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PREFACE 

This thesis is submitted in fulfilment to the requirements of the Graduate School of Nanotechnology 

for the academic title of Ph.D. in Nanotechnology at the University of Trieste. The work has been 

carried out mainly at the Department of Life Sciences at the University of Trieste under the 

supervision of Prof. Ivan Donati and co-supervised by Prof. Eleonora Marsich and Dr. Pasquale 

Sacco. Part of the activity was performed at the Center for Translational Medicine (CTM), 

International Clinical Research Center (ICRC) of St. Anne's University Hospital, Brno, Czech 

Republic under the supervision of Dr. Giancarlo Forte. 

The thesis consists of a general introduction, aim of the study and a detailed discussion of results 

divided into four chapters. 
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SUMMARY 

Macro- and micro/nano-hydrogels are highly hydrated networks consisting of polymers and 

solvents. They are widely studied for different applications, especially for biomedical ones. One of 

the most challenging uses of hydrogels regards cartilage regeneration. Indeed, cartilage degeneration 

represents a severe burden for the healthcare worldwide. None of the currently proposed treatments 

is able to fully satisfy patients’ needs, probably since most of treatments lack of peculiar spatial 

complexity and mechanical properties of native tissues, i.e. a non-linear response to stress (strain 

hardening effect). One of the emerging approaches complies with the use of nano-composite networks 

consisting of hydrogels and nanoparticles embedding drugs. The main goals of the present thesis have 

tackled the fabrication and characterization - in terms of physical-chemical and biological properties 

- of hydrogels, nanoparticles and nanocomposite networks based on polysaccharides, i.e. chitosan, 

derivatives thereof and hyaluronan. To this aim, new approaches mimicking cartilage features have 

been devised. 

In Chapter I is described the extensive characterization of macromolecular association and 

macromolecular re-arrangement between a lactose-modified chitosan, i.e. CTL, in the presence of a 

crosslinking agent, i.e. boric acid, in dilute conditions. Furthermore, the interaction sites between 

CTL and boric acid were identified. Switching to semi-dilute polymer samples, mechanical properties 

were deeply investigated. Peculiar mechanical properties of native tissues, i.e. a non-linear response 

to stress and strain hardening, were detected. This system displayed some features akin to natural 

occurring molecular motors, and in this case, energy can be provided by stress or heat in order to 

foster the reorganization of the network. 

In Chapter II are reported two different strategies, which were developed to reduce the very fast 

kinetics of CTL/boron self-assembly, i.e. a pH- and a competitor-assisted gelation. Both strategies 

allowed forming homogeneous networks. Resulting matrices displayed self-healing ability, non-

linear response to stress (strain-hardening effect), and were responsive towards different stimuli (e.g. 

presence of small molecules or temperature). Furthermore, the possibility to embed different cell 

types (e.g. stem cells) in such networks was studied. 

Chapter III deals with the improvement of stability and performance of CTL-based networks 

by using a second stable covalent crosslinking agent, i.e. genipin. The binding between polymer and 

genipin and mechanical properties were monitored. The kinetics of genipin crosslinking resulted to 

be directly proportional to the time and temperature. Genipin, also at low concentrations, promoted 

the gelation of CTL in physiological conditions of pH and osmolarity. Resulting gels displayed a 
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strain hardening behavior, which was preliminary attributed to formation and reorganization of 

intermolecular low-energy bonds (e.g. hydrophobic interactions and hydrogen bounds). 

In Chapter IV is described the characterization of a broad library of chitosan/hyaluronan 

nanoparticles (NPs). NPs were fabricated by using chitosans with different molecular properties, i.e. 

fraction of acetylated units (FA in the range 0.02 - 0.63) and molecular weight (𝑀𝑣
̅̅ ̅̅  in the range 10 

000 - 500 000). Stability and shape of NPs were investigated, and the best performing formulation 

was identified, namely the one fabricated with chitosan with a medium molecular weight (𝑀𝑣
̅̅ ̅̅  = 220 

000) and partial acetylation (FA = 0.16). Stable NPs displayed spherical shape and a diameter close 

to 220 nm. When diluted in media with physiological pH and osmolarity, e.g. PBS, osmotic swelling-

driven forces promoted the increase of size and porosity of NPs. These NPs avoided engulfment 

during the early stage of incubation with macrophages and did not influence the biological response 

of neutrophils and of macrophages. This behavior was attributed to their peculiar physical-chemical 

properties (e.g. stability, shape and porosity). Stable NPs were also able to encapsulate different 

payloads. Finally, NPs were embedded in the CTL-based networks and resulting networks were able 

to promote a sustained release of drugs. 
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RIASSUNTO 

Macro- e micro/nano-idrogeli sono strutture altamente idratate costituite da polimeri e solventi. 

Sono ampiamente studiati per diverse applicazioni, in particolare in ambito biomedico. Una delle 

possibili applicazioni per il loro impiego riguarda la rigenerazione della cartilagine. Infatti, la 

degenerazione della cartilagine è un grave problema per l'assistenza sanitaria in tutto il mondo e 

nessuno dei trattamenti attualmente proposti è in grado di soddisfare pienamente le esigenze dei 

pazienti, probabilmente anche poiché la maggior parte dei materiali non presenta le peculiari proprietà 

meccaniche dei tessuti nativi, ovvero una risposta non lineare allo stress e l’indurimento da sforzo. 

Un approccio emergente è l'uso di sistemi di nanocompositi costituiti da idrogeli e nanoparticelle in 

grado di incapsulare farmaci per avere un loro rilascio controllato. Gli obiettivi principali della tesi 

sono stati quelli di fabbricare e caratterizzare le proprietà fisico-chimiche e biologiche di idrogeli, 

nanoparticelle e sistemi nanocompositi a base di polisaccaridi, in particolar modo chitosano e suoi 

derivati e acido ialuronico. A tal fine, sono stati sviluppati nuovi approcci adatti ad ottenere idrogeli 

biomimetici in condizioni fisiologiche. 

Nel capitolo I viene descritta ampiamente la caratterizzazione dell'associazione 

macromolecolare e la riorganizzazione macromolecolare in condizioni diluite tra un chitosano 

modificato con lattosio, cioè CTL, in presenza di un agente reticolante, cioè acido borico. Inoltre, 

sono stati identificati i siti di interazione tra CTL e acido borico. Dopodiché l’attenzione si è spostata 

sul sistema in fase semi-diluita. Sono state rilevate proprietà meccaniche peculiari dei tessuti 

biologici, ovvero una risposta non lineare allo stress e l'indurimento da sforzo. Tale sistema inoltre 

ha mostrato alcune caratteristiche simili ai motori molecolari e in questo caso l'energia sotto forma di 

forza meccanica o di calore può favorire la riorganizzazione dei complessi macromolecolari. 

Nel capitolo II sono riportate due diverse strategie che sono state sviluppate per ridurre la 

cinetica molto veloce dell'interazione tra CTL e acido borico, vale a dire una gelificazione assistita 

da pH e una gelificazione assistita da competitori. Entrambe le strategie hanno permesso di avere 

idrogeli omogenei. Gli idrogeli ottenuti hanno mostrato capacità di self-healing, una risposta non 

lineare allo sforzo e indurimento da sforzo ed erano sensibili a diversi stimoli (ad es. la presenza di 

piccole molecole o variazioni di temperatura). Inoltre, è stata studiata la possibilità di incapsulare 

diversi tipi di cellule (ad es. cellule staminali e condrociti) negli idrogeli. 

