swelling ratio measurements, and SANS. The toxicity of CS-nb and collagen loaded 

hydrogels towards Spina Bifida-relevant cell lines was tested, as well as its injectability and 

skin adhesion. 

4.2 Methods 

Collagen (Col) from calf skin (type 1) was purchased from Sigma. All cell culture media and 

reagents were purchased from Invitrogen, Life Technologies (Thermo-Fisher), except for 

DMEM F-12 Ham (Sigma) and EthD-III stain (Biotium). All other reagents were purchased 

from Sigma or as detailed in section 3.3 in Chapter 3. 

4.2.1 CS-nb hydrogel synthesis 

CS-nb was dissolved in 2% AcOH or DI water at the desired concentration (0.5, 1, 2 or 4 w:v%) 

with the photoinitiator Irgacure 2959 (IRG, 0.1 w;v%) then the chosen crosslinker (HS-PEG2-

SH, HS-PEG40-SH or CS-SH, see Figure 4-1 for chemical structures) was added to the desired 

[SH]:[nb] molar ratio Rs (varied between 1:4 and 1:1). CS-SH was dissolved separately at the 

same concentration as CS-nb with 0.1 w:v% IRG and 0.02 M TCEP to cleave any disulphide 

bonds. The mixtures were vortexed for 30 sec and exposed to UV-A (320-400 nm, 36 W PL-

L, approximative length 30 cm, Philips) or UV-B (280-320 nm, PL-L 36W/10 2G11, Philips) 

for the desired period of time, typically varied between 10 sec and 1 hr. Gelation was assessed 

by the inverted vial method. 

 

Figure 4-1. Chemical structures and abbreviations of the crosslinkers used in this work. 



 

61 

 

4.2.2 Collagen/CS-nb (Col/CS) hybrid hydrogel synthesis 

Col was loaded into CS hydrogels as described in Section 4.2.1 with slight modifications. 

Briefly, CS-nb (4 w:v% in 0.1 w:v% IRG – 2% AcOH) and Col (1 w:v% in 2% AcOH) were 

combined with the desired crosslinker and diluted with 0.1 % IRG in 2% AcOH to a final 

composition of 2 w:v% CS-nb and 0.25 w:v% Col. The mixture was homogenised and cured 

with UV-A or UV-B for the desired period of time, typically varied between 10 sec and 15 

min. 

4.2.3 Swelling ratio 

Hydrogel samples were realised by curing 200 µL of the precursor solution in a centrifuge 

plastic tube (2 mL) with UV B for 10 min. The resulting hydrogels were lyophilised and the 

dried mass, wd, was recorded. Freeze-dried samples were immersed in the desired solution (DI 

water, PBS, or DI water with pH adjusted to 3 or 11 with 0.1 M HCl or NaOH). The samples 

were swelled for 7 days, after which the excess of liquid was wiped with filter paper and the 

mass of the swollen hydrogel, ws, was recorded. The swelling ratio SR was calculated as: 262, 

263 

Swelling ratio: SR = 
ws

wd

   (4-1) 

The water content Wc can also be calculated as shown in equation (4-2): 

Water content: Wc= 
ws - wd

wd

(4-2) 

4.2.4 SEM images 

200 μL of hydrogel was lyophilised and sectioned through the whole sample before mounting 

to an aluminium stub and coated with silver. Images were recorded on a Jeol IT300 SEM under 

high vacuum at 15.0 kV. Pore size measurements were performed with ImageJ on an average 

of 5 to 10 pores randomly taken from 4 images. 

4.2.5 Rheology 

Rheological measurements on the obtained hydrogels were performed with a Kinexus 

rheometer using a parallel plate geometry P20 (d = 20 mm) and a Peltier system for temperature 

control. The gel samples were synthesized in a 3D-printed PLA mould (diameter 21.5 mm, 

height 5.9 mm) from 800 µL of a pre-mixed solution of CS-nb (1, 2 or 4 w:v%), IRG (0.1 

w:v%) and the chosen crosslinkers ([SH]:[nb] molar ratio Rs = 1:4, 1:2, 1:1.3 or 1:1) in 2% 

AcOH. Curing was performed with a UV-B lamp for 15 min on the Peltier plate. The PLA 

mould was carefully removed, and the hydrogel sample was loaded at a normal force of 0.1 N 
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(typical gap: 1.7 – 2 mm).  Dynamic strain sweeps were performed at 1 Hz by varying the strain 

  from 0.1 to 100 % at 25°C. Frequency sweep measurements were performed at a shear strain 

of 1 % by varying the frequency from 10 to 0.1 Hz. All measurements were performed in 

triplicates. The crosslinking density ρs and the mesh size ξa were respectively calculated as: 262 

ρ
s
 = 

G'

RT
(4-3) 

ξ
a
= √

6

 π ρs
 N

A

(4-4) 

4.2.6 Small angle neutron scattering (SANS) 

SANS was carried out on the Sans2d small-angle diffractometer at the ISIS Pulsed Neutron 

Source as described in section 2.3.1.1 in Chapter 2. Hydrogels were prepared in water tight 

sample cell with its design based on the sample cells available on the D22 beamline at the ILL 

facility (Grenoble) by curing a solution of CS-nb (2 or 4 w:v%) with the chosen crosslinker 

dissolved in 0.1 % IRG/1% AcOD-d4 in D2O. Samples were measured at 25°C. Data were 

background corrected with the scattering of an empty cell. The processing is discussed in 

Section 4.3.2.4. 

4.2.7 In situ gelation and pork skin adhesion 

CS-nb precursor solution (2 w:v%, IRG 0.1 w:v%, CS-SH, Rs = 1:1, stained with rhodamine 

for visualisation) was loaded in a 1 mL plastic syringe and injected through a needle (21 g, 0.8 

× 40 mm) in a glass vial containing PBS with the UV-B light switched on or off. 

Pork skin adhesion was assessed with a similar procedure. Briefly, a piece of pork skin 

(obtained from a local butcher) was placed in a crystallizer and immersed in PBS. The CS-nb 

precursor solution was loaded in a 1 mL plastic syringe and injected on the pork skin under 

UV-B. Adhesion was tested immediately after curing and after 3 days of immersion in PBS. 

4.2.8 Cell culture 

Human dermal fibroblasts (HDF) were cultured in Dulbecco’s Minimal Essential Medium 

(DMEM) with 1g glucose/L and BeWo cell line (placenta cells) were cultured in DMEM media 

supplemented with F-12 Ham nutrient mixture. All media were supplemented with 

GlutaMAX™, 10% foetal bovine serum (FBS), and antibiotic-antimycotic (AntiAnti). 

Confluent cultures were detached from the surface using trypsin (Tryp LE Express) before 

experiments. 
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4.2.9 Cell toxicity: hydrogel synthesis and metabolic activity assays 

50 μL of hydrogel was realised in a 96-well plate and sterilised with UV-B by curing for 5 min. 

The gels were subsequently washed with DMEM media until no colour change of the phenol 

red indicator was observed (2-to-7 washes depending on the hydrogel samples). The gels were 

equilibrated overnight and seeded with 7.5x103 cells per well. 

 Cytotoxicity assays were performed with Alamar Blue reagent (AB, metabolic activity 

measurement). Briefly, at the desired timing (1, 3 or 7 days), gels were rinsed twice with PBS 

and the medium was replaced by FBS-free medium containing 5 % AB for 3 hrs. Supernatants 

were transferred in another 96-well plate and cytotoxicity was measured by recording the 

fluorescence of AB with a CLARIOSTAR microplate reader at room temperature (emission 

545 nm, excitation 600 nm). Readings were background-corrected with non-seeded wells and 

gels, and data was presented compared to control, unexposed cultures, on the same plate. 

4.2.10 Cell staining and imaging 

Hydrogels were synthesized and seeded in a 96-well plate as described in section 4.2.9. At the 

desired timing (1, 3 or 7 days) gels were rinsed twice with PBS and the medium was replaced 

by FBS-free media containing 3 μM of calcein AM (live cells stain) and 4 μM ethidium 

homodimer III (EthD-III, dead cells stain) for 1 hr. Gels were subsequently rinsed twice with 

PBS and fixed with 4% paraformaldehyde in PBS (100 μL) for 15 min. The wells were rinsed 

twice, and nuclei were stained with 300 nM (0.1 µg/mL) DAPI in PBS. Plates were stored in 

live cell imaging solution at 4°C and imaged at 37°C by widefield microscopy using a Leica 

LASX live cell imaging workstation equipped with a Leica DFC365FX monochrome CCD 

camera (1392x1040 6.45µm pixels, 8 or 12-bit, 21 fps full frame). Excitation filters were 

chosen as 350/50, 480/40 and 560/40 respectively to visualise DAPI, calcein AM or EthD-III 

stains. Data were collected with Leica LAS-X acquisition software. 

4.3 Results and discussion 

4.3.1 Hydrogel synthesis conditions 

The gelation conditions of CS-nb were investigated in terms of polymer concentration, curing 

time and crosslinker concentration. Initial screenings were performed with 2,2′-

(ethylenedioxy)diethanethiol (HS-PEG2-SH,) which is water-soluble and more flexible than 

frequently used dithiothreitol (DTT)96, 264 as well as cheaper and more accessible than the 

longer thiolated PEGs. IRG was chosen as photoinitiator due to its water-solubility and non-

toxicity;265 although IRG maximum absorbance is at 260 nm, it is frequently used with cells 



 

64 

 

with UV-A irradiations or blue LEDs (365 nm) as its decomposition is sufficient to initiate 

gelation.73 Different polymer and crosslinker concentrations were tested and gelation was 

assessed by the inverted vial method. At 0.5 w:v% polymer concentration, the viscosity of the 

dispersion increased progressively as the [SH]:[nb] molar ratio, Rs, increased from 1:4 to 1:1. 

However, no gelation occurred even when the UV exposure time was prolonged to 1 hr. For 

polymer concentrations of 1 and 2 w:v%, gels were formed instantly upon UV exposure even 

for Rs = 1:4 (Figure 4-2A). The completion of the reaction was confirmed by in situ 1H NMR, 

evident from the disappearance of the nb peaks at 6.2 ppm (Figure 4-2CD). 

 

Figure 4-2. Formation of CS-nb hydrogels: hydrogel phase diagram (A) and 1H NMR of HS-

PEG2-SH (B), CS-nb (C) and the resulting product (D). 

 Such fast gelation kinetics has been previously reported when nb was used as the alkene 

component in the thiol-ene click reaction. For instance, Lee et al. measured the gelation kinetics 

of a tetra-arm, nb-functionalised PEG with thiolated carboxymethylcellulose by 

photorheology. They found that gelation occurred within 5 sec, independently of the thiol 

content.266 McOscar et al. reported a gelation time of around 30 sec for a nb-functionalised 

carboxymethylcellulose polymer crosslinked with HS-PEG2-SH.91 In comparison, Hachet et 

al. have previously reported dextran-267 and HA-based hydrogels and nanogels resulting from 

the thiol-ene reaction between the pentenoic side chains of the polysaccharide and a thiolated 

PEG crosslinker.255 Gelation occurred in 2.5 min for the fastest systems, and up to 20 min for 

the slowest. As their polysaccharide system and DS compare well with CS-nb, this difference 

in the reaction kinetics most likely arises from their terminal alkene choice, which is less 

reactive than nb. Overall, our results compare well with literature. 



 

65 

 

4.3.2 Hydrogel properties and characterisation 

4.3.2.1 Swelling ratio 

These new hydrogels were first characterised regarding their swelling ratio (SR), internal 

structure and rheological behaviour. It was anticipated that both lower CS-nb concentrations 

and crosslinking densities would result in less densely crosslinked network which in turn 

should result in greater SR. The effect of the crosslinker, however, was less obvious. 

Measurements were therefore performed for a fixed composition of 2 w:v% CS-nb and Rs = 

1:1. All hydrogel materials could uptake up to 60 times their own mass of water, depending of 

the crosslinker used (Table 4-1). The higher SR were obtained when hydrogels were 

crosslinked with HS-PEG40-SH (SR ~ 65), which is the longest and more flexible crosslinker, 

thus allowing for greater mobility between polymer chains and hence higher water uptake. In 

comparison, the swelling was smaller for both the short HS-PEG2-SH (SR ~ 54) and for the 

multi-arm CS-SH (SR ~ 46) crosslinkers, which hold the polymer more tightly together leading 

to reduced swelling. 

Table 4-1. Swelling ratios of 2% CS-nb hydrogels depending on the crosslinker. 

 DI water pH = 3 pH = 11 PBS 

HS-PEG2-SH 54.3 ± 5.4 64.4 ± 11 15.3 ± 5.7 12.9 ± 0.43 

HS-PEG40-SH 64.5 ± 4.4 54.5 ± 4.8 16.4 ± 1.4 19.3 ± 0.79 

CS-SH 45.9 ± 16.3 54.9 ± 17 11.0 ± 2.4 9.0 ± 0.77 

 All hydrogels presented a pH-sensitive swelling behaviour, with SR ~ 55-65 at pH = 3 

and SR ~ 10-15 at pH = 11, with a similar shrinkage observed in PBS (SR ~ 10-20). Under 

acidic conditions, amines get protonated leading to polymer chain repulsion and hence 

improved swelling, while their deprotonation under basic conditions allows for chain collapse 

and thus reduced swelling. Polyelectrolyte shrinkage generally occurs in the presence of salts 

due to ionic screening of the electrostatic interactions between polymer chains. 268 The water 

content (Wc) was very similar to the SR as all hydrogels were mostly constituted of water (Table 

4-2). 
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Table 4-2. Water content of 2% CS-nb hydrogels depending on the crosslinker. 

 DI water pH = 3 pH = 11 PBS 

HS-PEG2-SH 53.3 ± 5.4 63.4 ± 11 14.3 ± 5.7 11.9 ± 0.43 

HS-PEG40-SH 63.5 ± 4.4 53.5 ± 4.8 15.4 ± 1.4 18.3 ± 0.79 

CS-SH 44.9 ± 16.3 53.9 ± 17 10.0 ± 2.4 8.0 ± 0.77 

4.3.2.2 Microstructure: SEM 

The internal structure of the hydrogel was studied by SEM. All hydrogels presented very 

similar honeycomb-like structures with highly polydisperse pores of dimensions varying 

between ~ 20 and up to ~ 120 µm (Figure 4-3), compatible with cell seeding and infiltration. 

As SEM requires preliminary drying of the samples this may affect the actual structure of the 

hydrogels.  

 

Figure 4-3. SEM images of CS-nb hydrogels crosslinked with: HS-PEG2-SH, HS-PEG40-SH 

and CS-SH. 
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 The smaller pores were observed for HS-PEG2-SH (d ~ 33 ± 10 µm) while HS-PEG40-

SH-crosslinked materials had bigger pores (d ~ 45 ± 15 µm). CS-SH-crosslinked samples were 

more polydisperse in pore dimensions, with both small pores of d ~ 30 µm but also more open 

geometries of dimensions ~ 60-90 µm. These observations are consistent with the differences 

in the SR measured, as the swelling is directly related to the ability of a material to uptake water 

and therefore to its mesh size. 

4.3.2.3 Rheology 

The rheological properties of CS-nb hydrogels were studied for different crosslinkers, Rs and 

CS concentrations through both amplitude and frequency sweep measurements. For all 

samples, the storage modulus G’ was at least 10 times higher than the loss modulus G’’, which 

is characteristic of an elastic, gel-like material. Both G’ and G’’ were constant up to a critical 

strain c  varying between ~ 10 and ~ 60 % depending on the sample, while G’ did not present 

significant frequency-dependency (Figure 4-4 to Figure 4-7). 

 

Figure 4-4. Rheology measurements of CS-nb hydrogels crosslinked with HS-PEG2-SH. (A) 

averaged G’ and G’’ on the linear viscoelastic region determined by amplitude sweep 

measurements for various CS-nb concentrations and Rs. (B) amplitude sweep and (C) 

frequency sweep measurements of 2% w:v CS-nb hydrogels crosslinked for various Rs. 
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Figure 4-5. Rheology measurements of 1 w:v% CS-nb hydrogels crosslinked with HS-PEG2-

SH: A) amplitude sweep and B) frequency sweep measurements for various Rs. 

 

Figure 4-6. Rheology measurements of 2 w:v% CS-nb hydrogels for different crosslinkers for 

Rs = 1:1. A) amplitude sweep and B) frequency sweep measurements. 
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Figure 4-7. Amplitude sweep measurements of hydrogels made from: 2 w:v% CS-nb (A), 

collagen hybrid (B) or 4 w:v% CS-nb (C) and frequency sweep of the same hydrogels (D-F) 

with different crosslinkers for Rs = 1:1. 

 When HS-PEG2-SH was used as crosslinker, G’ increased both with the polymer 

concentration and with Rs, as a result of the formation of more crosslinking points between 

polymer chains. G’ could be tuned between ~20 and ~12.5 kPa by simply varying these two 

parameters (see Figure 4-14A and Appendix H for the data concerning the 4% hydrogels). 

Similar control was achieved by Gramlich et al. who crosslinked hyaluronic acid with DTT, 

with G’ varying between ~ 0.2 and up to ~ 100 kPa.98 McOscar et al. crosslinked nb-

functionalised carboxymethyl cellulose with HS-PEG2-SH and observed very similar 

mechanical properties for Rs = 1:2 and 1:1, which they attributed to competitive chain 

entrapment reducing the available nb crosslinking points.91 Their higher polymer concentration 

(4%) may explain why this was not observed in our experiments. The effect of Rs at 4 w:v% 

CS was not investigated in our study. 