Il capitolo III riguarda il miglioramento della stabilità e delle prestazioni degli idrogeli a base 

di CTL utilizzando un secondo agente reticolante covalente, cioè la genipina. Sono stati monitorati il 

legame tra polimero e genipina e le proprietà meccaniche dei campioni ottenuti. La cinetica della 

reticolazione della genipina è risultata direttamente proporzionale al tempo e alla temperatura. La 
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genipina, anche a basse concentrazioni, ha promosso la gelificazione in condizioni fisiologiche di pH 

e osmolarità e gli idrogeli hanno mostrato un comportamento di indurimento da sforzo, che è stato 

attribuito alla formazione e alla riorganizzazione di legami intermolecolari a bassa energia (ad es. 

interazioni idrofobiche e legami idrogeno). 

Nel capitolo IV è descritta la caratterizzazione di un'ampia libreria di nanoparticelle a base di 

chitosano e di acido ialuronico (NP). Le nanoparticelle sono state fabbricate usando chitosani con 

diverse proprietà molecolari, cioè frazione di unità acetilate (FA nell'intervallo 0.02 – 0.63) e peso 

molecolare (𝑀𝑣 nell'intervallo 10 000 - 500 000). Sono state studiate la stabilità e la forma delle NP 

ed è stata identificata la formulazione con le migliori caratteristiche, ovvero quella fabbricata con un 

chitosano a peso molecolare medio (𝑀𝑣 = 220 000) e un'acetilazione limitata (FA = 0.16). Le NP 

stabili sono risultate sferiche, con un diametro attorno ai 220 nm. Una volta diluite in solventi con pH 

e forza ionica fisiologici, come PBS, è stato rilevato un aumento delle dimensioni e della porosità a 

causa del richiamo di solvente all’interno delle NP. Queste NP hanno evitato il sequestro da parte dei 

macrofagi nelle prime fasi di interazione e non hanno influenzato la risposta biologica dei neutrofili 

e dei macrofagi. Tale comportamento è stato attribuito alle loro peculiari proprietà chimico-fisiche 

(ad es. stabilità, forma e porosità). Le NP stabili sono risultate anche in grado di incapsulare diverse 

molecole (una molecola modello e farmaci antinfiammatori). Infine, le NP sono state incluse negli 

idrogeli a base CTL e i sistemi nanocompositi sono stati in grado di promuovere un rilascio 

prolungato di farmaci. 
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1 INTRODUCTION 

1.1 Hydrogels 

Hydrogels are highly hydrated three-dimensional networks consisting of two components, i.e. 

the liquid – the prevalent element – and the solute. The latter is usually a polymer, e.g. 

polysaccharides, able to retain a large amount of solvent, i.e. an aqueous solution (in the case of non-

aqueous solution the more general term “gel” can be used). Although this description of hydrogels 

can seem simplistic, it could be quite difficult to appropriately define hydrogels. Probably the most 

complete definition of hydrogels needs to refer to their mechanical properties, in particular 

rheological ones. More in detail, rheological investigations of the system strained under oscillatory 

conditions for a large range of frequencies are necessary to define a hydrogel.(Lapasin, 2016) 

Generally, two different behavior can be detected: (i) viscous liquids display the storage modulus, i.e. 

G'; lower than the loss modulus, i.e. G'', (ii) hydrogels display G' higher than G'' in a large range of 

frequencies.  

Hydrogels can be fabricated by exploiting different strategies, i.e. chemical and physical 

crosslinking. Physical crosslinking strategies include thermally induced entanglement of polymer 

chains, molecular self-assembly, ionic gelation and electrostatic interaction.(Zhang & 

Khademhosseini, 2017) 

Hydrogels are widely used for different applications, spanning from biomedicine to soft 

electronics, sensors, and actuators.(Zhang & Khademhosseini, 2017) Some of the most advanced and 

studied applications of hydrogels deal with the biomedical field, e.g. regenerative medicine and drug 

delivery.(Jiang, Chen, Deng, Suuronen, & Zhong, 2014; Kim, Shin, & Lim, 2012; Tibbitt & Anseth, 

2009; Webber, Khan, Sydlik, Tang, & Langer, 2015; Zhang & Khademhosseini, 2017) Regenerative 

medicine approaches require suitable networks able to mimic natural tissues properties, e.g. spatial 

composition, biochemical milieu and mechanical performance. Ideally, mimicking the biochemical 

and biomechanical behavior of the natural Extra Cellular Matrix (ECM) is a robust, widely sought 

strategy providing a solid rationale for biomaterials development. Different authors reported that both 

non-linear response to stress and strain-hardening behavior are the main features of the natural 

ECM.(Ma, Xu, Coulombe, & Wirtz, 1999; Storm, Pastore, MacKintosh, Lubensky, & Jamney, 2005; 

Jingyuan Xu et al., 1998) These peculiar characteristics act as mechanical stimuli for cells, which 

influence their fate, including proliferation and differentiation. Such conversion of mechanical 

external information into intracellular signaling is termed as “mechanotrasduction”.(Chaudhuri, Gu, 

Darnell, et al., 2015; Chaudhuri et al., 2016; Nam, Hu, Butte, & Chaudhuri, 2016; Varelas et al., 

2014) 
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Macro-, micro- and nano-gels are also widely used for drug delivery purposes. For these 

applications, appropriate systems should be biodegradable and biocompatible, without eliciting any 

immune response if implanted or administered. Naturally occurring biopolymers, e.g. 

polysaccharides are currently exploited to fabricate macro-, micro- and nano- ECM mimics, since 

they display most of the above mentioned properties.(Coviello, Matricardi, Marianecci, & Alhaique, 

2007; Matricardi, Alhaique, & Coviello, 2016; Rowley, Madlambayan, & Mooney, 1999) In this 

scenario, chitosan and hyaluronic acid represent very attractive biopolymers both for regenerative 

medicine and drug delivery purposes.(Agnihotri, Mallikarjuna, & Aminabhavi, 2004; Bhattarai, 

Gunn, & Zhang, 2010; Croisier & Jérôme, 2013; Luo & Wang, 2014; Tripodo et al., 2015) 

1.1.1 Mechanobiology in hydrogels 

Mechanobiology deals with the study of mechanical cues, i.e. forces and mechanical properties 

of materials, in affecting cell function, e.g. adhesion, spreading and activation of cellular 

pathways.(Brusatin, Panciera, Gandin, Citron, & Piccolo, 2018; Huebsch, 2019; L. Li, Eyckmans, & 

Chen, 2017) 

At first, attention was focused on investigating response of cells plated atop hydrogels. The 

matrix elasticity of hydrogels emerged as able to tune differentiation of Mesenchymal Stem Cells 

(MSCs) towards neural, muscle-like and bone cells, respectively on soft, intermediate and stiff 

substrates.(Engler, Sen, Sweeney, & Discher, 2006) Furthermore, rigidity and viscoelastic properties 

of substrate were reported to affect cell spreading.(Gong et al., 2018) 

Nevertheless, cells, in natural conditions, are mainly distributed in three dimensional networks, 

i.e. Extra Cellular Matrix (ECM). Thus, attention moved to cells within 3D networks, able to 

recapitulate complexity of natural ECM.(Li et al., 2017) Networks elastic modulus stand out to tune 

MSCs differentiation towards osteocytes or adipocytes both in vitro and in vivo.(Huebsch, 2019; 

Huebsch et al., 2015; Oliver-De La Cruz et al., 2019) This behavior is associated to the activation of 

Hippo molecular pathway, governed by YAP/TAZ and affected by mechanical cues.(Brusatin et al., 

2018; Chaudhuri, et al., 2016) Indeed, YAP/TAZ shuttling between nucleus and cytoplasm is a strong 

signal governing cell behavior.(Dupont et al., 2011; Johnson & Halder, 2014) More in detail, the 

activation of YAP/TAZ in the nucleus of MSCs drive them to osteogenic or chondrogenic 

differentiation. On the other hand, the inactivation of YAP/TAZ, confined in the cytoplasm, promote 

an adipogenic differentiation.(Brusatin et al., 2018) 

Recently, the stress relaxation of ECM emerged as an important cue governing cell behavior. 