 The rheological properties could be further adjusted by changing the crosslinker (Figure 

4-8). Replacing HS-PEG2-SH by the longer HS-PEG40-SH resulted in lower G’, especially for 

high Rs (respectively G’ ~ 1400 Pa and G’ ~ 450 Pa for Rs = 1:1, Figure 4-8A). A shorter 
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crosslinker would bring polymer chains closer together after crosslinking, resulting in more 

compact networks and hence higher elastic modulus G’. The difference was especially 

pronounced for Rs = 1:1, suggesting that the shorter crosslinker leads to more efficient bridging 

of the polymer chains. The greater flexibility of HS-PEG40-SH may favour intra-molecular nb 

crosslinking, thus reducing the efficiency of the hydrogel network formation. PEG mobility 

may also favour disulphide formation, thus reducing the number of thiols available for the 

thiol-ene crosslinking. Similarly, little differences were observed when the multi-functional 

crosslinker CS-SH was used, possibly due to steric hindrance as the thiol functionalities were 

very closed to the polymer chains. A multi-functional, less bulky crosslinker, such as a tetra-

arm thiolated PEG, would be expected to result in a stiffer network, as exemplified by Mũnoz 

et al. with nb-functionalised gelatin crosslinked either with DTT or with a tetra-arm PEG.96  

 

Figure 4-8. Rheology measurements of 2 w:v% CS-nb hydrogels for different crosslinkers. (A) 

averaged G’ and G’’ on the linear viscoelastic region determined by amplitude sweep 

measurements for various crosslinkers and Rs. (B) amplitude sweep and (C) frequency sweep 

measurements of 2% w:v CS-nb hydrogels crosslinked for Rs = 1:2.  

Ye et al. studied a series of cellulose hydrogels crosslinked with divalent short epoxide 

crosslinkers, followed or not by a second functionalisation with PEG-terminated epoxides (Mn 

= 500 g/mol). The resulting double-crosslinked hydrogels were mechanically stronger than 

their single crosslinked analogues and could effectively dissipate strength due to the more 

flexible nature of the long crosslinker.269 This could be a very simple and elegant way to 

improve hydrogel mechanical properties. 

 Overall, hydrogels of a wide range of mechanical properties (0.020-20 kPa) could be 

obtained by varying the polymer concentration, the ratio of crosslinked nb and the crosslinker 

nature, which allows for the generation of materials with mechanical properties relevant to a 
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wide area of biomedical applications, ranging from neural tissue engineering (~ 100 Pa) to 

muscle or skin cell culture (~ 10 kPa).270 

4.3.2.4 SANS   

SANS was used to study hydrogel nanostructure and to relate it to its bulk mechanical 

properties. The effect of CS concentration, Rs and of the crosslinker were studied. The 

formation of crosslinking points was evidenced by the linear increase in scattering intensity I 

as q decreased, related to the formation of large structures (Figure 4-9). This increase was 

characterized by a mass fractal of ~ 2.4 – 2.6 (Table 4-3). 

 

Figure 4-9. SANS data of CS-nb hydrogels. Fitted data are shown as a black line. Data have 

been offset (10X) on the y-axis for clarity. 

 As discussed in section 2.3.3.6 in Chapter 2. the modelling of the scattering of 

hydrogels is typically described by the sum of a scattering contribution from the polymer chains 

IL(q), which is characterized by the correlation length or the mesh size of the gel network ξ, 

and of a contribution from the scattering of clusters of greater dimensions IS(q), where the 

aggregate dimension can be obtained by a Guinier-like term (Eq. 2-26) or expressed as a Porod 

law. The mesh size is classically expressed as a Lorentzian term (Eq. 2-25) which is the 

predominant term in the intermediate/high q region; for hydrogen-bond rich hydrogels such as 

PVAc this term can be modified with the mass fractal D as reported by Geissler et al.231 (Eq. 

2-28): 

IL(q)=
IL(0)

(1 + 
D+1

3
 ξ

2
q2)

D/2
 (2-28)
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 As polysaccharides are prone to hydrogen-bonding a modified expression of IL(q) was 

preferred. A characteristic aggregate dimension can also be calculated through the DAB model 

(Eq. 2-30) for two-phase structures with sharp boundaries233, 240, 242 as performed by Ryu et al. 

for covalently crosslinked hyaluronic acid hydrogels.242 The scattering profile of CS-nb 

increases according to a power law, suggesting that a single dimension, the mesh size ξ, was 

detected, which matches the pore dimensions measured by SEM (> 200 nm). The scattering 

was modelled using Eq. 2-29:61, 235 

I(q) =
A

qD +
C

1+(qξ) m +background (2-29) 

where D is the mass fractal exponent. The Lorentzian exponent m allows for diversions from 

the classic m = 2 as expected for hydrogen bond-rich networks.  

 Fitted data is shown in Table 4-3 and Table 4-4 for 2 and 4 w:v% hydrogels 

respectively. As the baseline was not flat the background scattering value B was fixed by fitting 

the high/intermediate q region to a power law as described by Saffer et al.:61 

I(q) =
A

qD +B (4-5) 

 The mesh size obtained with Eq. 2-29 for 2 w:v% hydrogels compares very well with 

those obtained by rheology, calculated with Eq. 4-4. As the degree of crosslinking increases 

from Rs = 1:2 to 1:1 the mesh size ξ decreases from ~ 29 to ~ 20 nm, consistent with more 

crosslinking points bringing the polymer chains in closer proximity. The use of a longer 

crosslinker allows for bigger ξ (19 to 27 nm) as expected. The Porod exponent, comprised 

between 2 and 3, is consistent with hydrogel formation, while the Lorentzian exponent is lower 

than 2, indicating that the polymer chains are behaving as in a good solvent.61 

 The values of the mesh size obtained from SANS fitting for the 4 w:v% hydrogels differ 

from those obtained by rheology, especially for HS-PEG2-SH and CS-SH hydrogels (Table 

4-4). The general trend of ξ increases from HS-PEG2-SH to HS-PEG40-SH is still verified. The 

smallest mesh size was measured for CS-SH hydrogels with SANS (11 nm) while its 

mechanical properties suggest a much bigger value (17 nm). Hyland et al. observed very 

different evolutions of rheological properties and ξ obtained by neutrons, and suggested that 

the material mechanical properties was not only a result of the network density – measured as 

the correlation length Lc using DAB model – but also of the fiber thickness and its packing.238 

Rheology also investigates macroscopic properties, while SANS probes the polymer chain 

length scale; due to the high thiolation of CS-SH and its proximity to the polymer backbone, it 

is likely that these hydrogels were very heterogeneous, with highly reticulated area where the 
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thiols could be accessed and others poorly crosslinked due to steric hindrance. The access to a 

smaller q range would provide more information on the dimension of the resulting aggregates. 

Table 4-3. Summary of rheology and SANS characterisations of 2w:v% CS-nb hydrogels. 

Rheology: ρs: crosslinking density, ξ: mesh size, calculated from Eq. 4-3 and 4-4 respectively. 

SANS: D: fractal dimension, m: Lorentzian exponent in Eq. 2-29. 

Hydrogel  Rheology  SANS 

Rs Crosslinker 
G’ 

(Pa) 

ρs 

(mol/m3) 

ξa 

(nm)  

ξ  

(nm) 
D m χ² 

1:1 HS-PEG2-SH  1107 1.17 19.2 18.4 ± 3.5 2.43 1.43 3.65 

1:2 HS-PEG2-SH   479 0.19 25.5  29.3 ± 2.3 2.79 1.58 3.98 

1:1 HS-PEG40-SH  435 0.18 26.2  27.9 ± 4.9 2.60 1.37 3.59 

1:1 CS-SH  477 0.19 25.5  - - - - 

Table 4-4. Summary of rheology and SANS characterisations of 4w:v% CS-nb hydrogels. 

Rheology: ρs: crosslinking density, ξ: mesh size, calculated from Eq. 4-3 and 4-4 respectively. 

SANS: D: fractal dimension, m: Lorentzian exponent in Eq. 2-29. 

Hydrogel  Rheology  SANS 

Rs Crosslinker 
G’ 

(Pa) 

ρs 

(mol/m3) 

ξa 

(nm)  

ξ 

(nm) 
D m χ² 

1:1 HS-PEG2-SH 11560 4.67 8.79 15.2 ± 0.3 2.61 1.43 1.49 

1:1 HS-PEG40-SH  1695 0.67 16.8  20.0 ± 4.7 2.60 1.42 1.83 

1:1 CS-SH  1535 0.67 17.2  11.3 ± 0.7 2.73 1.95 4.37 

 

 The fractal dimension D is also relevant to biological studies, as shown by Hung et al. 

on agarose physical hydrogels. They synthesized a variety of hydrogels of matching rheological 

properties but different mass fractal, which they measured both by rheology and with SAXS. 

While the impact of rheology on cell culture is well-known, they were the first to observe that 

hydrogel fractal dimension also had a significant impact on stem cell differentiation.271 CS-nb 

hydrogels studied with SANS presented very similar mass fractals D ~ 2.6 suggesting that cell 

toxicity assays may be directly correlated to the hydrogel rheological properties. 
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 In summary, covalently crosslinked hydrogels of various mechanical properties were 

synthesized and characterized in terms of their swelling ratios, mechanical properties, micro- 

and nano-structure. Possible applications of these materials were further investigated. 

4.3.3 Proof-of-concept: towards biological applications  

Hydrogels of tailored shapes could be obtained using moulds. Owing to the very fast gelation 

kinetics, fluorescent dyes could be encapsulated without damaging their chemical structure. As 

an example, rhodamine B was entrapped during the gelation process. After one week of 

immersion in water, the gel had swollen and had lost most of its colour, confirming its release 

(Figure 4-10A). Although the release was not quantified, this highlights the possible 

application of these hydrogels for drug delivery, especially due to their improved swelling 

under acidic conditions, which is a common feature of tumours and infected organs. 

 

Figure 4-10. Possible applications of the hydrogels. (A) Shape-retaining heart with 

encapsulated rhodamine as generated (top) and after one week of storage in water (bottom). 

(B) In-situ generated hydrogels in PBS. (C) Hydrogel adhesion on pork skin (in situ 

synthesised). 

 In the case of Spina Bifida-related applications, in-situ gelation under biological 

conditions must be verified. Due to the low solubility of CS-nb at physiological pH, the 

polymer precipitated immediately when injected in a vial filled with PBS. If the injection, 

however, was performed while irradiating the vial with UV, a gel was formed instead (Figure 

4-10B). The result was successfully reproduced when PBS was replaced with the simulated 

amniotic fluid. 

 It is important that the scaffold, once generated, adheres strongly to the foetus’ skin 

around the defect. On the other hand, the material once generated should hold in place and 

present limited adhesion towards the foetal membrane. The thiol-ene being a radical-initiated 

reaction, it was anticipated that free radicals could also react with skin to generate adhesives. 

Removing the UV light, on the other hand, would stop the radical propagation and therefore 
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passivate the hydrogel surface, which should inhibit further adhesion. This hypothesis was 

assessed by introducing pork skin in PBS media and by directing the needle on the skin. The 

generated material adhered to the skin for up to 4 days when stored in PBS without sticking to 

the plastic container (Figure 4-10C). Although adhesion was not properly quantified, this 

highlights the potential use of these materials for bandages. Another  

 Finally, materials intended for biomedical applications – and especially keeping the 

intended application in mind – must be administered sterile. CS-nb precursor solutions 

containing IRG and a crosslinker were autoclaved for sterilisation. The resulting solution 

presented identical 1H NMR to unsterilized mix and could still generate hydrogel in the 

presence of UV light. These preliminary results make CS-nb a promising polymer for in utero 

applications whose toxicity will be investigated next. 

4.3.4 Cell toxicity assays 

Hydrogels have been widely studied for cell culture as they provide a 3D structure for cells to 

grow and develop which is highly similar to human tissues.272 The hydrogels developed 

presented a range of tuneable stiffness, which is an important parameter to allow for cell 

growth. Substrates favouring skin wound healing and fibroblast growth frequently present G’ 

~ 0.5 – 10 kPa,211, 273, 274 which designated the selection of 6 hydrogels for initial toxicity testing 

(Figure 4-7). A good hydrogel candidate for a tissue engineering approach must allow cells to 

adhere, infiltrate and spread in the scaffold; failing to these will lead to cell toxicity, which can 

be assessed by metabolic activity measurements or fluorescent staining. CS-nb hydrogels were 

used as scaffolds to culture two different cell lines, human skin fibroblasts (HDF), a standard 

model for wound healing and tissue engineering applications, and placenta cells (BeWo), 

relevant in the context of SB. If there are several reports of HDF cells cultured in hydrogels, 

the literature on BeWo is reduced. Wong et al. grew BeWo cells on ECM mimics – Matrigel 

and collagen I – and found that the gel stiffness greatly impacted the cell morphology, where 

thick substrates triggered the formation of aggregates, while thinner ones allowed for efficient 

cell spreading.275 This work, however, did not mention any physical characterisation of the 

materials used. 

 Cell viability on hydrogels of medically-relevant stiffness (0.5 – 10 kPa, Figure 4-7) 

was assessed by metabolic activity measurements 24 hrs after cell seeding onto the gel scaffold. 

All hydrogels allowed for limited cell spreading compared to the control cells seeded on a plate. 

Both cell lines responded very differently to the gel stiffness. The viability of BeWo cells after 

24 hrs was between 60 and 80 % of the corresponding control for most gel compositions, with 
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comparable cell morphologies (Figure 4-11A-D). On the other hand, HDF viability was highly 

dependent on the substrate stiffness, with the formation of cell spherical aggregates of low 

viability (~ 20 – 35 %) for the softest gels, while stiffer matrixes allowed for more efficient cell 

spreading, comparable to that of control cells cultured in a plate and with viability up to 80 % 

(Figure 4-11E-H). These observations match previous work performed with fibroblasts – 

human or murine - on non-biofunctionalised acrylate hydrogels – i.e. without the introduction 

of peptides or sugars to impact on adhesion.50, 276 

 

Figure 4-11. Cell viability (A, E) and imaging of BeWo (B-D) and HDF (F-H) cells 24 hrs after 

seeding.  

 HDF presented poor adhesion on the gel matrix, particularly observed during the 

staining procedures where numerous washes were required, and it resulted in a drastic drop in 

cell viability after 24 hrs as cells could not proliferate. Although CS presents similarities with 

GAG in the ECM, its structure often fails to promote cell adhesion277  and functionalisation 

with adhesion peptides – such as RGD278 - or proteins – like HA,279 Col280 or gelatin281 – is 

common. It is worth mentioning that all these hybrids benefitted from the incorporation of CS 

to reduce their biodegradation kinetics and to improve their mechanical properties. For 

simplicity, Col was simply entrapped in the gel network during the gelation step, so that the 

final CS and Col concentrations were 2 w:v% and 0.25 w:v% respectively. The resulting hybrid 
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was seeded with either BeWo or HDF cells. After 3 days, BeWo cells showed very similar cell 

spreading, growth and morphology compared to pure CS hydrogels. HDF, however, showed a 

drastic improvement in their spreading, with morphologies and viabilities comparable to 

control cells (Figure 4-12 and Figure 4-14). This suggests that BeWo and HDF cells have very 

different adhesion mechanisms, which could be a way to obtain hydrogel selective skin 

adhesion for SB implications. 

 

Figure 4-12. Fluorescent images of BeWo (top) and HDF (bottom) cells after 3 days of 

incubation on Col-loaded hydrogels compared to control cells and pure CS hydrogels. 

 The CS/Col hybrid hydrogels were further characterised regarding their rheological 

properties, toxicity and imaging. The incorporation of Col resulted in stiffer hydrogels when 

crosslinked with HS-PEG2-SH, which had little impact on HS-PEG40-SH crosslinked and 

drastically decreased the mechanical properties of CS-SH hydrogels (Figure 4-14A). The 

interaction between Col and CS may prevent the formation of some crosslinks, especially with 

CS-SH where the thiol groups are very closed to the polymer backbone. In addition, 

interactions between charged groups of both polymers will occur, which may reduce the 

crosslinking efficiency by hindering the nb moieties or increase network inhomogeneity. SEM 

revealed the presence of large, elongated and regularly spaced pores for HS-PEG2-SH 

hydrogels, while HS-PEG40-SH pores were more spherical. For both materials these structures 

were comparable to their analogues without Col. CS-SH hydrogels, however, presented a much 

more polydisperse structure, with the presence of numerous pores of smaller dimensions and 

random directions, as well as fibre-like regions, suggesting poor mixing between CS and Col 
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(Figure 4-13). These structural observations agree broadly with the rheology results, with a loss 

in structural organisation related to poorer mechanical properties.  

 

Figure 4-13. SEM images of CS-nb hydrogels without (left) and with (right) the incorporation 

of collagen. 

 Cell metabolic activity was drastically improved by the addition of as little as 0.25 

w:v% of Col, with viability increasing from ~ 20 up to ~ 90 % for HS-PEG2-SH materials after 

24 hrs. Both PEG crosslinked hydrogels almost recovered 100 % of the metabolic activity of 

control cells cultures on a plate after 3 to 6 days, while CS-SH crosslinked materials only 

presented ~ 50 % of viability (Figure 4-14B-C). The improved cell adhesion is most likely due 

to a synergy between Col-mediated adhesion and the material mechanical properties: CS-

SH/Col hybrids are much weaker (G’ ~ 80 Pa) while HS-PEG2-SH present suitable stiffness 
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for cell growth (G’ ~ 2000 Pa). It is worth noting that only a small amount of Col was needed 

to significantly enhanced cell adhesion, while Col hydrogels typically require concentrations 

higher than 5 mg/mL to achieve good viability.282 

 

Figure 4-14. Characterisation of hydrogels investigated for cell studies. Rheological 

properties of all hydrogels cultured with HDF (A), metabolic activity (B) and fluorescent 

imaging (C) of cells after 1 to 6 days of culture on CS/Col gels. 

4.4 Conclusion 

Hydrogels were successfully synthesized from the new CS-nb precursor under UV exposure. 