More in detail, faster relaxation entail higher proliferation, spreading, and osteogenic differentiation 

of MSCs.(Chaudhuri, Gu, Klumpers, et al., 2015) Furthermore, faster relaxation entail an higher 
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ability of chondrocytes to spread and to produce ECM.(Lee, Gu, Mooney, Levenston, & Chaudhuri, 

2017) 

 

1.2 Polysaccharides of medical interest 

1.2.1 Chitosans 

Chitosans are a family of biopolymers deriving from the partial/total deacetylation of chitin, 

the second most abundant polysaccharide on earth. Chitin is the main component of the exoskeleton 

of Arthropoda (e.g. crustaceans and insects), and it is present also in cell walls of certain fungi.( 

Vårum & Smidsrød, 2004) Chitin forms strong fibril-like structures and mostly play a structural role. 

From the structural point of view, chitosans are composed of two building β-1→4 linked sugars, i.e. 

glucosamine, GlcNH2 (deacetylated, D unit) and N-acetyl-glucosamine, GlcNAc (acetylated, A unit) 

randomly or more blockwise distributed along the polysaccharide chain (Figure 1). The fraction of A 

units, FA, determines the acetylation degree of chitosan. Chitosans with different fraction of 

acetylation can be produced by deacetylation both in alkaline and in acidic conditions by using chitin 

as raw material.(Vårum, Anthonsen, Grasdalen, & Smidsrød, 1991) On the other hand, highly 

deacetylated chitosans can be re-N-acetylated in hydroalcoholic media in order to tune their 

FA.(Freier, Koh, Kazazian, & Shoichet, 2005; Sacco, Cok, Asaro, Paoletti, & Donati, 2018; Sorlier, 

Denuzière, Viton, & Domard, 2001)  

The degree of acetylation influences important parameters, such as charge density, crystallinity, 

solubility and susceptibility to enzymatic degradation.(Vårum & Smidsrød, 2004) Chitosans behave 

as amphiphilic polymers since they display both hydrophobic (N-acetyl-glucosamine) and 

hydrophilic (glucosamine) units. Concerning solubility, all chitosans in acidic conditions, due to the 

protonation of amino groups at C2 position, behave as polyelectrolytes and are soluble. At neutral pH 

and above chitosans solubility is strictly dependent on FA and molecular weight. Commonly used 

commercial chitosans, with FA inferior to 0.3 and medium molecular weight,  precipitate in such 

conditions. An highly deacetylated chitosan can be soluble at neutral pH only if the degree of 

polymerization, DP, is lower than 10.(Khong, Aarstad, Skjåk-Bræk, Draget, & Vårum, 2013) 

Conversely, medium/high molecular weight chitosans with acetylation degree approximately 40% 

and above, typically in the range 0.4 < FA < 0.6, are soluble at neutral pH.(Sannan, Kurita, & Iwakura, 

1976; Vårum, Ottøy, & Smidsrød, 1994) 
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Figure 1. Schematic structure of hydrochloride chitosan. Glucosamine (D) and N-acetyl-glucosamine (A) 

units are reported. 

 

Chitosans are low toxic, antimicrobic, non-immunogenic and biodegradable.(Nilsen-Nygaard, 

Strand, Vårum, Draget, & Nordgård, 2015) These biopolymers are extremely versatile, and can be 

used to develop different systems such as films, scaffolds, hydrogels, micro/nano-fibers, and 

micro/nano-particles.(Agnihotri et al., 2004; Aramwit, Ekasit, & Yamdech, 2015; Racine, Texier, & 

Auzély-Velty, 2017; Rinaudo, 2006; Sacco et al., 2014; Sacco, Brun, et al., 2018) Due to their 

interesting properties, chitosans are widely used for biomedical and pharmaceutical applications for 

the realization of systems able to encapsulate and deliver therapeutic molecules.(Aramwit et al., 2015; 

Calvo, Remuñán-López, Vila-Jato, & Alonso, 1997; de la Fuente, Seijo, & Alonso, 2008c, 2008a, 

2008b; Elgadir et al., 2015; Janes & Alonso, 2003; Sacco, Brun, et al., 2018) 

Chitosans display several interesting features, which have been discussed above. However, 

poor solubility at neutral pH, especially for medium/high molecular weight chitosans with FA < 0.4 

and lack of specific biological signals are severe limitations to its large-scale use in the 

biotechnological field where direct contact with cells and/or tissues is foreseen. An interesting 

approach for the modification of chitosan backbone is based on the introduction of sugars as flanking 

groups. Derivatization can be specific, involving the amino group (-NH2) at C2 position, or 

nonspecific, involving hydroxyl groups (-OH) at C3 and C6 positions.(Rinaudo, 2006) One of the 

most widely used method to derivatize chitosan is the quaternization of the amino group as to improve 

its antibacterial properties.(Rabea, Stevens, Smagghe, & Steurbaut, 2003; Zambito, Felice, Fabiano, 

Di Stefano, & Di Colo, 2013) Another quite simple reaction on chitosan backbone is the reductive 

amination. The reaction can be performed in aqueous solutions under mild conditions yielding 

randomly distributed substituents along the chitosan chain.(Rinaudo, 2006) These chitosan 
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derivatives can display very peculiar properties. As an example, mannosylated chitosan was used for 

the specific recognition to antigen presenting cells such as B-cells, dendritic cells and 

macrophages.(Kim, Nah, Cho, Park, & Cho, 2006) Other sugar derivatives of chitosan have been 

reported to show antioxidant activities.(Ying, Xiong, Wang, Sun, & Liu, 2011) 

1.2.1.1 Lactose-modified chitosan 

Chitosan can be functionalized, by exploiting the amino group present on carbon 2, with lactose. 

The resulting semi-synthetic polysaccharide derived from the N-alkylation of chitosan in the presence 

of lactose is termed CTL (2-deoxy-2-lactit-1-yl chitosan, previously termed Chitlac and 

CTL60).(Donati et al., 2005) From the structural point of view, CTL are composed of three building 

β-1→4 linked sugars, i.e. glucosamine (D unit), N-alkylated glucosamine (lactitol-substituted D unit, 

L unit) and N-acetyl-glucosamine (A unit) randomly distributed along the polysaccharide chain 

(Figure 2). 

 

 

Figure 2. Schematic structure of hydrochloride lactose modified chitosan (CTL). Glucosamine (D), N-acetyl-

glucosamine (A) and lactose-modified (L) units are reported. Reprinted from Furlani et al.(Furlani, Sacco, 

Marsich, Donati, & Paoletti, 2017) 

 

The introduction of lactitol side chains on the chitosan backbone markedly modifies the 

physical-chemical properties of the polysaccharide rendering it soluble at neutral and basic pH and 

miscible with polyanions such as hyaluronan and alginate without eliciting any phase 

separation.(Patent No. WO135116A1, 2007) In the latter case, the interactions between the positive 
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charges on CTL and the negative ones on alginate lead to the formation, under controlled conditions, 

of soluble complexes which determine a synergistic behavior both in dilute and semi-dilute 

conditions.(Donati, Borgogna, Turello, Casàro, & Paoletti, 2007; Donati, Huag, et al., 2007) CTL 

was also used for the preparation of ternary mixtures with both alginate and hyaluronan.(Donati et 

al., 2011; Marsich et al., 2013) NMR and Molecular Dynamics analyses showed a higher flexibility 

of the lactitol side chain compared to the chitosan backbone.(D’Amelio et al., 2013) Furthermore, 

lactitol moieties display two different orientations with respect to the polysaccharide backbone, a 

folded and an extended conformation. In both conformations side chains show a good degree of water 

solvation.(Esteban et al., 2018) 

CTL has recently emerged as intriguing examples of semi-synthetic biopolymers for potential 

applications in the field of drug delivery and regenerative medicine.(Furlani et al., 2017) CTL is able 

to form nanoparticles in the presence of tripolyphosphate (TPP, negatively charged multivalent ion) 

as crosslinker.(Furlani et al., 2017) Resulting colloids were found to be highly monodisperse but, at 

the same time, poorly stable in physiological conditions of ionic strength, pH and temperature. Some 

of aforementioned limitations have been overcome entailing medium molecular weight hyaluronan 

as additional crosslinker for chitosan.(Vecchies et al., 2018) The use of the anionic polysaccharide 

allowed for the synthesis of coacervates, which behave as pH-responsive carriers, thus suitable for 

potential applications in drug delivery. CTL has shown remarkable features in cell adhesion, 

proliferation and differentiation towards different cell types such as chondrocytes, osteoblasts and 

neural cells.(Donati et al., 2005; Medelin et al., 2018; Travan et al., 2012) CTL is prone for 

applications in orthopedics, and in particular for cartilage regeneration since it is able to support 

chondrocytes aggregation and proliferation.(Donati et al., 2005) In particular, CTL stimulate the 

production of collagen and glycosaminoglycans within an otherwise inert 3D architecture.(Marsich 

et al., 2008) Its biological significance has been traced back to the interaction with the ubiquitous 

Galectin 1, a protein dimer that displays two carbohydrate recognition domains.(Marcon et al., 2005) 

Recently, cell aggregation promoted by lactose modified chitosan emerged as crucial signal for 

differentiation of adipose-derived stem cells to the chondrogenic lineage.(Tan, Gao, Sun, Xiao, & 

Hu, 2013) Along this line, a lactose-modified chitosan was used to develop a hyaluronic acid-based 

hydrogel inducing stem cell aggregation during differentiation.(Tan et al., 2013) Similar biological 

activity has also been noticed on an osteoblast-like cell line.(Travan et al., 2012) CTL was also able 

to promote neuronal growth, differentiation, maturation and formation of synapses, thus representing 

a good candidate for the development of biomaterials for central nervous system 

regeneration.(Medelin et al., 2018) 
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1.2.1.2 Gelation of chitosan and its derivatives 

Different research groups have extensively studied strategies to form chitosan-based hydrogels. 

The two main strategies are classified as physical and chemical gelation. Physical gelation exploits 

physical interactions such as hydrogen bonding, electrostatic interactions and hydrophobic 

interactions, and it is governed by chitosan molecular properties, i.e. molecular weight and fraction 

of acetylation, and by external parameters as pH and ionic strength. On the other hand, chemical 

gelation requires chemical reticulating molecules able to promote covalent bonds.  

Physical chitosan hydrogels generally are more biocompatible, and it is possible to tune their 

gelation by varying physical-chemical parameters, e.g. temperature, pH and ionic strength. Usually, 

physical chitosan gels display lower mechanical properties compared to chemical ones.(Racine et al., 

2017) Electrostatic, hydrophobic interactions and hydrogen bonds cooperate for the formation of 

networks. In the case of ionic interactions, pH and ionic strength play a key role. Chitosans behave 

as polyelectrolytes at acidic pH. In such conditions chitosans are able to interact with oppositely 

charged molecules forming coacervates in the micro- and nano-size range.(Luo & Wang, 2014) On 

the other hand, the process leading to homogeneous macro hydrogels is more demanding. An 

interesting approach was reported by Donati and collaborators.(Sacco et al., 2014) They reported an 

external gelation approach in order to finely tune gelation in the presence of negatively charged 

polyanions (e.g. tripolyphosphate). Resulting gels emerged as potential systems for drug delivery and 

regenerative medicine.(Sacco, Brun, et al., 2018) Other authors reported the production of hydrogels 

based on chitosan and anionic polymers in acidic conditions,(Patent No. EP2021408B1, 2009; Patent 

No. WO/2013/037965, 2013) thus limiting their use for biomedical applications. Hydrophobic 

interactions were widely exploited to have homogenous thermosensitive chitosan hydrogels. Thermo-

sensitive gelling systems were devised by combining chitosans and polyol-phosphates (e.g. β-

glycerophosphate), polyol bearing molecules (e.g. mannitol) or inorganic phosphate (e.g. ammonium 

phosphate).(Patent No. WO/2007/051311, 2007; Lavertu, Filion, & Buschmann, 2008; Supper, 

Anton, Boisclair, et al., 2014; Supper, Anton, Seidel, et al., 2014) These gels have shown great 

potential in biomedical applications including drug delivery and tissue engineering,(Chenite et al., 

2000; Ta, Han, Larson, Dass, & Dunstan, 2009; L. Wang & Stegemann, 2010; Zhou, Jiang, Cao, Li, 

& Chen, 2015) nevertheless some authors reported limitations about stability and inadequate 

mechanical properties.(Huang et al., 2014; Ruel-Gariepy, Chenite, Chaput, Guirguis, & Leroux, 

2000; Supper, Anton, Boisclair, et al., 2014; Supper, Anton, Seidel, et al., 2014) An alternative 

thermogelling system at human body temperature was reported for a system consisting of chitosan 

and nucleic acids.(Patent No. WO/2017/135498, 2017) 
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Chemical hydrogels can be produced by exploiting covalent bounds with amine and hydroxyl 

groups of chitosan. Molecules such as glutaraldehyde, diisocyanate or diacrylate are commonly used 

to promote chitosan gelation.(Patent No. WO/2009/056602, 2009; Racine et al., 2017)  Unfortunately, 

most of them are toxic, thus limiting their use for biomedical applications.(Racine et al., 2017) An 

alternative naturally occurring crosslinking agent is genipin. Genipin resulted to be less toxic and it 

is able to promote gelation of blends of chitosan and other biopolymers.(Barbosa et al., 2010; 

Barbosa, Pêgo, & Amaral, 2011; Bi et al., 2011; Sung, Huang, Huang, & Tsai, 1999) Furthermore, 

genipin is able to efficiently promote gelation of chitosans derivatives, e.g. PEG grafted 

chitosan.(Bhattarai, Ramay, Gunn, Matsen, & Zhang, 2005) 

The use of chemically modified chitosans was widely exploited to enhance performance of gels 

based on chitosan.(Patent No. US4424346A, 1984) For instance, chitosans grafted with water-soluble 

thermosensitive polymers were used to form thermosensitive hydrogels.(Argüelles-Monal, Recillas-

Mota, & Fernández-Quiroz, 2017) Chitosans grafted with glycolic acid and phloretic acid were 

designed to obtain biodegradable injectable chitosan gels, through enzymatic cross-linking with 

horseradish peroxidase and H2O2, able to encapsulate chondrocytes.(Jin et al., 2009) An interesting 

use of chitosan and hyaluronic acid derivatives was proposed by Patil and collaborators.(Manna, 

Bharani, & Patil, 2009) Chitosan was grafted with adenine, whereas hyaluronic acid was modified 

with thymine and the self-assembly was obtained by means of hydrogen bonding between DNA base 

pairs substituted on the backbone of polymers.  