The material properties could be readily tuned at the macro- and microscale by changing the 

crosslinking density, the nature of the crosslinker or the polymer concentration. The pore size 

dimensions, ranging between 20 – 100 µm and the rheological properties tuneable around 0.5 

– 20 kPa are compatible with cells growth. Due to the fast gelation kinetics, hydrogels could 

be successfully generated under simulated amniotic fluid conditions and adhered to pork skin, 

while their doping with small amount of Col significantly reduced their cytotoxicity by 

improving cell adhesion. All these conditions make CS-nb a potential candidate for an in utero 
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repair of SB. In addition, the introduction of Col supported the growth of HDF cells, while 

having little effect on placenta cells, suggesting a simple way to direct selective adhesion for 

in situ in utero applications in the context of SB. In addition, the knowledge gained from 

hydrogel synthesis conditions will allow for the design of CS-nb microgels, as will be seen in 

Chapters 5 and 6. 
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5 Nano-emulsion Templates 

5.1 Aims 

This chapter describes the development of reverse nano-emulsion (o/w) templates to support 

CS-nb microgel synthesis. The focus was made on concentrated systems requiring low-energy 

input. Systematic investigation of the oil type, surfactant composition and water phase 

composition resulted in stable nano-emulsions of controlled size which were robust to the 

introduction of polyelectrolytes and to UV, as shown by a combination of DLS and SANS 

measurements.  

5.2 Methods 

5.2.1 Nano-emulsion template 

The nano-emulsions were prepared according to the procedure described by Gupta et al.121 

They were composed of 80 wt% of oil, 10 wt% of surfactants (Span® 80 (S80) and Tween® 80 

(T80) in weight ratios varying between 20 and 100% of S80) and 10 wt% of water phase. Three 

oils were screened: decane which allowed a comparison with published results,121 cyclohexane 

which had a similar viscosity to decane but a lower boiling point thus making its removal easier, 

and mineral oil which is biocompatible and FDA-approved. The water phase consisted of either 

DI water or 1 w:v% of cationic (chitosan, CS) or anionic (alginate, ALG) polysaccharide in 

different solvent, as detailed in Table 5-1. For solubility reasons CS was dissolved in 1% 

AcOH. S80 and T80 were chosen as they are widely used in biomedical applications; they are 

also neutral, which was expected to minimise electrostatic interactions with the charged 

polysaccharides.  

 

Table 5-1. Water phase composition investigated. 

Polymer Solvent Parameter studied 

- DI water Control nano-emulsion 

CS 1% AcOH Positive charge (polycation) 

CS-nb 1% AcOH Hydrophobic segments 

ALG DI water Negative charge (polyanion) 

ALG PBS Ionic strength 
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 The water phase was added dropwise to a mixed solution of surfactants in the desired 

oil phase at 700 rpm. The nano-emulsion was stirred for at least 10 min. DLS measurements 

were performed using a Malvern Nano Zetasizer zs with a 633 nm laser in a glass cuvette, 

immediately after dilution of 100 µL of the nano-emulsion into 900 µL of oil to avoid multiple 

scattering from concentrated and turbid nano-emulsions. Nano-emulsion dilution in pure 

solvent increases the risk of coalescence or Ostwald ripening and may lead to bigger measured 

diameters. As the measurements were performed immediately after dilution these effects were 

considered negligible. Autocorrelation functions were measured at a scattering angle of 173° 

at 25 °C and processed using the Malvern software package. 

5.2.2 Nano-emulsion crosslinking 

Nano-emulsions were synthesized as described above, with a water phase consisting in 1% w:v 

CS-nb solution in 0.1 % w:v IRG in 1 % AcOH to which was added the crosslinker HS-PEG2-

SH to give Rs varying between 25 and 100 %. The nano-emulsion was crosslinked either in 

batch by exposing the stirred nano-emulsion to UV-B for 30 min or in flow using the device 

developed by Booker-Milburn et al.283 and described in Figure 5-1.  

 

Figure 5-1. Synthesis of crosslinked microgels in flow using UV light in a flow reactor. 

 Briefly, the nano-emulsion was pumped through a UV-permeable tubing wrapped 

around a domestic UV-A lamp. The flow rate r could be tuned to vary the crosslinking time 

between 4 and 15 min. The crosslinked microgels were collected at the end of the device 

(Figure 5-1) and their hydrodynamic diameter dh were measured by DLS after dilution in the 

appropriate solvent (cyclohexane or decane) as described in section 5.2.1. 
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5.2.3 SANS studies 

SANS was carried out on the Sans2d diffractometer at the ISIS Pulsed Neutron Source as 

described in section 2.3.1.1 in Chapter 2. Nano-emulsions were prepared as described in section 

5.2.1 from hydrogenated or deuterated cyclohexane or water to provide different contrasts  

corresponding to the shell (A), the whole droplet (B) or the core (C ; Figure 5-2). The surfactant 

weight ratio between S80 and T80 was  = 4:6. All samples were loaded in a 1 mm quartz 

cuvette.  

 

Figure 5-2. Contrasts investigated for the SANS studies of the nano-emulsion template. 

 Multiple scattering occurred for all samples (Figure 5-3), which was corrected by 

performing the data analysis with the shortest incident wavelengths (1.75-2.75 nm). 

 

Figure 5-3. Verification of multiple scattering on nano-emulsion samples, evident from the 

wavelength-dependent scattering intensity I(q). 
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 The data analysis will be discussed in section 5.3.5. Briefly, the size of the nano-

emulsion droplets was first evaluated using the Guinier approximation in the low q region 

(0.008-0.025 Å-1). The scattering of the shell (contrast A) was fitted to a core-shell model with 

a hard sphere structure factor and with a Schulz-Zimm polydispersity distribution. The nano-

emulsion droplet (contrast B) and the core (contrast C) were fitted to a polydisperse sphere. 

The SLDs used for fitting are given in Table 5-2; the SLD of the surfactant shell was fixed as 

0.96 – which is the surfactant mixture SLD -  as de Molina et al. showed that the solvation was 

negligeable.222 The stability of the nano-emulsions over the measurement period was 

confirmed by re-scanning nano-emulsions obtained from contrast C after 18 hrs and showed 

identical scattering profiles (data not shown). 

Table 5-2. Calculated scattering length density (SLD). Surfactant SLDs were calculated from 

ref 222. 

Component Formula 
Mass density 

(g/mL) 

SLD ρ 

 (1010 cm-1) 

SLD ρ of mixtures  

(1010 cm-1) 

h-water H2O 0.997 -0.559 -0.544  

(1% AcOH)  h-acetic acid C2H4O2 1.05 1.047 

d-water D2O 1.106 6.367 6.330  

(1% d-AcOD) d-acetic acid C2D4O2 1.119 5.428 

CS (C6H11O4N)710 1.1 1.32 
5.921 (1% d-AcOD) 

-0.389 (1% AcOH) 

h-cyclohexane C6H12 0.778 -0.278  

d-cyclohexane C6D12 0.893 6.705  

Span 

80 

Head C7H11O6 1.10 1.394  

For S80:T80  = 4:6: 

1.172 (head groups) 

-0.212 (tails) 

0.960 (total) 

Tail C17H33 0.800 -0.212 

Tween 

80 

Head C47H91O26 1.12 0.774 

Tail C17H33 0.800 -0.212 

5.3 Results and discussion 

5.3.1 Optimisation of the nano-emulsion template 

Nano-emulsions are kinetically stable liquid-in-liquid dispersions with droplet dimensions 

below 100 nm stabilised by surfactants. We focused on a low energy methodology developed 
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by Gupta et al.121 to generate concentrated nano-emulsions, using a system made of 80 wt% of 

oil, 10 wt% of surfactants (S80 and T80) and 10 wt% of water. The impact of the oil type and 

the surfactant composition on the nano-emulsion stability was first investigated with surfactant 

compositions varying between  = 1:0 to 3:7 weight ratios of S80/T80 (Figure 5-4). As T80 

was added to the cyclohexane or decane nano-emulsions, the turbidity decreased, transforming 

from white cloudy suspensions ( = 1:0 to 6:4 for cyclohexane, Figure 5-4A, and 1:0 to 7:3 for 

decane, Figure 5-4B, respectively) progressively to pale blue ( = 1:1 and 6:4, respectively for 

cyclohexane and decane), and to a transparent suspension ( = 4:6 and 1:1, respectively for 

cyclohexane and decane, indicated by white rectangles on Figure 5-4), after which a pale blue 

colour was obtained. For S80:T80 ratio higher than  = 3:7, phase separation occurred as soon 

as the stirring was stopped. These visual observations correlated with the hydrodynamic radius 

dh measured by DLS (Figure 5-4D), which decreased from dh ~ 150-200 nm down to dh ~ 40 

nm when the nano-emulsion was optically transparent, and then increased slightly as the 

turbidity increased again. 

 These observations agreed with previous work by Robin et al. performed in 

cyclohexane, where aggregates of ~150-200 nm were observed when only S80 was used, while 

the nano-emulsion turbidity decreased with the addition of T80; in addition, dh decreased from 

~100 to ~40 nm. No stable nano-emulsion could be generated when only T80 was used.284 Our 

results do not show a clear trend between the nano-emulsion droplet size and the surfactant 

composition. Davies et al. also reported that S80/T80 mixtures in cyclohexane could lead to 

both spherical and sheet-like morphologies depending on the concentration range, which may 

account for these discrepancies.284  

 While both cyclohexane and decane allowed for the formation of translucent nano-

emulsions at low S80 weight ratio which remained stable over 2 months, emulsions formulated 

in mineral oils showed a different behaviour. No optically clear emulsion could be obtained, 

and phase-separation occurred between several min and up to 5 hrs as the stirring was stopped. 

While milky emulsions were observed for  = 1:0 to 9:1, further increasing T80 decreased the 

nano-emulsion turbidity from white to pale blue up to  = 4:6, after which the turbidity 

increased again. At  > 2:8, no stable emulsions could be generated (Figure 5-4C). This was 

accompanied by dh decreasing from ~ 150 to ~ 100 nm and increasing to ~ 300 nm for  > 6:4 

(Figure 5-4D). 
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Figure 5-4. Visual observations of control nano-emulsions generated with: A) cyclohexane 

(brown), B) decane (pink), C) mineral oil (orange) for different surfactants ratios ν, and D) the 

corresponding hydrodynamic diameter dh measured by DLS. Optimum nano-emulsion 

formulation was obtained for cyclohexane and decane consisted respectively of  = 4:6 and  

= 1:1 (white rectangles in A and B).   

 The diameter of nano-emulsion droplets has been shown to be highly dependent on the 

viscosity of both the continuous and the dispersed phases as well as the homogenisation 

procedure. For instance, Grupta et al. developed a scaling parameter Wecrit, d to predict the 

nano-emulsion droplet size based on these three parameters and successfully applied it to 

several oil-in-water nano-emulsions. They found that nano-emulsion droplet diameter 

decreased with an increase in the continuous phase viscosity µc according to dh ~ µc
-5/12 – and 

therefore smaller droplets would be expected with mineral oil.119 It is worth noting that the 

model was valid in a viscous turbulent regime, which also typically required high-energy 

homogenisation such as high pressure homogenisation or ultrasonication.119 Our work, 



 

87 

 

however, used a low-energy mixing procedure, which may not sufficiently disperse the water 

droplets in the continuous phase, leading to phase-separation as observed. 

 All these elements, i.e. turbidity, low-stability, and dh > 100 nm, strongly indicate that 

the mineral oil led to the formation of emulsions while cyclohexane and decane both gave 

stable nano-emulsions. We thus did not further pursue using mineral oil. 

5.3.2 Nano-emulsion robustness: water phase composition 

To investigate the feasibility of using these nano-emulsions as templates for microgel synthesis, 

the water phase composition was varied to include weak polyelectrolytes of different charges 

(CS, polycationic and ALG, polyanionic), hydrophobicity (CS-nb, bearing hydrophobic nb 

groups) and salts (PBS). When a solution of 1 w:v% CS or CS-nb in 1% AcOH was used as 

the water phase, the diameter of the resulting nano-emulsion droplets was largely the same, 

with a minimum diameter observed for the same optimal surfactant composition in both decane 

( = 1:1 (Figure 5-5 A-D) and cyclohexane ( = 4:6), confirming the feasibility of using these 

nano-emulsions as template to generate microgels.  

 

Figure 5-5. Nano-emulsion stability studied by DLS when varying the water phase from water 

(A) to CS (B) and CS-nb (C) in decane (D) and in from water (E) to ALG (F) with PBS (G) in 

cyclohexane (H). The dashed rectangle highlights the formation of precipitate. 
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Similarly, the nano-emulsions were not impacted by the addition of ALG in the water phase, a 

weak polyanionic polymer, while the addition of salt resulted in immediate polymer 

precipitation (Figure 5-5 E-H for the cyclohexane results). Overall, these results confirmed the 

possible application of these nano-emulsion templates to the synthesis of polyelectrolyte 

microgels.  

5.3.3 Optimisation of the conditions for the crosslinking of microgels in flow 

To ensure efficient and complete photo-crosslinking, adequate UV illumination is usually 

facilitated either by long exposure time or expensive, high power light source. Here a simple 

flow chemistry reactor made of FEP tubing wrapped around a domestic UV-A lamp was 

used.283 This method allowed for an optimal and homogeneous exposure of the nano-emulsion 

to the UV light, as it was pumped through the tubing. In addition, the crosslinking time could 

be tuned between 1 and 30 min by varying the flow rate. Using the optimised nano-emulsion 

conditions in this set-up, we investigated the feasibility of microgel crosslinking in flow by 

gauging the nano-emulsion stability with DLS after pumping and UV exposure at different 

pump rates r (Table 5-3), using 1 w:v% CS in 1% AcOH as the water phase. 

Table 5-3. Optimisation of the crosslinking conditions in flow.  

Pump 

rate p 

(rpm) 

Flow rate 

r 

(mL/min) 

Exposure time te 

(min) 
Nano-emulsion 

appearance after UV 

exposure 

Microgel diameter 

after UV exposure 

dh (nm) 

0 0 0 Pale blue dispersion 33.3 ± 6 

50 3.86 12.9 Cloudy; phase 

separated; precipitates 

obtained 

- 

100 7.47 11.3 Slightly cloudy; single 

phase 

73.9 ± 50 

150 11.1 7.57 Same as the initial 

nano-emulsion (pale 

blue dispersion) 

38.5 ± 8 

200 14.7 5.37 31.5 ± 6 

250 18.2 4.22 33.3 ± 6 

 

 A minimum of r = 150 rpm was required to maintain nano-emulsion stability during 

pumping and UV exposure, as demonstrated by DLS measurements of the nano-emulsion at 

the entrance and at the exit of the flow reactor (Table 5-3). Slower reactions (r = 100 rpm) 

resulted in droplet coalescence, as shown by both an increase in the nano-emulsion turbidity 

and by an increase in the hydrodynamic diameter dh from ~ 30 nm to ~ 70 nm. At r = 50 rpm 

CS was visibly expelled from the water phase and recovered as a solid. We suggest that this 
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loss of stability is related to the forces applied to the nano-emulsion during pumping, which 

are different from mechanical stirring. Based on these results, it was decided to proceed to 

crosslinking at a flow rate of 200 rpm as it allowed for a quick crosslinking without affecting 

the nano-emulsion stability. This methodology was further used to crosslink up to 50 g of nano-

emulsion in less than 5 min. 

5.3.4 Synthesis of the microgels 

Using the optimised flow-UV curing condition, CS microgels were obtained using the afore-

described nano-emulsion templating method with a water phase consisting of 1 w:v% of CS-

nb in 1% AcOH, 0.1% of IRG, and a designated amount of HS-PEG2-SH crosslinker. The 

impact of three different surfactant compositions, corresponding to the optimised formulations, 

and four different crosslinker concentrations (calculated to vary the theoretical Rs from 1:4 to 

1:1), were studied when the nano-emulsions were generated in both cyclohexane (Figure 5-6) 

and decane,285 comparing the diameter of the crosslinked microgels (brown) to the control 

uncrosslinked nano-emulsions. For a given surfactant composition, the size of the microgel 

diameter did not vary significantly after crosslinking and was not affected by the [SH]:[nb] 

molar ratio Rs, thus demonstrating the robustness of the nano-emulsions and supporting its use 

for future microgel synthesis, as will be described in Chapter 6. 

 

Figure 5-6. CS microgels made from the nano-emulsion templating method using cyclohexane 

as the oil phase. Photos of CS nano-emulsions generated from: (A) a surfactant ratio S80:T80 

 = 4:6 when varying the [SH]:[nb] molar ratio Rs, from 1:1 to 1:4 ; (C) different ratios  of 

S80:T80 varying between 3:7 and 1:1 for Rs = 1:1. The corresponding hydrodynamic diameters 

dh, measured by DLS, are shown respectively in (B) and (D). 



 

90 

 

5.3.5 SANS studies of the nano-emulsions 

The nano-emulsions were further studied using SANS. The formation of S80/T80 micelles in 

d-cyclohexane was confirmed by their scattering profile showing a typical q-4 decay in the high 

q region, characteristic of small objects, which could be described as a polydisperse spherical 

object (Figure 5-7A) of dimensions comparable with other work.222, 286 Upon addition of D2O 

the scattering profile changes drastically, with a sharp increase in the scattered intensity 

proportionally to q-2 in the high q region, followed by a shoulder and an increased intensity 

proportional to q-4 in the low q region (Figure 5-7B). These features are typical of the formation 

of core-shell objects.222, 226 As described in section 2.3.3.5 in Chapter 2, nano-emulsions can 

be typically represented from the scattering contribution of the aqueous core, the surfactant 

shell and the solvent, all of which can be enhanced by varying the contrast between these three 

components (Figure 5-2 and Figure 5-7B). As opposed to the surfactant shell, the scattering of 

the aqueous core and of the whole droplet (core + shell) present a distinctive q-4 decay in the 

low q region and can both be modelled as a polydisperse sphere.286 

 

Figure 5-7. Typical SANS profile. (A) S80/T80 micelles in C6D12 before (green) and after 

(brown) the addition of D2O and the key features of the resulting scattering profile. (B) 

Scattering of the different nano-emulsion constituents. The scattering curves have been offset 

(10X) on the y-axis for clarity. 