1.2.2 Hyaluronic acid 

Hyaluronic acid (HA) is a linear polysaccharide composed of alternating sequences of two 

building sugars, i.e. (β-1→4)glucuronic acid and (β-1→3)N-acetylglucosamine units, and it is usually 

present in its sodium salt form (Figure 3).(Kogan, Šoltés, Stern, & Gemeiner, 2007) Hyaluronic acid 

is a non sulphated glycosaminoglycan and it is mainly present in synovial fluid, connective tissues 

and the vitreous humor of the eye.(Kogan et al., 2007) In past decades, hyaluronic acid was extracted 

from the roosters’ combs. Currently, HA is mainly produced by large scale fermentation of 

genetically modified bacteria, e.g. Bacillus subtilis, thus avoiding possible contamination by animals 

pathogens (e.g. Streptococcus equi).(Kim, Ravichandran, Khan, & Kim, 2008) Hyaluronic acid 

present in extracellular matrix displays an average molecular weight in the range 1-2 

million.(Almond, 2007) The conformation adopted by hyaluronan can be described as a worm-like 

chain due to repulsion of negative charges and the polysaccharide is prone to bind positively charged 

molecules and water. Therefore, in aqueous solutions, hyaluronic acid is able to increase its volume 
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of 1 000 times. In hydrate form, hyaluronic acid is able to absorb loads and to lubricate.(Hardingham, 

2004) 

 

 

Figure 3. Schematic structure of sodium hyaluronan. Glucuronic acid and N-acetyl-glucosamine units are 

reported. 

 

Hyaluronic acid plays key roles in the organization of the extracellular matrix, regulation of 

cell interactions, modulation of inflammation and wound healing.(Almond, 2007; Menzel & Farr, 

1998) More in detail, hyaluronic acid is able to efficiently interact with the membrane receptor CD44, 

overexpressed in different types of cancer (e.g. breast and liver tumors).(Jiang, Liang, & Noble, 2007; 

Qin & Tang, 2002; Rao et al., 2015) This ability was exploited for specific drug delivery 

applications.(Almalik, Day, & Tirelli, 2013) Owing to its good biocompatibility, non-

immunogenicity and viscoelastic properties, hyaluronic acid has been extensively used for the 

development of drug delivery systems and for regenerative medicine applications.(Highley, 

Prestwich, & Burdick, 2016; Tripodo et al., 2015) 

Hyaluronic acid can be easily modified by exploiting its carboxylic and hydroxyl 

groups.(Tripodo et al., 2015) The conjugation of hyaluronic acid to hydrophobic residues can promote 

the self-assembly of the resulting modified polymer into biocompatible nanoparticles.(Montanari et 

al., 2013; Vafaei et al., 2016) Resulting nanoparticles emerged as excellent drug delivery system for 

hydrophobic compounds.(Montanari et al., 2019) Furthermore, the covalent conjugation of 

hyaluronic acid to bioactive molecules, i.e. HAylation, is able to increase solubility, stability and 

specific targeting of poor soluble drugs.(Mero & Campisi, 2014) 

Hyaluronic acid and its derivatives can also be used to form hydrogels.(Burdick & Prestwich, 

2011; Highley et al., 2016) Different strategies have been developed including covalent crosslinking 

and supramolecular interactions, e.g. host-guest interactions. Some of these strategies enabled the 
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efficient encapsulation of cells and bioactive molecules and are promising for regenerative medicine 

applications.(Highley et al., 2016) 

1.2.3 Other polysaccharides of medical interest 

Other polysaccharides used for biomedical applications include cellulose, alginate, agarose, 

carrageenan, starch, scleroglucan, dextran, xanthan, xyloglucan, gellan gum, guar gum, pullulan, and 

arabinogalactan.(Coviello et al., 2007; Silva et al., 2011) 

One of the most widely used and studied is alginate, which derive from brown seaweed. This 

polymer is able to efficiently interact with bivalent cations, e.g. Ca2+.(Rinaudo, 2008) This interaction 

can be exploited to form microparticles and hydrogels.(Kuo & Ma, 2001; Thu et al., 1996) 

Microparticles are suitable to encapsulate cells, e.g. pancreatic islets, preventing them from 

autoimmune response in diabetes.(Wang et al., 1997) Furthermore, alginate can be easily modified to 

improve its biomimetics.(Rowley et al., 1999) 

Another widely used polysaccharide is agarose, which is extracted from red seaweed. This 

polymer can be used to form self-assembled thermosensitive hydrogels, suitable for cell 

encapsulation.(Mauck et al., 2000) 

 

1.3 Polysaccharide-based nanoparticles 

Polysaccharide-based nanoparticles can be devised by using natural and synthetic 

polysaccharides. Those based on natural polysaccharides, e.g. chitosan, hyaluronic acid and alginate, 

are the most attractive since, usually, are non-toxic, biocompatible, biodegradable and easy to 

functionalize.(Ali & Ahmed, 2018; Yang, Han, Zheng, Dong, & Liu, 2015) Polysaccharide-based 

nanoparticles can be produced by exploiting different techniques, including coacervation, and self-

assembly.(Swierczewska, Han, Kim, Park, & Lee, 2016; Yang et al., 2015)  

Coacervation defines a process in which a phase separation occurs, forming two phases: a 

polymer-rich phase, i.e. the coacervate, and the liquid phase. This phenomenon is promoted by the 

interaction between two oppositely charged molecules in right proportions. In the case of interactions 

between a macromolecule (e.g. chitosan or hyaluronan) and a small charged molecule (e.g. 

tripolyphosphate) as the term “simple” coacervation is used. On the other hand, the term “complex” 

coacervation is used when at least two different macromolecules are involved. 

One of the most widely studied simple coacervate is based on chitosan and tripolyphosphate 

(TPP), as crosslinking agent. Coacervation and stability of resulting coacervates resulted to be 
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strongly affected by different physical chemical conditions such as the concentrations of chitosan and 

TPP, molecular properties of chitosan (i.e. molecular weight and FA), pH and concentration of salt 

(i.e. NaCl).(Bi et al., 2011; Calvo et al., 1997; Huang, Cai, & Lapitsky, 2015; Huang & Lapitsky, 

2011, 2012, 2017) Chitosan/TPP nanoparticles were extensively investigated as systems for drug, 

protein and gene delivery.(Abul Kalam, Khan, Khan, Almalik, & Alshamsan, 2016; Ajun, Yan, Li, 

& Huili, 2009; Calvo et al., 1997; De Campos, Sanchez, & Alonso, 2001; Janes & Alonso, 2003; 

Vimal et al., 2013; Wu, Yang, Wang, Hu, & Fu, 2005; Zhang, Oh, Allen, & Kumacheva, 2004) 