 As a first approximation, the radius of gyration Rg of the nano-emulsion droplet and of 

the surfactant layer were obtained from the Guinier approximation in the low q region (Table 

5-4). All contrasts showed Rg was only slightly affected by the addition of CS and CS-nb (Rg ~ 

17 nm) while an increase to Rg ~ 24 nm was observed after UV crosslinking. Comparing the 

radius of gyration of the nano-emulsion droplet with those of the core suggested tshell ~ 1.5 nm 

which almost doubled after UV curing. These very basic first estimates are in good agreement 
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with the values reported by Malo de Molina et al. who studied S80/T20 nano-emulsions in 

cyclohexane.222 For all the contrasts, Rg was smaller than Rh which should not be observed as 

Rh accounts for the hydration layer. Due to the high concentration of these nano-emulsions, 

samples had to be diluted 10 times before DLS measurements to reduce multiple scattering. It 

was assumed that proceeding to dilution immediately before measurement would not affect the 

measured diameter. As SANS measurement timescale does not allow for immediate 

measurement after dilution, all data were recorded from the concentrated nano-emulsions 

which did show multiple-scattering, as mentioned in section 5.2.3. 

Table 5-4. Hydrodynamic radius (Rh) and radius of gyration (Rg) obtained by DLS and SANS 

respectively for the investigated nano-emulsions. 

Water 

phase 

composition 

 DLS  SANS 

 
Rh  

 (nm) 

 Contrast A Contrast B Contrast C  

Rg droplet (nm) Rg droplet (nm) Rg  core (nm) 

Water  11.5 ± 3.5  15.1 ± 0.5 17.9 ± 0.2 14.0 ± 0.2 

CS  16.2 ± 3.0  18.8 ± 0.6 17.3 ± 0.2 17.1 ± 1.1 

CS-nb  14.8 ± 1.9  19.0 ± 0.6 17.7 ± 0.2 17.7 ± 0.4 

Crosslinked  14.8 ± 3.8  24.6 ± 0.3 24.1 ± 0.3 20.7 ± 0.6 

 The scattering of the shell is represented by contrast A (Figure 5-8A). In the high q 

region, the scattering intensity of the shell increases proportionally to q-2 which yields 

information of the shell thickness tshell. A local maximum followed by a local minimum occur 

next, whose distance is related to the droplet polydispersity. The intensity finally increases 

proportionally to q-4 which corresponds to the scattering of the inner core before reaching a 

plateau.226, 230 The position of these local minima and maxima remains similar when CS or CS-

nb are added to the nano-emulsions, with smoother transition between these extremes, 

suggesting an increase in the polydispersity. After UV exposure, the position of both the 

minima and the maxima were shifted to higher q values, indicating a thinning of the shell or a 

change in the core/shell contrast due to the crosslinking of the polymer chains. The scattering 

was modelled as a core-shell structure in a restricted q range covering only the q-2 and the q-4 

increase as they have been shown to be enough to obtain the core radius and the shell 

thickness.226 A hard sphere structure factor was added as performed in previous work.222, 226, 

286 The scattering data were successfully fitted in the high-medium q region, whereas the fit 
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quality deteriorated in the low q region, with fitted intensities lower than the measured ones. 

These observations match well with the work of Foster et al. who showed that fitting in the low 

q region required to introduce a sticky hard sphere form factor, which is more complex and 

computationally demanding. They showed that the values of the shell thickness and of the core 

radius were identical for both structure factors226 As the resulting fitting parameters were not 

affected, we kept a simple hard sphere description. The nano-emulsion droplets presented a 

core radius rc of ~ 10 nm and a surfactant film thickness ts of ~ 2 nm not affected by the addition 

of CS or CS-nb (Table 5-5). This film thickness is consistent with values reported by De Molina 

et al. in their study on S80/T20 surfactants in d-cyclohexane while their core radius was around 

twice as big, consistent with the lower surfactant concentration they used.222 After UV 

crosslinking, however, the fit quality degraded, possibly related to a change in the crosslinking 

density impacting on the SLDs or on the core form factor. Data analysis suggested that ts 

remained unchanged while rc decreased to ~ 7 nm. Although uncertainties on these last values 

are considerable, this further confirms the efficiency of the crosslinking process. 

 

Figure 5-8. Scattering profile for the investigated contrasts and water phase composition. The 

scattering curves have been offset (10X) on the y-axis for clarity.  

 The scattering of the whole droplet is shown by contrast B ( Figure 5-8B). As observed 

in contrast A, no difference in the scattering profile can be seen when CS and CS-nb were 

added to the water phase. After crosslinking, however, the position of the shoulder is shifted 

towards the low q region, indicating the formation of bigger objects. Due to the low contrast 

between the hydrogenated water core and the hydrogenated surfactants, the scattering can be 

modelled as those of a polydisperse sphere.286 The fit quality was considerably worse than for 

the core-shell fit, even when restricting to a lower q range and when considering different 

structure factors. Attempts were made using a core-shell model, although the contrast between 

the core and the shell is low (Δρ = 1.5). The overall fit was not improved, and the overall 
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dimension of the core + shell obtained this way matched well the estimated radius of the water 

droplet obtained from a polydisperse sphere model. The determination of the exact shape of 

nano-emulsions generally requires serial dilution measurements,287 which was not performed 

in our study. Remaining micelles may contribute to the overall scattering, especially as the 

surfactant concentration is important (~135 mM). Foster et al. added a scattering contribution 

coming from cylindrical micelles.230 The addition of a contribution from the ellipsoidal 

micelles (shown in Figure 5-7A) did not improve the overall fit. 

Table 5-5. Fitting parameters obtained from all contrasts for different nano-emulsion 

compositions using a core-shell (contrast A) or a polydisperse sphere (contrasts B and C) 

description. *: no relevant fitting parameters was obtained. 

Water phase 

composition 

Contrast A  Contrast B  Contrast C 

rc (nm) ts (nm)  rdroplet (nm)  rc (nm) 

Water 10.5 ± 0.2 2.22 ± 0.08  17.5 ± 0.02  14.5 ± 0.02 

CS 9.91 ± 0.1 1.80 ± 0.08  18.0 ± 0.02  * 

CS-nb 9.39 ± 0.1 1.78 ± 0.09  16.7 ± 0.14  * 

Crosslinked 7.27 ± 0.2 1.71 ± 0.16  22.4 ± 0.02  * 

 

 Similar observations were made for the scattering of the core, represented by contrast 

C (Figure 5-8C).  The addition of CS or CS-nb into the nano-emulsion had a greater impact on 

the scattering intensity, as shown by the formation of a sharper peak at q ~ 0.04 Å-1. This change 

was even more pronounced after UV crosslinking, with an increase in intensity and a shift to 

lower q values representative of bigger objects of different SLD. The final q-4 region was less 

modified after UV, suggesting that the shell was mostly affected by the crosslinking procedure. 

The use of h-cyclohexane should not allow for the visualisation of interfering free micelles in 

solution, but the use of hydrogenated solvent resulted in significant incoherent scattering and 

reduced the data quality in the high q region. Data were analysed as polydisperse spheres in a 

restricted q range (0.01-0.09) to limit both multiple scattering (low q) and incoherent scattering 

(high q). As in contrast B, the fit quality was rather poor, especially after the addition of 

polymer in the water phase, even when accounting for a surfactant shell surrounding the 

droplet. In particular, an increase in the scattering slope from q-4 to q-5 after the addition of CS 

and q-6 after UV curing were observed, which are not compatible with a sphere model. 

Nevertheless, the similarities observed after the addition of CS or CS-nb support the robustness 
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of the nano-emulsion templates for microgel synthesis, while the shift in the shoulder peak 

position and intensity after UV curing indicates the efficiency of the crosslinking. 

5.4  Conclusions 

Stable, concentrated nano-emulsion templates were successfully obtained from FDA-approved 

surfactants and low-energy methods. The impact of different oils on nano-emulsion droplet 

size and stability was investigated. Optimised nano-emulsion formulations were found based 

on cyclohexane, whose low boiling point makes its removal easy, and whose robustness 

towards various water phase composition and crosslinking conditions was confirmed by DLS 

and SANS. The synthesis of microgels based on these templates will be described in Chapter 

6. 
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6 Microgels 

6.1 Aims 

This chapter describes the characterisation and potential applications of CS-nb microgels 

obtained from the nano-emulsion templating method described in Chapter 5. The materials 

were characterised by DLS, ζ potential, TEM and SANS, which provided information at 

different length scales on the impact of both synthesis and environmental parameters on their 

properties. The microgels were successfully functionalised using tetrazine ligation and 

presented non-significant toxicity against HDF cells, designing them as attractive targets for 

functionalised scaffolds in the biomedical area. 

6.2 Methods 

6.2.1 Microgel synthesis 

The microgels were obtained using the nano-emulsion template described in Chapter 5. Unless 

specified otherwise, the template consisted of 80 wt% cyclohexane, 4 wt% S80, 6 wt% T80 

and 10 wt% of water phase (1 w:v% CS-nb in 1% AcOH, 0.1 % IRG and the desired 

crosslinker). The crosslinking was performed either in batch or in flow.  

 Several purification procedures where attempted, including microgel precipitation (in 

ethanol, methanol or acetone) and dialysis. Precipitation gave insoluble aggregates which could 

not be resuspended in water. Dialysis gave soluble products, but a significant amount of 

surfactant was still present, as verified by 1H NMR. Freeze dried microgels did not resuspend 

homogeneously, presumably due to microgel entanglement happening in the drying process. 

 Optimum conditions were found by centrifugal dialysis followed by vacuum oven 

concentration, which allowed for solubility at high concentration (> 20 mg/mL). The optimal 

microgel purification procedure was as follows. First, microgels were separated by 

centrifugation (1 hr 4000 rpm) from the suspension. The pellet formed was transferred into a 

Vivaspin® 20 concentration centrifugation tube (10 kDa cut-off) and washed with EtOH/H2O 

(with 1% AcOH) mixtures (3:1, 1:1 and 1:3 ratio successively, 1 hr 4000 rpm each) and then 

with 1% AcOH in H2O (3x, 1 hr 4000 rpm).  The microgel suspension was transferred in a 

glass vial and concentrated in a vacuum oven (40°C). The microgel concentration was 

determined by freeze drying a 50 µL aliquot. Microgel diameters and ζ potentials were 

measured with a Malvern Nano Zetasizer zs as described in section 4.3.1 in Chapter 5 with a 
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microgel concentration of 0.75 mg/mL and solvent parameters adapted to the background 

electrolyte. 

6.2.2 TEM 

The samples were prepared by negative stain using uranyl acetate (3 %) on glow discharged 

grids. 5µL of microgel suspensions (0.5-1 mg/mL) was incubated on the grid for 1 min and the 

excess was wicked away; the procedure was then repeated with 5 µL of stain. The samples 

were observed in a Tecnai 12 BioTwin TEM at 120 kV with images captured using an FEI 

Eagle 4k × 4k camera. 

6.2.3 SANS studies 

As samples could not be freeze-dried, the synthesis was performed as described in section 6.2.1 

by replacing H2O/AcOH by D2O/AcOD-d4 in the crosslinking and in the washing steps. All 

samples were prepared at 15 mg/mL in the final solvent (1% AcOD-d4/D2O with or without 

NaCl, CaCl2, urea-d4 (d-urea); deuterated PBS (d-PBS) or D2O with pH adjusted with DCl or 

NaOD) and measured in 2 mm-thick quartz cuvettes. 

 The effect of the nano-emulsion composition on the microgel structure was studied on 

the Sans2D diffractometer (ISIS, Didcott) and the impact of environmental conditions (salts, 

urea, pH) was recorded on the PA20 diffractometer (LLB, Saclay). Samples from different 

synthesis batches were used, which were combined prior to solvent evaporation and 

resuspension in the appropriate solvent to reduce batch-to-batch variability, although this was 

anticipated to lead to increase polydispersity. The SANS beamlines were described in section 

2.3.1 in Chapter 2. A background correction was performed from a cuvette containing D2O for 

the pH-dependency series, 1% AcOD-d4/D2O with the presence of d-urea or d-PBS if needed. 

The absence of multiple scattering was verified at ISIS. (Figure 6-1). The data processing is 

discussed in section 6.3.1. 

 

Figure 6-1. Verification of absence of multiple scattering on microgel samples, evident from 

the wavelength-independent scattering intensity I(q). 
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6.2.4 Synthesis of Tet-Coum for microgel functionalisation 

Tet-Coum was synthesized as reported by Devaraj et al.288 following the reaction scheme 

shown in Scheme 6-1. 

 

Scheme 6-1. Synthetic route to Tet-Coum. 

6.2.4.1 Synthesis of Tet-NHBoc 

Tet-NHBoc was synthesized according to previously reported procedures.289 Briefly, tert-Butyl 

N-[4-(cyanophenyl)methyl]carbamate (232 mg, 1 mmol) was combined with acetonitrile (525 

µL, 10 mmol), Ni(OTf)2 and hydrazine monohydrate (2.4 mL, 50 mmol) in a sealed tube. The 

tube was heated to 65°C for 36 hrs, after which the mixture had turned dark purple. NaNO2 

(1.4 g, 20 mmol) was dissolved in 5 mL DI H2O and added to the mixture, followed by 

dropwise additions of 2M HCl until pH reached 3 and gas formation stopped. The resulting 

pink solution was extracted with ethyl acetate (5x), and the combined organic layers were 

washed with brine, dried over MgSO4, filtered and concentrated under vacuum to afford a pink 

solid which was purified by column chromatography (hexane:ethyl acetate 4:1) to afford the 

desired compound as a pink solid (67 mg, 22.5 %). 1H NMR (400 MHz, CDCl3 – see Figure 

6-2 for the peak attribution) δ 8.54 (d, J = 8.2 Hz, 2H, b), 7.49 (d, J = 8.1 Hz, 2H, c), 5.00 (bs, 

1H, e), 4.43 (d, J = 5.7 Hz, 2H, d), 3.09 (s, 3H, a), 1.47 (s, 9H, f). 13C NMR (101 MHz, CDCl3 

- see Figure 6-3 for the peak attribution) δ 167.35 (b), 164.06 (c), 156.07 (i), 144.10 (g), 130.94 

(d), 128.34 (e or f), 128.19 (e or f), 79.98 (j), 44.53 (h), 28.54 (k), 21.29 (a). m/z (ES+): expected 

246.0991 ([M-Boc]+), found 246.10. 
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Figure 6-2. 1H NMR of Tet-NHBoc and its peak attribution. 

 

Figure 6-3. 13C NMR of Tet-NHBoc and its peak attribution. 
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6.2.4.2 Synthesis of Tet-Coum 

Tet-NHBoc (13 mg, 45 µmol) was first deprotected by stirring in TFA/DCM (1:1, 1 mL) for 

1.5 hrs. The deprotection was monitored by TLC. Solvent was removed under vacuum and the 

resulting pink solid was dissolved in DCM (1 mL). Triethylamine (100 µL, 360 µmol) was 

added followed by NHS-activated coumarin (Coum-NHS, 20 mg, 45 µmol). The reaction 

mixture was stirred in the dark at room temperature for 2 hrs and the product was purified by 

flash chromatography (1:1 hexane-ethyl acetate) and isolated as an orange-red solid (7 mg, 

35%) The compound composition was assessed by HPLC and presented both characteristic 

absorption bands at 420 and 515 nm of coumarin and tetrazines respectively. 1H NMR (400 

MHz, CDCl3) δ 9.31 (bs, 1H), 8.74 (d, J = 14.8 Hz, 1H), 8.60 – 8.53 (J = 8.1 Hz, 1H), 7.60 (dd, 

J = 17.8, 8.1 Hz, 2H), 7.45 (dt, J = 8.6, 3.6 Hz, 2H), 6.66 (dd, J = 9.0, 1.8 Hz, 1H), 6.51 (s, 1H), 

4.76 (d, J = 5.9 Hz, 1H), 4.69 (d, J = 6.0 Hz, 1H), 3.46 (q, J = 7.0 Hz, 4H), 3.09 (s, 3H), 1.23-

1.28 (m, includes t, J = 9.0 Hz). 

 

Figure 6-4. 1H NMR of Tet-Coum and its peak attribution. 

6.2.5 Fluorescence-monitoring of microgel functionalisation 

The microgels (HS-PEG2-SH, Rs = 1:2) were resuspended in DI water at a final concentration 

of 0.5 mg/mL in a quartz cuvette (1 cm pathlength) to which Tet-Coum was added to a final 

concentration of 1 μM. The ratio between unreacted nb and Tet-Coum was 1:1, assuming 100% 
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yield for the thiol-ene crosslinking in the microgel synthesis step. The reaction was monitored 

by fluorescence spectroscopy using a Perkin-Elmer LS45 fluorimeter with an excitation at 420 

nm. The emission spectra were recorded in the wavelength range of 460 - 600 nm. 

6.2.6 Microgel toxicity 

HDF cells were cultured as described in section 4.3.9 in Chapter 4 and plated at 5×103 

cells/well in 96-well plates. The cells were incubated 24 hrs before plating with microgels (HS-

PEG2-SH, Rs = 1:1) at concentrations varied between 1000 and 2 µg/mL (4 replicates per 

condition, i.e. toxicant concentration and time point, all performed in triplicates) for 1, 2 or 5 

days. At the required incubation time, the media was removed, and wells were rinsed twice 

with PBS. Metabolic activity and cell viability were measured respectively with AB and calcein 

tests as described previously. All results were background-corrected with a solution of media 

containing the two dyes and expressed as a percentage of control consisting of cells not exposed 

to microgels. 

6.3 Results and discussion 

6.3.1 Microgel synthesis 

The impact of the nano-emulsion composition – both the oil phase (surfactant composition, oil 

type) and the water phase (CS concentration, crosslinker type and concentration) – as well as 

the environment – pH, ionic strength, urea - on the final microgel structure was systematically 

assessed by a combination of scattering techniques (DLS and SANS). 

6.3.1.1 Impact of the nano-emulsion composition 

The effect of the nano-emulsion composition was investigated on HS-PEG2-SH crosslinked 

microgels. Once washed and resuspended in water, the microgels showed a significant 

swelling, with nano-emulsion crosslinked water droplets of dh ~ 30 to 60 nm - depending on 

the oil type and on the surfactant ratio ν – compared to microgels of dh ~ 100 to 400 nm as 

measured by DLS (Figure 6-5). This swelling is a classic behaviour of microgels in a good 

solvent and consistent with the behaviour of the corresponding hydrogels. Microgel 

aggregation may also contribute to the increased measured diameters. 