Resulting nanoparticles displayed an excellent ability to encapsulate and to release in a controlled 

way proteins and both hydrophilic and hydrophobic drugs.(Calvo et al., 1997; Masarudin, Cutts, 

Evison, Phillips, & Pigram, 2015; Niaz et al., 2016) Furthermore, the muco-adhesiveness ability of 

chitosan was exploited to treat mucus-rich sites, e.g. ocular and nasal sites.(De Campos et al., 2001; 

Janes & Alonso, 2003) 

Complex coacervation was widely explored by using different natural polysaccharides such as 

chitosan, alginate, hyaluronan, carrageenan, dextran, in order to develop colloids suitable for protein 

and drug delivery.(Luo & Wang, 2014) Complex coacervation between positively charged polymers 

and negatively charged nucleic acids was also widely investigated for gene delivery 

applications.(Lallana et al., 2017; Raemdonck, Martens, Braeckmans, Demeester, & De Smedt, 2013) 

The driving forces for nanoparticles formations were attributed, beyond electrostatic interactions, also 

to the gain of entropy of the system following water and counterions release from both 

macromolecules.(de la Fuente et al., 2008c) One of the most investigated types of complex coacervate 

is based on chitosan and hyaluronic acid. Hyaluronic acid (HA) was exploited to promote the selective 

targeting of cells overexpressing its membrane receptor CD44,(Almalik, Karimi, et al., 2013) e.g. 

breast and liver tumors.(Qin & Tang, 2002; Rao et al., 2015) Similar nanoparticles were able to 

efficiently encapsulate bioactive molecules and to promote their release in a controlled 

fashion.(Oyarzun-Ampuero, Brea, Loza, Torres, & Alonso, 2009; Parajó, D’Angelo, Welle, Garcia-

Fuentes, & Alonso, 2010; Sacco, Decleva, et al., 2017) Due to the high ability of chitosan to interact 

with nucleic acids, complex coacervates consisting of chitosan, hyaluronic acid and nucleic acids 

were devised.(Deng et al., 2014; Lallana et al., 2017) The nanoparticles ability to interact with cells 

was dependent on molecular properties of chitosan (molecular weight and FA).(Almalik, Donno, et 

al., 2013; Lallana et al., 2017) Nevertheless, some authors reported some drawbacks on nanoparticles 

stability, thus limiting their use for biomedical applications.(Debele, Mekuria, & Tsai, 2016; Wu & 

Delair, 2015) Some research groups were able to improve the stability of resulting nanoparticles by 

exploiting metallic ions.(Giacalone et al., 2014; Wu & Delair, 2015) 
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Self-assembly is a strategy which use amphiphilic polymers, able to spontaneously self-

assembly in water solutions into micelles with a controlled nanostructure.(Debele et al., 2016) 

Hydrophilic polysaccharides can be functionalized with hydrophobic groups, e.g. alkyl and 

deoxycholic acid. Resulting amphiphilic polymers in water undergo intra- and/or inter-molecular 

interaction between hydrophobic moieties, by enabling the spontaneous formation of micelles.(Yang 

et al., 2015) Some of the most widely used polysaccharides for such approach are chitosan and 

alginate.(Debele et al., 2016) Resulting nanoparticles are able to efficiently encapsulate both 

hydrophilic and hydrophobic drugs and they are promising for drug delivery applications.(Park, 

Saravanakumar, Kim, & Kwon, 2010) 

 

1.4 Articular cartilage 

Articular cartilage is a hyaline cartilage and is thick from 2 to 4 mm.(Eyre, 2002) It is composed 

of a dense extracellular matrix (ECM) with a sparse distribution of highly specialized cells, i.e. 

chondrocytes. The composition of ECM mainly consists of water, collagen, and proteoglycans. A 

limited amount of non-collagenous proteins and glycoproteins are also present.(Buckwalter, 

Hunzinker, & Rosenberg, 1988) This peculiar composition is able to retain a large amount of water, 

and the resulting tissue is able to absorb impacts and withstand significant loads. Articular cartilage 

can be subdivided in four zones with different strength as a function of the extension of collagen 

crosslinking and different cell distribution (Figure 4). These zones, with different fibrillar architecture 

are (i) superficial or tangential, (ii) intermediate or transitional, (iii) deep or radial, and (iv) 

calcified.(Eyre, 2002) In the superficial zone (thick ~200 μm) collagen fibrils tightly packed and are 

mainly parallel to the plane of the articular surface. In this zone the concentration of chondrocytes is 

relatively high. This zone is in contact with synovial fluid and it is responsible for protecting deeper 

layer from shear, tensile and compressive forces. Furthermore, lubricating molecules such as 

proteoglycan-4 allow for low-friction movement in joints.(Levett et al., 2014) In the transitional zone, 

collagen fibrils are oblique, and cells are spherical and at low density. The intermediate zone 

represents 40-60% of total cartilage volume and it provides resistance to compressive forces. In the 

deep zone, collagen fibrils display a high diameter and they are orthogonal to the articular surface, 

providing a high resistance to compressive forces. In this zone cells are parallel to fibrils in a column-

like disposition. The deep zone account for around 30% of total cartilage volume and it consist of a 

high percentage of proteoglycans. The calcified zone welds the deep zone of cartilage to subchondral 

bone, enabling the transmission of loads to the underlying subchondral bone. In this zone, only a 

limited number of chondrocytes are present and they display a hypertrophic phenotype. The 
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molecular composition of the different zones is very similar, with the predominant fraction of 

collagen II (≥90%) and a small fraction of collagen IX (~1%) and XI (~3%); in the calcified zone 

collagen X is also present.(Eyre & Wu, 1987; Gannon et al., 1991) 

 

 

Figure 4. Schematic cross-section of cellular organization (A) and collagen fiber architecture (B) of articular 

cartilage. Reprinted with permission from Buckwalter et al.(Buckwalter et al., 1994) Copyright 1994, 

Wolters Kluwer Health. 

 

Articular cartilage, differently from other tissues, does not have blood vessels or nerves. 

Chondrocytes depend mainly on anaerobic metabolism and nutrients come from the synovial fluid 

through diffusion. Chondrocytes synthesize ECM components and they are able to remodel them by 

means of metalloproteinases (e.g. collagenase and gelatinase) and cathepsins. 

Articular cartilage is able to withstand high cyclic loads and this ability is attributed to its 

peculiar viscoelastic properties.(Buckwalter, 1998; Mankin, 1982) Cartilage can be considered as an 

hydrogel consisting of polymers (collagen, proteoglycans) and an aqueous solution accounting for up 

to 80% of the total weight; in the latter phase inorganic ions, e.g. calcium, sodium, potassium, and 

chloride are also present.(Ateshian, Warden, Kim, & Al., 1997) When forces are applied to joint, the 

increase in interstitial fluid pressure induce fluid flow out of the ECM.(Mow, Holmes, & Lai, 1984) 

When the force is removed, the fluid is able to flow back into the ECM. Furthermore, the two 

opposing bones and surrounding tissues confine the cartilage under load to limit mechanical 

deformation. This complex composition and organization provide cartilage a strain-hardening 

behavior.(Setton, Mow, & Howell, 1995; Woo, Mow, & Lai, 1987)  
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1.4.1 Arthritis and cartilage degeneration 