 The surfactant composition had a drastic impact on the size of the swollen microgel. 

When cyclohexane was used as the oil phase, 3-fold (ν = 1:1) to 8-fold (ν = 3:7) swelling was 

observed. The swelling, on the other hand, was more homogeneous for decane-based nano-

emulsions (between 1.6- and 5-fold). Unexpectedly, the diameter of the final microgel was not 

directly related to the crosslinked nano-emulsion diameter, whose composition was based on 
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an optimised surfactant composition.  This could suggest some confinement of the accessible 

nb moieties depending on the water droplet diameter, preventing the crosslinker from accessing 

the reactive moieties, thus leading to incomplete crosslinking – and hence affecting the 

swelling differently. 

 

Figure 6-5. Impact of the nano-emulsion formulation on HS-PEG2-SH crosslinked CS 

microgels hydrodynamic diameter measured by DLS. 

6.3.1.2 Impact of the crosslinking density 

The microgel diameter could be further controlled by choosing the [SH]:[nb] molar ratio Rs. 

As Rs decreased from 1:1 to 1:2 the hydrodynamic diameter of the swollen microgel dh 

increased from ~ 200 to ~ 160 nm when cyclohexane was used as the oil phase and from ~ 195 

to ~ 230 nm with decane-based nano-emulsions (Figure 6-6AB). As for hydrogels, the higher 

the degree of reticulation, the tighter the packing of the polymer chains, which in turns limits 

the water uptake, reducing the swelling. However, when Rs was further decreased to 1:4 dh 

decreased to ~ 140-150 nm for both nano-emulsion formulation.  This could either suggest the 

formation of smaller objects, or of a change in the microgel geometry, which would affect the 

DLS measurements. The microgel geometry was further assessed by TEM, and confirmed that 

while spherical objects where obtained for Rs = 1:1 and 1:2 a lower [SH]:[nb] ratio resulted in 

the formation of poorly defined objects of variable geometry (Figure 6-7). These very loosely 

crosslinked materials result in either highly swollen, poorly defined objects, or in non-reacted 

polymer chains. Based on this evidence, a minimum [SH]:[nb] ratio of Rs = 1:2 was required 

for the formation of well-defined microgels. 
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Figure 6-6. Impact of the degree of crosslinking on HS-PEG2-SH crosslinked CS microgels 

hydrodynamic diameter formulated from (A) decane and (B) cyclohexane, measured by DLS.  

  As pH decreased from neutral (pH ~ 7) to acidic (pH ~ 4) dh doubled, due to the 

protonation of the amines leading to an increased repulsion between the polymer chains as 

detailed in section 4.4.2.1 in Chapter 4 (Figure 6-6AB), which is further supported by an 

increase in the zeta potential from ζ ~ + 12 mV at neutral pH to ζ ~ + 40 mV at mild acidic pH. 

CS microgels and nanoparticles often present ζ ~ + 50 mV; 290 the slightly lower values 

measured are consistent with the introduction of carboxylate groups on the nb moieties, as well 

as with the presence of T80 surfactant on the surface of the microgel by 1H NMR (Figure 6-7) 

This pH-responsivity could be beneficial for drug delivery in the case of cancer or bacterial 

infections, where the intracellular pH is acidic.291 

 

Figure 6-7. Microgel characterisations: TEM of HS-PEG2-SH crosslinked CS microgels with 

Rs varied between 1:4 and 1:1 and 1H NMR of the corresponding microgels (Rs = 1:2) 

compared to CS-nb and the surfactant T80. 

6.3.1.3 SANS analysis 

 The microgel swelling was further related to the internal nanostructure and its mesh 

size using SANS measurements. A typical scattering profile is shown in  
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Figure 6-8A and presents the following features: the scattering intensity increases in the high 

q region proportionally to q-4, consistent with small and swollen objects in solution. A first, 

low intensity shoulder appears at q ~ 0.06 Å-1 followed by a sharper one at q ~ 0.01 Å-1, 

suggesting two characteristic length scales in the network: the mesh size ξ and an aggregate 

dimension resulting from highly crosslinked regions in the microgel network (see Figure 2-9) 

which has been associated with network inhomogeneity in hydrogels.61  Compared to pNIPAM 

microgels, both shoulders are very broad and no oscillations are observed,243 suggesting 

polydispersity. The intensity continues to increase in the low q region proportionally to q-2. The 

investigated q range was ~ 0.002-0.5 Å-1 corresponding to a length scale of ~ 1.5 – 300 nm, 

which is lower than the hydrodynamic diameter of the swollen microgels under acidic 

conditions (Figure 6-6B), consistent with the absence of a plateau in the low q region. In 

addition, previous studies on microgels performed at similar concentrations report the presence 

of a structure factor resulting from microgel interactions.244, 246 Although samples were not 

optically transparent, no multiple scattering occurred. The formation of a crosslinked network 

can be further verified by a Kratky plot with the appearance of a peak in the low q region, 

typical signature of highly scattering, frozen crosslinks, when solvated polymers present a 

linear increase (Figure 6-8B).61 

 

Figure 6-8. (A) Typical scattering profile of HS-PEG2-SH crosslinked CS microgels and (B) 

the corresponding Kratky plot. The increase in the high q region is due to incoherent scattering. 

 As discussed in section 2.3.3.7 in Chapter 2 the modelling of the scattering of microgels 

is described as the sum of the contribution of the polymer chains – typically a Lorentzian 

function - and of the crosslinked units, which can take the form of a Porod exponent, another 

Lorentzian term or a Guinier-like equation.233 For monodisperse microgels of well-known 

structure, this second term can be refined as the scattering of a core-shell243, 248 or of a fuzzy 

sphere.246 CS-nb microgels, however, are expected to present a polydisperse structure due to 

the random functionalisation of CS and the non-controlled grafting. In addition, a structure 
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factor may need to be added to describe the low-q region.130 The scattering of the microgels 

was therefore modelled by empirical formulae, with restriction in the low q region due to inter-

particle interactions (0.002 – 0.5 Å-1). 

 As an initial approach, the aggregates were modelled by a Porod decay as performed 

with CS-nb hydrogels in Chapter 4: 

I(q) =
A

qD +
C

1+(qξ) m
+background (2-29)  

where ξ corresponds to the microgel mesh size, the Lorentzian exponent m indicates the 

polymer chains solvation or collapse, and the Porod exponent D describes the aggregates, 

resulting from crosslinking inhomogeneities. The dimension of these highly reticulated points 

can be further estimated by adding an exponential decay as:224, 231 

𝐼(q)=
IL(0)

(1 + 
D+1

3
 ξ

2
q2)

D/2
 +  Is(0)e

- 
Rg 

2 q2

3 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (6-1) 

 These equations were preferred as they allow for variations on the Lorentzian exponent 

(m in Eq. 2-29 or D in Eq. 6-1) which can be affected by hydrogen bonding,9 very strong in 

polysaccharides. When constricting m – or D - to 2 to recover the classic Lorentzian equation, 

no meaningful results could be obtained, even on a restricted q range. Similarly, better fits were 

obtained in the high q region when using the Debye-Anderson-Brumberger (DAB) equation, 

which presents a q-4 dependency of Lc – analogue to ξ: 

I(q) = A
Lc

3

(1 + q2Lc
2)

 2 +background (2-30) 

Table 6-1. Comparative fitted data of CS-nb microgels crosslinked with HS-PEG2-SH. 

 

 Mesh sizes obtained from Eq.2-29, 6-1 or 2-30 are shown in Table 6-1 and the 

corresponding fitted data are presented in Figure 6-9. The fitting was performed in the high-

medium q region as this is where mesh size information will be found; in addition, the low q 

region is likely impacted by a structure factor. Depending on the chosen equation, the mesh 

sizes varied between ~ 2 and up to ~ 6 nm, all larger than the fully elongated crosslinker length 
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(1.14 nm). Largest mesh sizes were obtained from the DAB model, which is sometimes used 

to describe hydrogel aggregates, while both other equations were consistent with a Porod 

exponent of ~ 3.7, reflecting rough inhomogeneities, likely due to the formation of hydrophobic 

nb crosslinks. The Guinier-like term in Eq. 6-1 estimated aggregate dimensions of Rg ~ 20-25 

nm. As anticipated, both Rg and ξ increased as the amount of crosslinker increased from Rs = 

1:2 to 1:1. 

 

Figure 6-9.SANS data of HS-PEG2-SH. The fitted data are shown as a white line for the 

different fits: (A) DAB, (B) Porod-like aggregates, (C) Guinier-like aggregates. Data have been 

offset (10X) on the y-axis for clarity. 

 The Lorentzian exponent (m in Eq. 2-29 or D in Eq. 6-1) of 4, on the other hand, is 

somewhat unexpected. This exponent is related to the excluded volume parameter υ in Flory 

theory.235 Swollen polymer chain in a good solvent typically present 1/2 <  υ < 3/5 with υ = 2 

corresponding to a theta solvent where both polymer-solvent and polymer-polymer interactions 

are equal. 1/3 < υ < 1/2 on the other hand suggests self-attracting polymer chains with poor 

polymer/solvent interactions. It has been shown that m can slightly differ from 2 for polymer 

gels, as accommodated in Eq. 2-29 in Eq. 6-1; however, no value greater than 3 have been 

reported, even for hydrogen-bond rich networks, where intra-molecular polymer chain 

interactions are consequent.231 An exponent υ = ¼ can be found in Flory theory as a description 

of ideal randomly branched polymers,292 which is consistent with the nature of CS-nb - a 

polydisperse polymer of various chain length, randomly functionalised with nb branches, 

themselves randomly crosslinked with thiols. It is also found in the description of more 

complex crosslinked structures such as tree melts or weakly swollen randomly branched 

polymers where chains motion does not obey Gaussian statistics.292  

 Many reports of SANS studies of hydrogels or microgels take advantage of near-ideal 

structures coming from well-defined crosslinkers of known functionality and length, such as 



 

106 

 

tetra-arm PEGs60, 61 or very well-defined microgels.130, 243, 248 Due to the intrinsic polymer 

heterogeneity it seems reasonable that polymer chains do not follow Gaussian movements as 

ideal linear polymers do. Adapting Flory theory of branched polymer melts – supposedly a 

better description than dilute, non-interacting trees as gelation requires chain entanglement and 

overlap – the system dimension d can be calculated as: 

d = 
1

ν
 = 4 (6-2) 

and the upper critical dimension dc for which volume interactions are negligible is dc = 4.292 As 

d ≤ dc excluded volume interactions must be considered, consistent with the formation of 

crosslinking points in the microgel network and the resulting formation of non-accessible 

regions to solvent, which may be related to the shoulder observed on the scattering profile. 

 The mesh size obtained from the microgels are very different from those of the 

hydrogels calculated both by SANS and by rheology. The crosslinking concentration 

investigated for hydrogels (2 and 4 w:v%) were higher than those used with microgels (1 

w:v%), and the hydrogels were not in their swollen state.  The mesh size of the corresponding 

1 w:v% hydrogels can be estimated as ~ 30 - 40 nm by rheology, which is comparable to the 

aggregate dimension Rg. Rheology studies the macroscopic properties of materials and is 

greatly affected by network inhomogeneity. The differences between the micro- and macrogels 

may also result from different polymer confinement in the crosslinking step in the bulk phase 

and in the water droplet. 

6.3.1.4 Impact of the crosslinker 

The structure of the microgels can also be tuned by varying the composition of the water phase, 

mainly the nature of the crosslinker as well as the polymer concentration. The crosslinkers 

presented in Chapter 4 (HS-PEG2-SH, HS-PEG40-SH and CS-SH) were combined in the water 

phase to achieve different Rs and the resulting materials were studied in their fully swollen state 

i.e. under acidic conditions. As observed previously, lowering the thiol content resulted in more 

loosely crosslinked networks with greater swelling, as shown by DLS with their increasing 

hydrodynamic diameters (Figure 6-10A). The properties of the bulk hydrogels were dependent 

on the crosslinker chosen, with greater swelling observed for the longer crosslinker HS-PEG40-

SH (see section 4.4.2.1 in Chapter 4); the swelling of the microgels, however, was not 

significantly affected by the crosslinker used, with similar diameters obtained for all materials 

(dh ~ 420 nm for Rs = 1:2 and dh ~ 230 nm for Rs = 1:1, Figure 6-10A). 
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Figure 6-10. Impact of the crosslinker on CS-nb microgels studied by: (A) DLS and (B, C) 

SANS. The scattering curves have been offset (10X) on the y-axis for clarity. 

 The mesh size and the aggregate dimensions were further estimated using SANS. As 

for the HS-PEG2-SH crosslinked microgels, the scattering initially increased proportionally 

with q-4 in the high q region until a shoulder is reached, after which the scattering evolves with 

a q-2 or a q-3 power law depending on the crosslinker used without reaching a maximum (Figure 

6-10B and C). The second intense shoulder in the low q region was only observed with HS-

PEG2-SH or HS-PEG40-SH when Rs = 1:2 or 1:4, suggesting the presence of aggregates does 

not occur for the more reticulated system (Rs = 1:1), which may be due to a more homogeneous 

network. The fit quality was greatly dependent on the presence of this second shoulder, which 

was best accounted for with the presence of a Guinier-like term, whereas the scattering of the 

microgels presenting a single shoulder was better described with a Porod exponent (Figure 

6-11 and Figure 6-12; the fitting parameters are given in Table 6-2 and Table 6-3). 

 

Figure 6-11. SANS data of microgels (Rs = 1:1) fitted with: (A) DAB, (B) Porod-like 

aggregates, (C) Guinier-like aggregates. Data have been offset (10X) on the y-axis for clarity. 
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Figure 6-12. SANS data of microgels (Rs = 1:2) fitted with: (A) DAB, (B) Porod-like 

aggregates, (C) Guinier-like aggregates. Data have been offset (10X) on the y-axis for clarity. 

Table 6-2. Comparative fitted data obtained for HS-PEG40-SH microgels. 

 

Table 6-3. Comparative fitted data obtained for CS- SH microgels. 

 

 Neither the mesh size nor the aggregate dimensions of HS-PEG40-SH crosslinked 

microgels was drastically different from their HS-PEG2-SH analogues, despite the different 

crosslinker length (Table 6-2). In addition, the higher hydrophilicity of HS-PEG40-SH resulting 

from the amount of ethylene oxide units reduces the hydrophobicity of the crosslink points, 

probably contributing to the reduction of the scattering of the aggregates. Finally, thiols can 

also react together to generate disulphides, thus reducing the amount of free thiols available for 

the thiol-ene reaction; increasing the [SH]:[nb] ratio while using a flexible and hydrophilic 
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crosslinker may make this side-reaction more likely. The amount of unreacted thiols post 

crosslinking could in theory be determined using Ellman’s test as described in Chapter 3; 

however, thiol accessibility decreases after crosslinking, thus reducing the reactivity of DTNB. 

As the reaction was performed under acidic conditions disulphide bridges formation should be 

prevented, although side reactions cannot be entirely discarded. Residual surfactant T80 was 

also detected by 1H NMR post-synthesis which may interfere in the scattering data; it is unclear 

whether T80 is present as micelles in solution or it is interacting with CS-nb microgels. 

 On the other hand, CS-SH is a highly functionalised, reticulated polymer, with little 

flexibility. The crosslinking is therefore expected to be less efficient and to result in dispersed, 

densely reticulated areas. A single, low-intensity shoulder was observed for Rs = 1:1 while two 

very closed ones were seen for Rs = 1:2, suggesting an aggregate dimension closed to the mesh 

size, consistent with the high functionalisation and low flexibility of CS-SH. The Porod 

exponent was lower than for the difunctional crosslinkers, suggesting a less swollen and open 

architecture. 

6.3.1.5 Impact of CS-nb concentration 

As discussed in Chapter 4 CS-nb hydrogel mechanical properties, such as swelling or rheology, 

are dependent on CS concentration during crosslinking, as this affects chain mobility. The 

impact of CS-nb concentration during the crosslinking process on the final microgel structure 

was studied on HS-PEG40-SH materials. Increasing CS concentration is anticipated to lead to 

higher crosslinking densities as more crosslinking points are available, which should result in 

smaller objects of better-defined internal structure. 

 

Figure 6-13. Impact of CS-nb concentration in the crosslinking process measured by (A) DLS 

and (B, C) SANS. Fitted data are shown as a plain line; data have been offset (10X) on the y-

axis for clarity. 
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 DLS measurements of the resulting microgels showed that CS-nb concentration did not 

impact on the final dimension of the microgel for Rs = 1:1 (dh ~ 220 nm) and slightly increased 

from dh ~ 400 nm at 1-1.5 w:v% to dh ~ 600 nm at 2 w:v% for Rs = 1:2 (Figure 6-13A). This 

unexpected result suggests incomplete crosslinking, which may result from reduced chain 

mobility with increased entanglement preventing access from the thiolated crosslinker. SANS 

data revealed a decrease in the intensity of the first peak, shifted to the high q region, with a 

flattening of the scattering intensity, which increases linearly in the low q region following q-

2.5 -  q-3 (Figure 6-13BC). This suggests the formation of more homogeneous networks with 

increasing polymer concentration. The slight shift of the first shoulder to higher q with 

increasing CS concentration confirms a decrease in ξ or in the aggregate dimension Rg as 

expected. Best fits were obtained from a Porod description of the aggregates which yielded ξ 

~ 2.8 nm; when an exponential term was added the aggregate dimension was estimated as Rg ~ 

20 nm. No correlation between ξ nor Rg could be drawn possibly due to network heterogeneity 

(Table 6-4 and Table 6-5).  

Table 6-4. Comparative fitted data obtained from different CS-nb concentration at Rs = 1:1. 

 

Table 6-5. Comparative fitted data obtained from different CS-nb concentration at Rs = 1:2. 

 

6.3.2 Biologically relevant environmental conditions 

The behaviour of CS polyelectrolyte microgels under physiological conditions are expected to 

be significantly different due to the presence of salts. In utero environment is also urea-rich, 

with possible hydrogen bond interactions with polysaccharides. Temperature, on the other 

hand, was not anticipated to have a drastic effect on the microgel structure, as CS is not thermo-
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responsive; indeed, SANS measurements performed both at 25°C and at 37°C showed no 

significant differences, with slight variations present for the longest PEG crosslinkers probably 

due to PEG thermo-responsivity; (Figure 6-14) longer thiolated PEGs crosslinker would likely 

have a more pronounced effect. 

 

Figure 6-14. Impact of temperature on CS-nb microgels Data have been offset (10X) t on the 

y-axis for clarity. 

 The impact of the environment was studied by a combination of DLS to access the final 

dimension of the microgels and SANS to get details of their internal structure for two different 

crosslinkers (HS-PEG2-SH and HS-PEG40-SH) and a single [SH]:[nb] molar ratio (Rs = 1:1). 

To prevent batch-to-batch discrepancies, several microgel batches were combined and finally 

resuspend in the desired environmental conditions. Although this was expected to increase the 

overall polydispersity, this solution was preferred to ensure any measured values would be the 

sole result of environmental conditions. In addition, the polymer used for this new series of 

experiments presented a lower degree of functionalisation (DF ~ 0.65 μmol nb/mg CS versus 

~ 1.0 μmol nb/mg CS previously). This lower DF resulted in the formation of fewer 

crosslinking points and thus bigger dh were measured by DLS (Figure 6-15A). Similarly, SANS 

profiles for both materials were very different from those described in section 6.3.1.3, with a 

single, intense shoulder present for both microgels at q ~ 0.02 Å-1 followed by an increase in 

the scattered intensity following q-2  and a final slight upturn at q ~ 0.001 Å-1 (Figure 6-15B). 

The sample polydispersity may lead to the broadening of these signals related to the formation 

of internal aggregates of slightly different dimensions. The behaviour in the low q region is 

consistent with the formation of larger structures as measured by DLS.  
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Figure 6-15. (A) DLS and (B) SANS measurements of CS-nb microgels for different DF. Fitted 

data are shown as a plain line; data have been offset (10X) on the y-axis for clarity. 

 All scattering curves presented a Lorentzian exponent m = 4 but a Porod exponent n ~ 

2.5, closer to previously reported values and suggesting polymer chains in a bad solvent, 

probably resulting from the formation of heterogeneous crosslinks. The mesh sizes calculated 

from the three models presented in section 6.3.1.3 were of around 6.1 – 7.7 nm for HS-PEG2-

SH and 6.7 – 9.3 nm for HS-PEG40-SH depending on the model used (Table 6-6 and Appendix 

M), which is larger than those obtained from the more functionalised polymer, as anticipated. 

The dimensions of Rg and ξ were similar, likely resulting from sample polydispersity. 

6.3.2.1 Addition of salt 

Due to the weak polycationic nature of CS the addition of salt and pH changes are expected to 

impact on the microgel swelling, as was observed for the corresponding macrogels (section 

4.4.2.1 in Chapter 4). The impact of biologically relevant ions, NaCl and CaCl2 – highly present 

in utero in SB pregnancies – was studied. DLS confirmed a shrinkage of the microgels, with 

diameters decreasing from ~ 450 nm to ~ 200 nm (Figure 6-16A and Figure 6-17A), attributed 

to a screening of the electrostatic interactions in the polymer chains resulting from the 

positively charged amines, as discussed in Chapter 4. The quality of the DLS results was 

affected by the introduction of ions, which may indicate aggregation. 
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Figure 6-16. Impact of salts on HS-PEG40-SH microgels measured by (A) DLS and (B, C) 

SANS. Data fitted to the Porod-like aggregates are shown as a plain line; data have been offset 

(10X) t on the y-axis for clarity. The insert represents an overlap of the low q region. 

 SANS measurements showed very little variations in the scattering profile, with 

differences only observed in the low q regions corresponding to bigger aggregates. The 

formation of smaller objects should allow for the visualisation of a plateau in the scattered 

intensity and a shift of the shoulder to the high q region; however, no changes were observed 

for HS-PEG2-SH microgels, which contradicts DLS measurements (Figure 6-17). The 

polydispersity of the samples can justify the identical profile in the high q regions, where 

variations of the mesh size should be very subtle; however, the low q region should present 

different characteristics due to shrinkage. 

 

Figure 6-17. Impact of salts on HS-PEG2-SH microgels measured by (A) DLS and (B, C) SANS. 

Data fitted to the Porod-like aggregates are shown as a plain line; data have been offset (10X) 

on the y-axis for clarity. 
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 HS-PEG40-SH crosslinked microgels were not significantly affected by the addition of 

NaCl with only slight variations observed in the low q region. The addition of CaCl2 on the 

other hand resulted in a shift in the shoulder from q ~ 0.015 Å-1 to q ~ 0.04 Å-1 – consistent 

with a shrinkage at the mesh size length scale - and a reduction in its intensity, followed with 

a linear increase in the scattering intensity from q-2 to q-3 (Figure 6-16BC). This final increase, 

in disagreement with the sizes observed by DLS, suggest inter-particle interactions and the 

formation of greater assemblies through electrostatic interactions which was not observed by 

DLS due to the lower concentrations used (0.75 mg/mL compared to 15 mg/mL for SANS). 

The drastic change observed from CaCl2 to NaCl may result from either the higher ionic 

strength investigated (twice as big compared to NaCl) or to ionic interactions between the 

carboxylate moieties of CS-nb - resulting from the ring-opening of CA - and divalent calcium 

ions. The range of concentration studied was chosen as physiologically relevant. 

Table 6-6. Comparative fitted data obtained from HS-PEG40-SH microgels for different NaCl 

concentrations. 

 

Table 6-7. Comparative fitted data obtained from HS-PEG40-SH microgels for different CaCl2 

concentrations. 

 

 

 



 

115 

 

 The mesh size and the dimensions of the crosslinked regions obtained by fitting are 

given in Table 6-6 and Table 6-7. All fits presented very similar mesh sizes, Porod and 

Lorentzian exponents suggesting a similar internal structure at the investigated concentrations. 

The main differences were obtained on the aggregates dimension Rg which increased with 

increasing salt concentration, showing the bigger densely reticulated areas in the microgel 

matrix due to local collapse. As anticipated, the more drastic change was observed with the 

highest CaCl2 concentrations, with a noticeable decrease in the mesh size and an increase in 

the mass fractal. 

6.3.2.2 pH variations 

CS being a well-known weak cationic polymer the pH-responsivity of the corresponding 

microgels was investigated. As seen in section 6.3.1.2 acidic conditions increased the swelling 

of the microgels due to the protonation of the remaining amines, also evidenced by the increase 

of the microgel ζ-potential from ~ + 10 to ~ + 50 mV. Little variations occurred as pH increased 

from 3 to 5; however, for a pH range varying between 5 and 7 the viscosity of the microgel 

suspension drastically increased, with a further increase in pH leading to phase separation 

and/or precipitation. This pH value is consistent with reported pKa values for CS amines 

varying between 6 and 6.5,293, 294 which impact on CS solubility. The SANS profile of this 

transition phase of increased viscosity (5 < pH < 7) was recorded for both microgels and 

presented significant differences, with an initial increase for higher q values followed by a 

plateau on the 0.01 – 0.1 Å-1 q range and a final increase in the scattering intensity following 

q-2 in the low q region (Figure 6-18). The mesh size could not be estimated from the DAB 

model for these profiles. Both the Porod and the Guinier description of the aggregates indicated 

a significant shrinkage of the microgels from ξ ~ 7 nm down to ~ 1 nm and Rg ~ 10 - 20 nm 

down to ~ 5 nm. No measurements could be made for higher pHs due to microgel precipitation.  

 Interestingly, precipitation was not observed if microgels were mixed in PBS, even if 

pH > pKa; the high salt concentration is likely contributing to the microgel stabilisation through 

electrostatic interactions. While HS-PEG40-SH microgels presented a very similar scattering 

profile to microgels swollen under acidic conditions, HS-PEG2-SH microgels were more 

aggregated, with ξ ~ 7 nm and Rg ~ 50 nm (Table 6-8 and Table 6-9). Studying the effect of pH 

in the presence of a background electrolyte concentration would be an interesting 

complementary experiment. 
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Figure 6-18. Impact of pH on (A) HS-PEG2-SH and (B) HS-PEG40-SH microgels. Data fitted 

to the Porod-like aggregates are shown as a plain line; PBS data have been offset (10X) on the 

y-axis for clarity.  

Table 6-8. Comparative fitted data obtained from HS-PEG2-SH microgels at different pHs. 

 

Table 6-9. Comparative fitted data obtained from HS-PEG40-SH microgels at different pHs. 

 

6.3.2.3 Addition of urea 

Hydrogen bonding is an important characteristic of polysaccharides, imparting for instance for 

their solubility. The use of hydrogen bonding disturbing agents such as urea has been shown 

to lead to spatial re-organisation of the polymer chains, strategy already used to dissolve poorly 

soluble polymers such as chitosan251, 295 or to generate hydrogels.296 In utero environment is 

urea-rich and may therefore impact on CS microgel properties, especially at high concentration. 

 The quality of DLS data deteriorated with the addition of urea, with an increase in the 

polydispersity. SANS measurements on the other hand presented no differences in the high q 

region and only showed very slight variations in the low q region, leading to similar fitted 
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values of ξ and Rg (Figure 6-19). A lower q region may provide more information regarding 

inter-particle arrangement. 

 

Figure 6-19. Impact of urea on the SANS profile of microgels. 

6.3.3 Microgel functionalisation 

TEM images (Figure 6-7) suggested that Rs = 1:2 was sufficient to provide spherical microgels, 

while 1H NMR confirmed the presence of non-reacted nb groups (Figure 6-6E). Furthermore, 

the relative sharpness of these alkene peaks compared to the crosslinked CS core strongly 

suggests that these moieties were located on the microgel surface and could therefore be 

accessed in a post-microgel synthesis step to design tailored, functionalised materials. Nb can 

react with thiols, but also with tetrazines through inverse electron demand Diels-Alder 

(IEDDA). This one-step reaction is among the fastest biorthogonal click chemistry reaction 

and does not require the presence of radicals. The synthesis of tetrazines requires toxic and 

explosive reagents which limits their scale-up; however, this reaction is highly valuable when 

small amounts are required due to its high specificity and efficiency – which is the case of 

nanomaterial functionalisation.297 

 Tetrazines typically weakly absorb at 515 nm, making it difficult to use absorbance to 

monitor the reaction efficiency. To circumvent this, several groups have developed self-

quenching tetrazines, whose fluorescence is recovered after tetrazine ligation.298 Devaraj et al. 

in particular reported a series of FRET self-quenching probes easily derived from an amine-

functionalised tetrazine with commercially available NHS-activated esters of common 

fluorescent labelling agents such as BODIPY, Oregon Green or Coumarin. Upon reaction with 

a strained alkene (trans-cyclooctene, TCO), the fluorescence was turned on by a factor of 3 

(Coumarin) to 20 (BODIPY) after reaction of the tetrazine motif.288 To confirm the reactivity 

of CS-nb microgels, coumarin-functionalised tetrazine (Tet-Coum, Figure 6-20 and Scheme 

6-1) was synthesized. Within 2 min of incubation with the microgels a 2-fold increase in 
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fluorescence was observed, which evolved and plateaued to almost 3-fold after 10 min of 

reaction time, consistent with the values reported by Devaraj et al. for a very similar probe to 

Tet-Coum. This result supports the feasibility of the synthesis of more complex microgels, with 

decorations that could include cell targeting moieties but also more expensive antibodies or 

proteins, thanks to the reliability of the tetrazine ligation. 

 

 

Figure 6-20. Functionalisation of microgels using tetrazine ligation. A) tetrazine ligation of 

Tet-Coum leading to a fluorescent molecule. B) Fluorescent-microgel synthesis using Tet-

Coum. C) Fluorescence spectra of the microgels and Tet-Coum at different reaction time. 

6.3.4 Microgel cytotoxicity 

The toxicity of the microgels was assessed against HDF cell lines exposed to concentrations 

varied between 1000 and 2 µg/mL for 1, 2 or 5 days using both Alamar Blue (AB) and Calcein 

AM to measure cell metabolic activity and cell viability respectively. Metabolic activity was 

unaffected after up to 2 days, with between 90 and 100 % of activity expressed depending of 

the microgel concentration. After 5 days this drops to ~ 80 % for the higher microgel 

concentration (1 and 0.5 mg/mL) while remaining comparable to the control for the lower 

concentrations (Figure 6-21A). Similarly, cell viability was constant over 5 days, with lower 

viability observed at 1 mg/mL of microgel (~85 %) while viabilities higher than 90 % were 

observed otherwise (Figure 6-21B). These preliminary results demonstrate the nontoxicity 

credentials of the microgels for their potential use in the biomedical area. 
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Figure 6-21. Toxicity data against HDF cell lines: metabolic activity (A) and cell viability (B). 

Results are expressed as a percentage normalised with respect to the control (untreated cells). 

6.4 Conclusions 

Microgels of tailored size and degree of crosslinking were successfully synthesized using an 

optimised low-energy, nano-emulsion-templated method. Tuning of the nano-emulsion 

composition (surfactant, oil) and of the synthesis parameters (crosslinker, crosslinking density) 

allowed for the obtention of microgels of various sizes, whose swelling was very sensitive to 

pH. Furthermore, pendant nb groups could be accessed for late-stage functionalisation through 

tetrazine ligation, as demonstrated by the grafting of a self-quenching fluorescent tetrazine 

probe, Tet-Coum. This result suggests the feasibility to use CS-nb microgels as crosslinkers or 

monomers in the design of more complex hydrogels which should present more homogeneous 

structures and improved mechanical properties. Finally, the described microgels presented non-

significant toxicity against HDF cell lines and are therefore promising candidates as functional 

templates for biomedical applications. Although not tested as hydrogel precursors, these initial 

properties – ie modulable dimensions, reactive shell and non-toxicity – designate these 

microgels as potential candidates in the design of SB sealants. 
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7 Non-covalent hydrogels 

7.1 Introduction and aims 

This chapter discusses the synthesis and characterisation of unexpected non-covalent hydrogels 

obtained from CS-nb without the addition of a thiolated crosslinker which has not been reported 

before. Originally, two stereoisomers of CS-nb derived from either endo or exo carbic 

anhydride were synthesized to investigate the impact of the chirality of CS-nb crosslinking 

points – i.e. the nb side chains - on the hydrogel mechanical properties.299 Surprisingly, 

hydrogels were obtained from both materials without the need for a crosslinker. Gelation 

proceeded with very fast kinetics under mild acidic conditions in the presence of IRG as 

photoinitiator. A gelation mechanism was proposed based on 1H NMR evidences and the 

resulting materials were characterised and compared to the covalent hydrogels. This study 

highlighted the key role of the carbic anhydride stereochemistry (endo or exo) on the final 

hydrogel properties which were drastically different from the covalent system, designing CS-

nb as a versatile precursor for hydrogels with tailored applications. 

7.2 Methods 

7.2.1 Materials and methods 

5-norbornene-endo-2,3-dicarboxylic anhydride (CA-endo) and 5-norbornene-exo-2,3-

dicarboxylic anhydride (CA-exo) were purchased from Sigma-Aldrich. (3aR,4S,7R,7aS)-

hexahydro-4,7-methanoisobenzofuran-1,3-dione (nb-h, which corresponds to the 

hydrogenated form of nb-endo) was purchased from Fluorochem. All reagents were used as 

received. Other reagents were obtained as detailed in section 3.3 in Chapter 3 and in section 

4.3 in Chapter 4.  

7.2.2 Synthesis of chitosan-functionalised norbornene (CS-nb, CS-nb-endo, CS-nb-exo 

and CS-nb-h) 

All derivatives were synthesized as described in section 3.2.5 in Chapter 3 by replacing CA 

with either CA-endo, CA-exo or CA-h. DS was calculated by 1H NMR with a DMF standard 

as detailed in section 3.3.4 in Chapter 3. 
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Figure 7-1. 1H NMR of CS-nb-exo with 1 mM DMF. The degree of functionalisation (DF) was 

calculated using the integrals corresponding to the protons d and f using Equation (3-4). 

 

Figure 7-2. 1H NMR of CS-nb-endo with 1 mM DMF. The degree of functionalisation (DF) 

was calculated using the integrals corresponding to the protons d and f using Equation (3-4). 
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Figure 7-3. 1H NMR of CS-nb-h with 1 mM DMF. The degree of functionalisation (DF) was 

calculated using the integrals corresponding to the protons d and f using Equation (7-1). 

The degree of functionalisation (DF in µmol of nb/mg of CS-nb) was calculated by 1H NMR 

by dissolving 2-to-5 mg of CS-nb in D2O containing 1 mM of anhydrous DMF as: 

 𝐷𝐹 =  𝐼𝑓 . 𝐶𝐷𝑀𝐹 . 𝑉𝐷𝑀𝐹

𝐼𝑒
6

𝑚𝐶𝑆−𝑛𝑏

(7-1) 

where: 

𝐼𝑓 is the integral of the amide H of DMF (labelled f in Figure 3-5, 1H) 

𝐶𝐷𝑀𝐹 is the concentration of DMF used to prepare the NMR sample (1 mM) 

𝑉𝐷𝑀𝐹 is the volume of DMF used to prepare the NMR sample (550 µL) 

𝐼𝑒 is the integral of the alkane peaks of norbornene ring, excluding those part of the succinic 

ring (labelled e in Figure 3-5, 6H) 

𝑚𝐶𝑆−𝑛𝑏 is the mass of CD-nb dissolved to make up the NMR sample  

An example of calculation is given Figure 3-5 with 𝑚𝐶𝑆−𝑛𝑏 = 2.10 mg, which gives: 

DF =  1 × 1 × 0.550
12.84

6

2.10
 = 0.56 µmol nb/mg CS-nb 
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7.2.3 Hydrogel synthesis 

CS-nb -endo and -exo was dissolved in 0.1 % IRG in DI water or in 2 % AcOH to a final 

concentration of 0.5, 1, 2 or 4 w:v% and cured with UV-A or B for a desired period of time, 

varied between 5 sec and 1 hr. Endo- and exo- CS hybrid hydrogels were obtained by the same 

method mixing CS-nb-endo and -exo by varying the volume fraction of CS-nb-endo ϕendo. 