Mature articular cartilage can undergo degeneration following severe injuries or degenerative 

diseases. Due to repetitive mechanical loading or inflammation, a progressive and irreversible 

degeneration of articular cartilage can occur. The resulting disease is called osteoarthritis (OA) and 

usually imply also changes in the surrounding synovial fluid and bone tissue. Osteoarthritis currently 

affects 250 million people worldwide, with a major incidence in elder people. With the combining 

factors of increasing aging and obesity of population, its incidence will grow further. Osteoarthritis 

can affect knee, hand and hip joints. The most common zone affected is knee, with an incidence in 

Europe, among people older at least 22 years, of 14% for men and 12% for women.(Hunter & Bierma-

Zeinstra, 2019) People affected by osteoarthritis usually display a severe pain. These conditions have 

significant costs for patients affected and for the healthcare system. The medical cost of osteoarthritis 

in various high-income countries has been estimated to account for between 1% and 2.5% of the gross 

domestic product of these countries.(Hunter, Schofield, & Callander, 2014) 

In the case of trauma, the native tissue try to repair the defect, albeit mature cartilage has little 

capacity of self-repair.(Vasiliadis, Wasiak, & Salanti, 2010) In the case of a partial-thickness injury, 

a limited amount of synovial fibroblasts migrate towards and into the defect.(Hunziker & Rosenberg, 

1996) On the other hand, in the case of full-thickness injury, a large amount of cells from subchondral 

bone migrate in the defect. These cells form a fibrous or fibrocartilaginous reparative tissue. The 

resulting tissue lack of optimal mechanical properties and of the complex architecture of the native 

tissue and it is not able to bond with the remaining healthy cartilage.(Lietman, Miyamoto, Brown, 

Inoue, & Reddi, 2002; Steadman et al., 2003) 

Osteoarthritis can occur also without any trauma. In this case, usually, an unpaired balance 

between matrix deposition and matrix degradation is present.(Torzilli, Grigiene, Borrelli, & Helfet, 

1999) In the case of altered cartilage metabolism, chondrocytes can produce and excessive amount 

of enzymes, e.g. metalloproteinases, inducing a massive matrix degradation. This process can be 

induced by the presence of large amount of proinflammatory cytokines, e.g. TNF-𝛼 and IL-

1.(Buckwalter, 1997) Similar phenomena can also be promoted by joint inactivity and insufficient 

dynamic loads.(Akizuki et al., 1986) 

Articular cartilage can undergo degeneration also without trauma and with an early onset. 

Rheumatoid arthritis is an autoimmune disease that leads to inflammation and progressive 

degradation of cartilage. In this condition, immuno-complexes are present, which induce recruitment 

of neutrophils and consequently of macrophages. These cells release a large amount of pro-
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inflammatory compounds which induce the onset of a chronic inflammation and the progressive 

degradation of articular cartilage.(Udalova, Mantovani, & Feldmann, 2016) 

1.4.1.1 Strategies for cartilage regeneration 

Due to articular cartilage poor regenerative and self-healing ability, different strategies have 

been studied in the last decades in order to improve cartilage regeneration. These techniques can be 

grouped in (i) bone marrow stimulation techniques, (ii) direct chondral replacement techniques, and 

(iii) culture-based techniques. Each of them can be associated with various materials and growth 

factors, leading to the development of a huge number of different techniques.(Correa & Lietman, 

2017) 

(i) Bone marrow stimulation technique includes drilling, abrasion and microfracture. These 

approaches entail the “damage” of remaining articular tissue in order to promote the release of 

mesenchymal stem cells from subchondral bone. Mesenchymal stem cells are able to form a fibrous 

tissue, nevertheless a significant symptomatic improvement was detected in most patients.(Steadman, 

Rodkey, Briggs, & Rodrigo, 1999) After a long term follow up, about 20% patients did not report any 

improvement.(Knutsen et al., 2007) Another variant of such techniques is termed Autologous Matrix 

Induced Chondrogenesis (AMIC). According to this procedure, after microfracture, a collagen 

scaffold is placed on the defect in order to hold in place the mesenchymal stem cells and help the 

repair process.(Jacobi, Villa, Magnussen, & Neyret, 2011) 

(ii) Direct chondral replacement techniques include mosaicplasty, fresh osteochondral allograft 

transplantation and periosteal transplantation. In these techniques, the injured cartilage is replaced 

with osteochondral portions taken from non-load-bearing regions of the joints from the same patient 

(autograft) or from donors (allograft). These approaches were tested for both partial- and full-

thickness lesions and results were satisfactory for most of patients in the medium term.(Leumann et 

al., 2009; Reguzzoni, Manelli, Ronga, M, Raspanti, & Grassi, 2005) 

 (iii) Culture-based techniques include Autologous Chondrocyte Implantation (ACI) and 

Matrix-induced Autologous Chondrocyte Implantation (MACI). Both strategies entail tissue 

engineering approaches. A full thickness biopsy is first harvested from the patient, then autologous 

chondrocytes are extracted from the biopsy (by using enzymes) and expanded in two-dimension 

cultures for about four weeks. Finally, chondrocytes are implanted in the patient. According to the 

first approach, i.e. ACI, chondrocytes are injected under a periosteal cover, which then is saturated 

onto the defect; at a later time, a collagen scaffold was used in place of the periosteal 

cover.(Richardson, Caterson, Evans, Ashton, & Roberts, 1999) In approximately 50% of cases, the 

repair tissue from ACI resembles fibrocartilage and is rich in collagen type I (instead of collagen type 
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II).(Vasiliadis et al., 2010) This is most likely due to chondrocytes de-differentiation during 

expansion in two-dimensional cultures. Therefore, at a later time, MACI procedures were developed 

(Figure 5). This approach entails cells seeding onto a scaffold a few days before implantation. Finally, 

the scaffold is trimmed in order to fit the patient defect and fixed in the damaged site by exploiting a 

fibrin glue.(Franceschi et al., 2008; Jacobi et al., 2011) 

 

 

Figure 5. Schematic procedure of Matrix-induced Autologous Chondrocytes Implantation (MACI). Reprinted 

from Jacobi et al.(Jacobi et al., 2011) 

 

One of the major limitations of currently proposed regenerative approaches for cartilage has 

been the inability to regenerate tissue with the original composition and structure of articular cartilage. 

Consequently, the repair tissue lacks the mechanical properties required to support loads. 

Hydrogels, due to their structural similarity to natural tissues, are promising candidates for 

cartilage repair. Hydrogels can be tailored with adequate mechanical strength and porosity in order 

to form a biomimetic ECM environment.(Demoor et al., 2012; Knutsen et al., 2004) The design of 

biomaterials able to promote chondrogenic differentiation and guide cartilage extracellular matrix 

synthesis resulted as a promising approach to improve cartilage regeneration outcomes. Different 

chemically and physically crosslinked hydrogels based on synthetic or natural polymers have been 

developed in the last decades. Usually, synthetic based hydrogels, albeit appropriate as to mechanical 

properties, lack of bioactivity, e.g. the ability to promote chondrogenic differentiation.(Klein, Rizzi, 

Reichert, Georgi, N, Malda, & Schuurman, 2009) To improve the latter, different growth factors and 

peptides were embedded or grafted.(Albrecht et al., 2011; Nguyen, Kudva, Guckert, Linse, & Roy, 
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2011) On the other hand, hydrogels based on natural polymers, such as collagen, agarose, chitosan, 

alginate, gelatin, hyaluronic acid (HA), and chondroitin sulfate, showed excellent biological 

activity.(Klein et al., 2009) Recently, hydrogels based on chondroitin sulfate and polyacrylamide 

were reported to display an excellent adhesiveness to native tissue and a good ability to promote 

chondrogenic differentiation.(Han et al., 2018) Furthermore, hydrogels based on modified gelatin, 

hyaluronic acid and chondroitin sulfate (all of them methacrylated, in order to be photocurable) were 

devised and resulted to promote chondrogenesis and production of a biomimetic ECM.(Levett et al., 