Gelation was assessed by the inverted vial method. 

7.2.4 Mechanistic studies – polymer scale 

Mechanistic investigations were performed with CS-nb-exo as the alkene peaks of nb appeared 

as a singlet. CS-nb-exo (75 mg, 37.5 μmol nb) was dissolved in 2 % AcOH (2 mL) with IRG 

(7.5 mg, 33 μmol) and the resulting mixture was cured with UV-B for 3.5 hrs. At this 

concentration no hydrogel was formed, and the reaction mixture gradually turned from a 

transparent solution to a light-yellow solution, confirming the cleavage of IRG. The resulting 

solution was dialysed in 5% NaCl for 1.5 days and DI water for 3 days to remove unconjugated 

IRG and lyophilized. The polymer structure was studied by 1H NMR. 

 To assess the role of AcOH, the kinetics of degradation of IRG (4 mg, 18 µmol) under 

UV was monitored by 1H NMR in D2O or 2% AcOD-d4 (550 µL) by exposing the NMR tube 

to UV for 1, 2 or 10 min. 

7.2.5 Mechanistic studies – model system 

In situ 1H NMR was used to study the impact of pH and the reactivity of nb-endo/exo. Briefly, 

nb-endo or -exo (5.2 mg, 31.8 µmol) was combined with IRG (10.7 mg, 48 µmol) in DMSO-

d6 (550 µL). To study the impact of pH, AcOD-d4 (11 µL, final concentration 2%) was added 

to some solutions as a control. The resulting mixtures were transferred in an NMR tube and 

exposed to UV-B. At defined time points (0, 1 and 2 hrs) the curing was stopped and 1H NMR 

of the mixture was performed. The reaction was monitored by comparing the integration of the 

alkene peaks with the singlet of IRG at 1.38 ppm which shifts to 2.08 ppm upon irradiation. 

The total integration of these two singlets was maintained to 6 for quantification. 

7.2.6 Swelling ratio 

Hydrogel samples were prepared as described in Chapter 4 (section 4.3.4) and the swelling 

ratio SR and the water content Wc were given in Equation (4-1) and (4-2) respectively. 

7.2.7 SEM images 

Hydrogel samples were prepared and analysed as described in Chapter 4 (section 4.3.6). 
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7.2.8 Small angle neutron scattering (SANS) 

SANS was carried out on the Sans2d small-angle diffractometer at the ISIS Pulsed Neutron 

Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.) and analysed with SasView as 

described in Chapter 4 (section 4.3.9). 

7.2.9 Rheology 

Rheological measurements on the obtained hydrogels were performed as described in Chapter 

4 (section 4.3.7), where low-viscosity samples were measured using a conical plate CP4/40. 

7.2.10 Cell culture and toxicity assays  

Human dermal fibroblasts (HDF) were cultured as described in Chapter 4 (section 4.3.11). 

Metabolic activity was measured as detailed in Chapter 4 (section 4.3.12).  

7.3 Results and discussion 

7.3.1 Synthesis of CS-nb derivatives 

CS-nb derivatives were readily obtained by ring-opening CA of the desired stereochemistry 

with CS amine groups as described in section 3.4.1. The functionalisation was proved by 1H 

NMR with the incorporation of alkene protons at 6.5 ppm, while the covalent interaction was 

confirmed by DOSY. The degree of functionalisation, assessed using DMF as an internal 

standard, was of 0.68, 0.59, 0.55 and 0.53 μmol nb/mg CS for CS-nb, CS-nb-endo CS-nb-exo 

and CS-nb-h, respectively. 

 

Scheme 7-1: Synthetic route to CS-nb derivatives and corresponding chemical structure of CS-

nb, CS-nb-endo, CS-nb-exo and CS-nb-h. 
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7.3.2 Hydrogel synthesis  

As shown previously, CS-nb readily generated hydrogels upon reaction with various thiolated 

crosslinkers in the presence of Irgacure 2959 (IRG) as a photoinitiator under both acidic and 

neutral conditions, which was also observed for CS-nb-endo and -exo. Surprisingly, when a 

premixed solution of either CS-nb-endo or -exo (2 w:v%) was exposed to UV without 

crosslinker, a transparent hydrogel was formed within seconds, as determined by the inverted 

vial method. Further gelation control experiments were conducted (Table 7-1 entries a-f) which 

showed that acidic conditions, UV light and IRG were all required for hydrogel formation. 

Interestingly, when CS-nb from a non-purified form of endo or exo CA (as the one used in 

Chapter 3) was used, no hydrogel was formed. 1H NMR of the reagents did not show obvious 

differences between CA and CA-endo, and dialysis of CS-nb against EDTA to remove possible 

interfering metal traces did not lead to hydrogel formation neither. To the best of our 

knowledge, this is the first report of a hydrogel formed from a nb-functionalised polymer in 

the absence of any thiols or ruthenium catalysts. 

Table 7-1: Summary of reaction conditions needed for hydrogel formation. 

Entry 
Reaction conditions CS derivative (2 w:v%) 

Crosslinker  UV IRG 2% AcOH - nb nb-endo nb-exo nb-h 

(a) ✓  ✓  ✓  ✓  Liq. Gel Gel Gel Liq. 

(b) ✓  ✓  - ✓  Liq. Liq. Liq. Liq. Liq. 

(c) - ✓  ✓  ✓  Liq. Liq. Gel Gel Liq. 

(d) - - ✓  ✓  Liq. Liq. Liq. Liq. Liq. 

(e) - ✓  - ✓  Liq. Liq. Liq. Liq. Liq. 

(f) - ✓  ✓  - Liq. Liq. Liq. Liq. Liq. 

 Hydrogel formation was further studied regarding CS and IRG concentrations (Figure 

7-4) under acidic conditions. A minimum concentration of 2 w:v% for both CS-nb-endo and -

exo was required, while CS-nb hydrogels were never observed even at higher polymer 

concentrations. IRG concentration was also critical for CS-nb-endo hydrogel formation, with 

hydrogels obtained for IRG > 1 mg/mL (Figure 7-4A). On the other hand, CS-nb-exo showed 

a very minor dependence on IRG concentrations, with even very low concentrations (0.1 

mg/mL) being enough to generate soft self-standing hydrogels (Figure 7-4B). In addition, 
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mixtures of CS-nb-endo and -exo also resulted in hydrogel formation when IRG concentration 

was maintained to 1 mg/mL. 

 

Figure 7-4: Gel phase diagram of CS-nb-endo (A), -exo (B) and of mixtures (C). 

7.3.3 Mechanism of hydrogel formation 

Based on the observations summarised in Table 7-1, the following gelation mechanism was 

proposed (Scheme 7-2). The exposure of IRG to UV results in the formation of two radicals, 

which in a classical thiol-ene photoclick reaction would normally generate thiol radicals which 

then combines with nb moieties (Scheme 7-2A). In the absence of thiols, however, the IRG 

radicals have no choice but reacting directly with nb, resulting in the formation of local 

hydrophobic grafts on CS backbone, which self-assemble to minimise their interaction with 

water, resulting in hydrogel formation (Scheme 7-2B). Nb reactive radical formation is known 

to occur either at the alkene bond or at the bridged position.300 To assess the reactivity centre, 

a hydrogenated form of CS-nb, CS-nb-h (Scheme 7-1) was synthesized; as no hydrogel was 

formed under the curing conditions (Table 7-1), the reactivity was attributed to the alkene 

functionality. AcOH was hypothesized to act as a catalyst either in IRG dissociation or in the 

radical combination step. 
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Scheme 7-2. Proposed reaction mechanism for hydrogel formation. The photoinitiator IRG is 

cleaved under UV exposure to give two radicals which react with the nb side-chains of CS, 

resulting in the incorporation of hydrophobic fragments leading polymer self-assembly driven 

by hydrophobic interactions and to hydrogel formation.  

 To confirm the covalent binding of IRG, CS-nb-exo was reacted with IRG in situ below 

its critical gelation concentration. The integration of the alkene peak and of the singlet of IRG 

were compared, and a decrease in the alkene intensity was observed after 2 hrs, when IRG was 

totally dissociated (Figure 7-5). The incorporation of IRG aromatic signals were further proved 

after extensive dialysis of the polymer, while DOSY NMR supports the presence of a single 

molecule in solution (Figure 7-6). 
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Figure 7-5: In situ 1H NMR studies of CS-nb-exo coupling with IRG before (top, green) and 

after (middle, red)UV exposure, and presat of the purified resulting polymer (bottom, blue). 

 

Figure 7-6. DOSY NMR of CS-nb-exo reacted with IRG under UV-B for 2 hrs after dialysis. 
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 Mechanistic studies were further performed with CA-endo and -exo using in situ 1H 

NMR by monitoring the degradation of IRG, resulting from a shift of the singlet from 1.38 to 

2.08 ppm (Figure 7-7). After 1 hr, almost all IRG had reacted with CA-exo, which is consistent 

with a reduction in the intensity of the alkene peaks from 1.18 to 0.24. In the same period of 

time, the alkene signal of CA-endo was only slightly reduced (from 1.09 to 0.78). Increasing 

the curing time to 2 hrs had almost no impact on CA-exo, while it allowed for a significant 

improvement of the conversion of CA-endo.  This matches well the better gelation properties 

of CS-nb-exo compared to the -endo which could be attributed to a more efficient crosslinking 

of the nb moieties. 

 

Figure 7-7. 1H NMR kinetics studies of the reactivity of exo- (left) and endo-nb with (middle) 

or without (right) AcOD-d4. 

 To investigate the role of AcOH in hydrogel formation, IRG degradation was studied 

by 1H NMR with and without addition of AcOD-d4 but did not show any difference in the 

reaction kinetics (data not shown). On the other hand, the curing of CA-endo after 1 hr was 

slower in the presence of AcOD-d4, while the reactivity of the alkene was not modified. We 

suggest that AcOH allows for the protonation of CS-nb carboxylic acid group, leading to a 

more hydrophobic network and thus favouring hydrogel formation, which is not allowed by 

carboxylate ions present in water.  

7.3.4 Hydrogel characterisation 

The physico-chemical properties of these new hydrogels were measured and systematically 

compared to the covalent hydrogels described in Chapter 4. 
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7.3.4.1 Swelling ratios 

The swelling ratio (SR) of CS-nb-endo and -exo hydrogels were studied for different pH and 

ionic strength. Both non-covalent hydrogels presented greater SR in water than the covalent 

networks (respectively 4 times and twice as much, Table 7-2). The use of a crosslinker 

covalently reticulating polymer chains reduces chain mobility, thus leading to reduced 

swellings. All gels presented a pH-dependent swelling, with SR ~ 100-200 at pH = 3, and a 

drastic 2-to-4-fold shrinkage under basic conditions or in the presence of salts. As discussed in 

section 4.4.2.1 in Chapter 4 the pH-responsivity is directly related to the amine protonation 

while the collapse results from screening of the polyelectrolyte electrostatic repulsions. 268 

Table 7-2. Swelling ratio of 2% CS-nb non-covalent or covalent (crosslinked with HS-PEG2-

SH) hydrogels. 

 DI water pH = 3 pH = 11 PBS 

CS-nb-endo 205 ± 20 193 ± 10 11.3 ± 1.8 17.1 ± 1 

CS-nb-exo 94.5 ± 43 113 ± 1.8 20.6 ± 1 12.6 ± 1 

Covalent 54.3 ± 5 64.4 ± 11 15.3 ± 5.7 12.9 ± 0.4 

7.3.4.2 Rheology 

Rheology measurements confirmed the formation of elastic hydrogels (G’>G’’) on the whole 

range of strain γ investigated and showed frequency-dependency, with the -exo hydrogel being 

stronger than the -endo materials (G’ ~ 65 and 40 Pa respectively, Figure 7-8, to be compared 

to G’ ~ 500 - 1500 Pa for the covalent hydrogels obtained at the same polymer concentration). 

The rheological properties of the hydrogels could be tuned from G’ ~ 6 to G’ ~ 800 Pa by 

changing CS or IRG concentration, in addition to CS-nb chirality. All -endo materials were 

weaker than the -exo derivatives of matching compositions. As the reactivity of CA-exo 

towards IRG is greater than CA-endo more efficient crosslinks should be formed, explaining 

the improved mechanical properties of CS-nb-exo hydrogels. An increase in IRG concentration 

improved the hydrogel mechanical properties up to an optimum concentration where it 

decreased again, possibly due to competitive IRG radical degradation or recombination leading 

to side products, thus reducing the effective formation of crosslink points. Mixing both -endo 

and -exo CS resulted in hybrid hydrogels of reduced stiffness, especially for high volume 

fraction of CS-nb-endo ϕendo, consistent with the lower reactivity of CA-endo leading to fewer 

crosslink points (Figure 7-9). 
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Figure 7-8. Rheology measurements of CS-nb-endo and -exo hydrogels: averaged G’ obtained 

by amplitude sweep of the -endo and the -exo hydrogels with varying IRG concentrations at 

CS concentration of 2 (A) or 4% (D). Amplitude sweep (B, E) and frequency sweep (C, F) of 

CS hydrogels respectively at 2 or 4 w:v% with varying IRG concentrations.   

 

Figure 7-9. Mixed -endo/-exo hydrogel rheological properties when varying the ratio of CS-

nb-endo ϕendo from 0 to 1: A) average G’, B) amplitude sweep and C) frequency sweep. 
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7.3.4.3 Microstructure: SEM  

The internal structure and the porosity of the hydrogels were further investigated with SEM 

(Figure 7-10). All hydrogels present a typical polydisperse honeycomb-like structure with pore 

dimensions ranging between ~ 30 and ~ 150 µm on average. Interestingly, both CS-nb-endo 

and -exo presented internal nanopores with diameters estimated by SEM of respectively ~ 60 

and ~ 40 nm. This feature, not observed on the covalent hydrogel, supports the formation of 

hydrophobic cavities after combination of IRG with nb. These nanopores should allow for 

higher encapsulation efficiency compare to simple entrapment and could be beneficial in drug 

delivery applications. 

 

Figure 7-10. SEM images of non-covalent and covalent (HS-PEG2-SH crosslinked) hydrogels. 
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Table 7-3. Dimensional characteristics of the hydrogel networks obtained from rheology and 

SEM. 

  Rheology  SEM 

  G’ 

(Pa) 

ρs  

(mol/m3) 

ξa 

(nm) 

 dnanopores  

(nm) 

dmicropores 

(μm) 

Covalent  1268 ± 337 0.510 18.4  - 32 ± 12 

-endo  47 ± 6 0.021 53.5  66 ± 10 56 ± 25 

-exo  65 ± 5 0.032 46.2  53 ± 17 52 ± 17 

 

7.3.4.4 SANS  

The structural differences observed by SEM between the covalent and the non-covalent 

hydrogels were further confirmed by SANS (Figure 7-11). As for the covalent hydrogels the 

scattering intensity increased in the low q region confirming the formation of large assemblies 

(see section 4.4.2.4 in Chapter 4). However, while the increase was following a power-law for 

chemically crosslinked CS-nb hydrogels, CS-nb-endo and -exo presented a small shoulder 

characteristic of a second length scale in the material. The scattering intensity was modelled 

using Eq. 6-1: 

I (q ) =
IL(0)

(1 + 
D+1

3
 ξ

2
q2)

D/2
 + Is(0)e

- 
Rg 

2 q2

3  + background (6-1) 

where the scattering from the polymer chains is represented by a modified Lorentzian function 

accounting for the mass fractal D due to hydrogen bonding present in the network, while the 

exponential describes the aggregate size. While this model gave a poor description of the 

covalent networks, it fitted very well the SANS profile of the physical hydrogels, confirming 

the presence of objects of a second dimension ~ 55 nm for CS-nb-exo and ~ 100 nm for CS-

nb-endo which could correspond to the nanopore dimensions in their swollen state. The mass 

fractal was D was ~ 2.6 at the origin but quickly increased to ~ 3 over a larger q range, 

consistent with the presence of small, swollen objects. The mesh size of the resulting networks 

were ~ 27 nm which is comparable to their covalent counterpart as opposed to ξ ~ 50 nm 

suggested by rheology. These differences likely arise from the heterogeneous structure of CS-

nb hydrogels. 
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Figure 7-11. SANS data of CS-nb-endo and exo hydrogels compared to a covalent network. 

Fitted data are shown as a plain line. Data have been offset (10X) on the y-axis for clarity 

 As the presence of the nanopores suggested sharp boundaries between swollen polymer 

chains and hydrophobic cavities the correlation length Lc of the hydrogels were obtained with 

the DAB model (Eq. 2-30): 

I(q) = A
Lc

3

(1 + q2Lc
2)

 2 +background (2-30) 

Lc has been assimilated to the hydrogel mesh size ξ in some cases such as physical 

polysaccharide hydrogels.238 This very simple model contains a single parameter. Although the 

fits were not as good as with the introduction of an exponential term the values of Lc and ξ 

compare well with each other, comforting the presence of two very different elements in the 

system – and further supporting these nanopores. 

Table 7-4. Comparative dimensional characteristics of the hydrogel networks obtained from 

rheology, SEM and SANS. 

  Rheology  SEM  SANS 

  ξa 

(nm) 

 dp 

(nm) 

 Rg 

(nm) 
D 

ξ 

 (nm) 

χ² DAB - Lc 

 (nm) 

Covalent  18.4  -  - 2.43 18.4 ± 3.2 12.5 - 

-endo  53.5  66 ± 10  120 ± 22 3.18 26.2 ± 2.3 1.95 20.4 ± 0.3 

-exo  46.2  53 ± 17  52 ± 1.4 3.05 27.1 ± 0.8 6.10 23.4 ± 0.3 
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7.3.5  Hydrogel cytotoxicity  

Hydrogel cytotoxicity was assessed against HDF cell lines as described in section 4.3.12 in 

Chapter 4. Both gels presented significant toxicity as assessed by metabolic activity 

measurements, with cell viability ~ 30 % and ~ 10 % after 1 and 3 days, respectively (Figure 

7-12A). Microscopy imaging suggests poor spreading and attachment of the cells on the 

hydrogels, as shown by their spherical morphology once seeded on the hydrogel (Figure 7-12B-

E), as observed for the covalent hydrogels (see section 4.4.5 in Chapter 4). This is consistent 

with previous studies reporting HDF culture on hydrogels of significantly higher mechanical 

properties (G’ > 0.5 kPa) or bioactive scaffolds presenting RGD peptides, gelatin or collagen 

sequences, as discussed previously for the covalent hydrogels (section 4.4.5 in Chapter 4). On 

the other hand, this range of elastic modulus match well brain tissues, where elastic moduli 

ranging between 100 and 500 Pa have proven beneficial to the differentiation of NSC into 

primary neuron cells,301 while the composition of the ECM of these soft tissues is very different 

from that of skin.270  

 

Figure 7-12. Hydrogel toxicity to HDF cells: metabolic activity (A) and cell morphology of 

cells seeded on plate (B), on covalent (C), -endo (D) or -exo (E) hydrogels. 

 Mauri et al. studied the effect of RGD functionalization of synthetic hydrogels for 

neural cell culture. Neither the mechanical properties nor the cell growth and survival were 

drastically different after RGD conjugation, with only a slight improvement in cell survival.302 

Several CS-based hydrogels have been reported for neural tissue engineering, owing to its 

ability to induce neuronal differentiation - in addition to its porosity and biocompatibility.303 

Several studies have focused on physical hydrogels, including polysaccharide blends with 

alginate or agarose as well as thermo-sensitive systems based on CS/glycerophosphate.165, 270, 

303 Valmikinathan et al. reported a photo-induced hydrogel from a methacrylated CS which 
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supported neural stem cell culture without any peptide functionalisation while favouring cell 

differentiation into astrocytes and tubulin positive neurons.304 The similar rheological 

properties (G’ ~ 100 Pa) and the highly porous structure (pore sizes ~ 5 – 20 µm) are 

comparable to the described endo- and exo- CS hydrogels. These similarities suggest these new 

non-covalent hydrogels could be good candidates for neural tissue growth, while the extremely 

fast gelation kinetics would allow for in-situ gelation. In addition, the covalent recombination 

of the photoinititor reduces possible toxicity, while the mild and fast gelation mechanism 

should allow for the encapsulation of growth factors into the gels, whose release kinetics is 

expected to be highly impacted by the presence of the internal nanopores. 

7.4 Conclusions 

A new series of non-covalent hydrogels was obtained by covalent recombination of IRG 

radicals with the alkene group of norbornene followed by hydrophobicity-driven 

supramolecular assembly. To the best of our knowledge, it had not been reported before. These 

materials, which were not intended for SB treatment, presented a nano-porous structure with 

internal pore diameters of ~ 50 – 100 nm and whose rheological properties could be tuned 

between ~ 20 and ~ 800 Pa depending on the polymer concentration but also on the 

stereochemistry of the carbic anhydride used. An increase in the endo composition of CS-nb 

led to weaker hydrogels of bigger nanopore diameters compared to their exo- counterpart. 

These nano-pores could be very attractive for biomedical applications as it should allow for 

more efficient encapsulation and the release kinetics should be further investigated. In addition, 

their very fast gelation kinetics make them usable for in-situ applications. Although these 

hydrogels could not support HDF cell growth, their tuneable softness and porous architecture 

should be suitable for neuron cell growth, hypothesis which will be investigated in the future.  
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8 Conclusions and future work 

8.1 General outcomes 

Spina Bifida (SB) is the most common birth defect with 0.2 % occurrence worldwide. It is due 

to foetus’ spine failing to close during the first month of pregnancy, exposing the nerves to the 

amniotic fluid and resulting in their consequent non-reversible damage, leading to life long. 

cognitive and psychometric disturbances. To date no treatment exists, and the only hope lies in 

invasive in utero surgery. However, a pioneering “double hit hypothesis” conjectures that 

covering the opening in the spinal cord at the early stage of pregnancy would prevent or 

alleviate such damage.  

 The aim of this project was to develop a simple, biocompatible material which could 

be injected into the uterus to cover the defect and either seal and protect it from the amniotic 

fluid or to act as a scaffold to favour a tissue engineering approach by taking advantage of the 

unique in utero environment and the small size of the defect. The material of choice for this 

application is a hydrogel, which is an excellent mimics of tissue environment and favours cell 

growth. The properties required for these two approaches are drastically different, and so two 

types of hydrogels were developed: a “classic” polymer crosslinking providing a favourable 

environment for cell growth, and a crosslinked microgels-based approach, expected to result 

in stronger, less swellable materials and prevent nerves damage from the amniotic fluid.  

 Chitosan (CS), a naturally occurring cationic polysaccharide, was selected as hydrogel 

precursor for its similarity with glycosaminoglycans of cell membrane favouring cell growth 

and wound healing, as justified in Chapter 3. A major limit of CS processability – its poor 

water-solubility – was efficiently addressed by the concomitant introduction of a carboxylate 

group along with a photo-activable norbornene (nb) moiety. The resulting derivative, CS-nb, 

was very stable in solution but spontaneously reacted with thiols in the presence of UV light 

and of an adequately chosen photo-initiator. This is a major improvement over classic 

photoreactive methacrylated CS derivatives which are prone to uncontrolled acrylate 

polymerisation. In addition, the procedure involved a single step and required cheap starting 

materials, while the functionalisation of the final polymer was readily controlled by playing on 

the reaction conditions. If nb-functionalised (bio)materials are very common, this is the first 

report of a nb CS-functionalised derivative. 

 The high reactivity of CS-nb towards thiols allowed for the rapid and efficient synthesis 

of a variety of hydrogels whose physical properties were investigated by a combination of 
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SEM, rheology, swelling ratio measurements and SANS in Chapter 4. All methods were 

consistent with the formation of highly swellable, pH- and ionic strength-responsive hydrogels 

presenting wide pores and tuneable mechanical properties, which could be matched with a 

variety of tissues. In addition, the resulting hydrogels were skin-adhesive, could be sterilised 

and generated in situ in biologically relevant fluids. As these hydrogels were intended as 

scaffolds to support cell growth and tissue regeneration, their cytotoxicity was assessed against 

two cell lines – placenta cells and dermo fibroblasts, a frequent model for wound healing 

studies. Although CS is structurally similar to the ECM it did not allow for efficient cell 

adhesion and consequent growth. This, however, was readily solved by incorporating modest 

amounts of collagen, another FDA-approved protein used in wound management. These new 

materials presented very different mechanical properties and internal structure. All these results 

design CS-nb as a promising precursor for applications for in utero management of SB-

complicated pregnancies. 

 The second approach based on microgels as hydrogel precursors required first to 

establish a robust synthesis method. A reverse nano-emulsion template, selected for its 

simplicity and its versatility, was optimised in terms of surfactant and oil composition and 

extensively studied by DLS and SANS to confirm its robustness towards microgel synthesis 

conditions, as presented in Chapter 5. The final microgel dimension could be varied by tuning 

the polymer concentration in solution, the crosslinking density or the nature of the crosslinker 

used and presented a pH- and salt-responsive behaviour, as shown by DLS and SANS, as seen 

in Chapter 6. In addition, the resulting microgel building blocks were non-toxic to dermo 

fibroblasts over a period of 5 days. Finally, under-reticulated microgels could be further 

functionalised using remaining nb moieties, validating the ability to use them as crosslinkable 

precursors. These results design CS-nb as a versatile precursor for both hydrogels and 

microgels synthesis for biomedical applications, although more biologically-relevant tests 

should be performed on the microgels and the resulting DX systems. 

 Finally, the functionalisation of CS with pure endo or exo carbic anhydride, initially 

intended to study the impact of CS crosslinking chirality on the hydrogel properties, resulted 

in the unexpected formation of hydrogels even in the absence of crosslinkers. This 

unprecedented gelation was attributed to hydrophobic interactions resulting from the 

photoinitiator recombination with nb, as presented in Chapter 7. The resulting materials were 

much weaker than their covalent analogues, but they also presented internal nano-pores 

evidenced by SEM and SANS which could be beneficial for controlled release or depollution 
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applications if they are accessible to small molecules. Although these materials were too weak 

to support cell growth – and could therefore not be used in the management of SB – literature 

precedent on materials of similar properties suggest they could be good substrate for neural 

cells. In addition, this side-reaction could be of interest to the scientific community as Irgacure 

2959 and the thiol-ene reaction are widely used in material chemistry and in the biomedical 

research area. 

8.2 Future directions 

8.2.1 Polymer design 

As discussed in Chapter 3, CS-nb presents improved solubility in water, resulting in a mildly 

acidic solution; CS-nb could not be dissolved in PBS nor in cell media. When the hydrogel is 

generated in situ this acidity will be immediately neutralised by surrounding physiological 

buffers and should not lead to severe toxicity. This mildly acidic conditions, however, limits 

topical applications or hydrogel loading with fragile biomolecules such as proteins or growth 

factors and cells, both of which are very promising in the management of various wounds. 

 To overcome solubility issues, CS-nb was further reacted with succinic anhydride to 

introduce new carboxylate functions. The resulting material was also skin adhesive, sterilisable 

and gelled in situ; in addition, it could be dissolved over a wide range of pHs including PBS 

and cell media. The resulting hydrogels remain to be fully characterised to see how this 

functionalisation expends on its biological applications. 

 

Figure 8-1. Chemical structure of CS-nb and the new water-soluble CS-nb-COOH. 

8.2.2 Hydrogel structure and applications 

The hydrogels described in Chapter 4 presented a heterogeneous structure and tuneable 

mechanical properties, as well as excellent biocompatibility towards RGD-mediated cell 

adhesion motives upon addition of collagen. Although several works highlight the need for 

hydrogel heterogeneity to favour cell growth, control over the final structure remains very 

desirable. A way to achieve more uniform structure could be to use multi-arm thiolated 
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crosslinkers, which are considered as model hydrogel precursors. Chirality also plays a crucial 

role in mechanical properties299 and replacing endo-carbic anhydride for the less common exo 

derivative could be an elegant way to favour polymer self-organisation, as suggested with the 

unexpected formation of CS-nb non-covalent hydrogels. It is unrealistic – and undesired - to 

achieve hydrogel uniformity starting from a polydisperse and randomly functionalised 

precursor such as CS-nb but a more defined structure can be expected. 

 The introduction of UV-light in vivo may result in local toxicity due to the propagation 

of free radicals. The very fast gelation kinetics is expected to limit this toxicity; a safer 

alternative would be to use visible light initiators such as Eosin Y71 or riboflavin;72 

camphorquinone, currently used in the curing of dental resins305 is a poor initiator in the thiol-

ene reaction.306 

 Although a key step for hydrogel biocompatibility, the introduction of collagen required 

acidic conditions for solubility, complicating biomedical applications. A less invasive way to 

reach a similar goal would be to functionalise CS-nb with RGD peptides bearing thiol or 

tetrazine moieties. Another strategy could result in the introduction of bioactive thiolated 

crosslinkers such as hyaluronic acid, collagen – thiolated and appropriately functionalised for 

water-solubility - or gelatin – a denaturated form of collagen. In addition, thiolated peptide-

cleavable crosslinkers could be incorporated to allow for cells to modulate their matrix 

according to their needs. 

 Owing to the high reactivity of the thiol-ene chemistry, controlled amount of 

norbornene could be left unreacted to further functionalise the hydrogel surface in a later stage. 

Tetrazines could also be used for this step, and their excellent biorthogonality and high kinetics 

should even allow to perform this step in situ. Adequate hydrogel surface functionalisation 

with peptides, proteins or antibodies would allow to favour biological mechanisms such as 

healing, cell recruitment or adhesion. 

8.2.3 Microgel applications 

CS-nb microgels, as presented in Chapter 6, were non-toxic and could be readily functionalised 

using pendant norbornene moieties. This opens two areas of possible applications: surface 

functionalisation for selective properties such as cell targeting or coating, and the use of 

microgels as macromers for hydrogel formation. 

 In the first case microgels would be intended as advanced nano-materials by taking 

advantage of both the functionalisable surface - allowing for specific cell targeting for instance 

as presented in section 8.2.2 - and of the swollen core, in which small molecules such as drugs 
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or therapeutic peptides could be encapsulated prior to their release. The pH-responsivity of the 

microgels, whose swelling increases under acidic conditions, could be an efficient way to 

deliver drugs to tumours or to infected areas, where the environment is slightly acidic. Very 

preliminary results were obtained with Doxorubicin, a common anti-cancer drug presenting 

significant side-effects,307 confirming its successful encapsulation; its release, however, 

remains to be demonstrated. The need for a photoinitiator and UV light in the crosslinking step 

may damage the incorporated molecule, which must be verified prior to encapsulation. 

 Microgels can be used as hydrogel building blocks either as crosslinkers by reaction 

with polymers or by crosslinking with complementary functionalised microgels. Both 

approaches have been shown to result in more homogeneous networks and therefore present 

improved mechanical properties. Very preliminary results showed that CS-nb microgels 

bearing remaining norbornene groups reacted with thiolated crosslinkers to give hydrogels for 

a minimum concentration of 2 w:v%. The resulting materials have not yet been analysed. In 

addition, complementary functionalised thiolated CS microgels have not yet been synthesized; 

a difficulty will be to limit disulphide bond formation at the high concentration needed for 

microgel crosslinking, which will require the use of reducing agents such as TCEP or of acidic 

conditions, both of which may impact on the final toxicity of the material. An alternative could 

be to synthesise the microgels through thiol-ene and then to introduce a protected thiol or a 

masked tetrazine using unreacted norbornene through thiol-ene photoclick. Protected thiols 

include thiocarbamates and aromatic nitro derivatives, most of which have a light-responsive 

deprotection mechanism.308 Dihydrotetrazines have also been used to this end as they are not 

reactive towards alkenes but can be selectively activated by photo-catalysed oxidation, which 

has been reported for the synthesis of cell-encapsulated hydrogels with red light.87 This would 

require more synthetic efforts, especially as tetrazine synthesis is challenging.  

8.2.4 Non-covalent hydrogels 

The main interest of these non-covalent hydrogels results from their unique internal structure 

and these interesting nanopores, which could be taken advantage of either as adsorbents or for 

slow release applications if the pore dimension allows. These materials are extremely soft 

which is desirable for neural cell growth, a hypothesis which will be tested in the future. 

Finally, preliminary results showed that dilute solutions of CS-nb-endo and -exo resulted in the 

formation of nanoparticles under gelation conditions driven by the formation of hydrophobic 

regions. These materials of diameters ~ 400 nm without optimisation of the reaction conditions. 
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This hydrophobic effect could be of interest for the encapsulation and release of hydrophobic 

drugs, a complementary type to those that could be encapsulated onto CS-nb microgels.  

8.2.5 Spina Bifida treatment 

In the context of SB several requirements must be met which differ for the two intended 

approaches – tissue engineering and wound healing or sealant. As introduced in Chapter 1 

tissue-engineering approaches require the design of a scaffold in which cells can grow to 

regenerate the skin around the defect, which calls for biodegradable hydrogels possibly loaded 

with stem cells or growth factors. On the other hand, a sealant will not repair the defect and 

must therefore not be degraded whilst providing efficient adhesion, creating an efficient barrier 

to the amniotic fluid and being elastically deformed as the foetus will grow over pregnancy. In 

addition, both materials must be sterilisable, non-toxic and adhere to skin (Table 8-1). 

Table 8-1. Summary of the key properties required, reached and remaining to be studied for in 

utero management of SB with the two approaches taken. 

 

 The hydrogels presented in Chapter 4 meet some of these criteria as sterilisable, skin-

adhesives – although the adhesions should be quantified – and non-toxic elastic materials. 

Although hydrogel swelling contributes to its skin mimetic it can also affect its adhesion or 

compress tissues as it expands. 309 CS-nb swelling was limited in the presence of salts and 

should therefore be a reasonably good adhesive. The next steps should include to test the wound 

healing ability and the lysozyme-mediated biodegradability of the network. CS degradability 

Property Tissue Engineering Approach Sealant approach 

Immediate skin adhesion Yes Unknown 

Low adhesion post-injection Yes (no more radicals) Unknown 

Injectability and in situ 

formation 
Yes Unknown 

Sterilisation Yes Unknown 

Non-toxicity Yes (requires collagen) Yes (microgels) 

Nerve repair Unknown Unknown 

Defect repair Unknown Unknown 

Biodegradable Unknown Unknown 

Elasticity Yes (rheology) – n/a Unknown 

AF-impermeable No - n/a Unknown 
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is generally slow as it is a non-human polysaccharide, but the incorporation of collagen or cell-

sacrificial crosslinkers should allow to alter this. Finally, in utero environment is very rich in 

stem cells and how CS-nb hydrogels can accommodate them and direct their differentiation to 

a specific cell type remains to be elucidated. Mechanical properties (rheology and stiffness)310, 

311  and fractal dimensions271 are three known factors to impact on cell differentiation which 

can be modulated for these hydrogels. If these tests are satisfying, the materials could be further 

tested in Leuven (Belgium) on SB animal models in the next years. 

 The sealant strategy relies on microgels as crosslinkers to reduce the network mesh size, 

its swelling and thus create a barrier from the amniotic fluid. This work focused on the synthesis 

and characterisation of these building blocks and achieved two milestones along this path: the 

proof of concept of their functionalisation – and hence the feasibility of the crosslinking – and 

the demonstration of the non—toxicity of the microgels. Although encouraging, these facts are 

in no way enough. Skin adhesion is expected due to the formation of free radicals which will 

react with the skin; similarly crosslinked microgel degradation kinetics is expected to be slow, 

as demonstrated for crosslinked hyaluronic acid microgels.132 All other steps remain to be 

studied, starting with the characterisation of the resulting hydrogels and their bio-compatibility. 
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