2014) Thermosensitive hydrogels based on chitosan were also able to promote differentiation of 

mesenchymal stem cells in chondrocytes.(Huang et al., 2014)  

An emerging approach is the use of injectable hydrogels embedding biodegradable 

nanoparticles encapsulating anti-inflammatory drugs or growth factors, providing a sustained release 

of them over time. The resulting system should weaken the chronic inflammation and simultaneously 

support the regeneration of healthy articular cartilage.(Asadi et al., 2018; Jeznach, Kołbuk, & 

Sajkiewicz, 2018) For instance, chitosan based nanoparticles encapsulating drugs and embedded in 

an hydrogel based on chitosan, alginate and fibrin resulted to efficiently support chondrogenesis in 

vivo and to promote the production of a biomimetic ECM.(Deepthi, Gafoor, Sivashanmugam, 

Shantikumar, & Jayakumar, 2016) 
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2 AIM OF THE THESIS 

The main aim of this research thesis deals with the production of polysaccharide-based 

nanocomposite networks to be potentially used as biomaterials for tissue engineering and regenerative 

medicine, with special focus on cartilage restoration. The specific objectives of the thesis are: 

i. Investigate macromolecular association and characterize  networks based on CTL and boric 

acid as crosslinking agent; 

ii. Establish methods for forming homogeneous hydrogels; 

iii. Investigate the suitability of resulting hydrogels for cells colonization and proliferation; 

iv. Fabricate and characterize hydrogels based on chitosan and CTL by using a second covalent 

gelling agent, namely genipin; 

v. Evaluate the influence of different molecular properties of chitosan (i.e. fraction of acetylation 

and molecular weight) on physical-chemical properties of chitosan/hyaluronan nanoparticles; 

vi. Study how nanoparticles stability and physical-chemical properties can affect the innate 

immune system cells response; 

vii. Evaluate the possibility to use nanoparticles and nanocomposite networks as drug delivery 

systems. 
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3 EXPERIMENTAL SECTION 

3.1 CHAPTER I: Preparation and characterization of networks based 

on a lactose-modified chitosan and boric acid 

3.1.1 Aim of the work 

In this chapter the main aims are (i) evaluate CTL structuring in the presence of boric acid, (ii) 

evaluate if energy, provided in different forms (i.e. stress and heat), can induce a network 

reorganization, (iii) investigate interaction sites of boric acid binding to CTL, (iv) evaluate mechanical 

properties of resulting networks as function of boric acid concentration. 

 

3.1.2 Material and methods 

3.1.2.1 Materials. 

Lactose-modified chitosan (CTL or CTL)-hydrochloride form with fractions of: N-acetyl 

glucosamine (GlcNAc; “acetylated”, A) (FA) = 0.07; glucosamine (GlcNH2; “deacetylated”, D) (FD) 

= 0.36; lactitol-substituted D unit (N-alkylated GlcLac; “lactitol”, L) (FL) = 0.57 was kindly provided 

by biopoLife S.r.L. (Trieste, Italy). The intrinsic viscosity, [], at 25 °C was 470 mL/g and the weight 

average molar weight was 𝑀𝑊 ̅̅ ̅̅ ̅ = 770 000 with a PI of 2.68 (SEC-MALLS, data not shown). 

Phosphate-buffered saline (PBS), boric acid (H3BO3), sodium chloride, deuterium oxide, 4-

chlorophenylboronic acid (pCB), sodium hydroxide (NaOH), and deuterium oxide were all purchased 

from Sigma Aldrich (USA). All other reagents were from Sigma-Aldrich (USA). All reagents and 

chemicals were of high purity grade. Deionized (Milli-Q) water was used as solvent in all 

experiments. 

3.1.2.2 Preparation of solutions and/or matrices. 

Solutions were prepared at pH equal to 7.4 and pH was kept constant using Phosphate Buffered 

Saline (PBS) 1X. Briefly, for a sample with CTL final concentration equal to 10.0 g/L, 50 mg of 

polymer were solubilized in 3.5 mL of deionized water in a 5 mL beaker, then pH was adjusted to 7.4 

by using NaOH (1 M). Finally, 450 μL of PBS 10X and water were added to have a final volume of 

4.5 mL.  

A typical synthesis was carried out as follows: 500 μL of a solution of boric acid with different 

concentration (from 0 to 320 mM) (PBS 1X as solvent and pH stabilized to 7.4) were added to 4.5 

mL of CTL solution (PBS 1X as solvent and pH stabilized to 7.4) in 5 mL beakers under vigorous 
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magnetic stirring. The same ratio in volume between the two components was used for all 

experiments. After boric acid addition samples were sustainably stirred by using a magnetic stirrer to 

promote a homogeneous dispersion of the crosslinker. Resulting samples were allowed to equilibrate 

for 20 minutes at room temperature prior to further analyses.  

3.1.2.3 Dynamic Light Scattering. 

Dynamic Light Scattering was measured by means of a Zetasizer Nano ZS with 173° detection 

optics and incident light at 633 nm (Malvern Instruments) in PBS buffer (pH = 7.4) in disposable 

cuvettes. CTL solutions (1.5 mL, polymer concentration equal to 1.5 and 2.0 g/L) placed in disposable 

cuvette were titrated (3 µL injections) using an aqueous solution of boric acid (boric acid 500 mM, 

PBS 1X as solvent and pH 7.4) to gradually increase RB. After each injection of cross-linking ion, the 

solution was vigorously shaken, and solutions were allowed to equilibrate one minute prior to 

measurements. Measured count rates were normalized for the attenuation factor to yield derived count 

rate. Data are reported as the relative scattering intensity (i.e. derived count rate) of the titrated 

solutions (𝐼𝑅𝐵
) and that of untreated polymer (𝐼𝑅𝐵=0). 

Measurements were also performed on CTL alone and in the presence of boric acid at 8.8 mM 

at 25 °C, corresponding to the sample in which was detected the maximum scattering intensity. Boric 

acid titration was performed at 25 °C. Then samples were analyzed at different temperatures, namely 

25, 31, 37 and 43°C. As control a sample without boric acid was used. Data are reported as the 

difference in scattering intensity (i.e. derived count rate) (reported in %), by assuming equal to 0 the 

scattering intensity at 25°C of the respective sample. 

Furthermore, measurements were performed on the same sample (CTL alone and in the 

presence of boric acid at 8.8 mM at 25 °C) and after a thermal curing during which the sample was 

measured at 25 °C, heated at 43 °C and measured at 43 °C, cooled at 25 °C and measured also at this 

latter temperature. 

3.1.2.4 Capillary viscosity. 

Reduced capillary viscosity at different RB values (𝜂𝑟, 𝑅𝐵
) was measured at 25 °C by means of 

a Schott-Geräte AVS/G automatic measuring apparatus and an Ubbelohde type viscometer upon 

addition of boric acid at different concentrations. All measurements were performed at least in 

triplicate using PBS at pH 7.4 as buffer. 

3.1.2.5 High-field NMR measurements.  

700 µL of CTL solution (1 % w/v, 10% V/V D2O, PBS, pH = 7.4) placed in a quartz tube were 

titrated (70 µL injections) using 4-chlorophenylboronic acid (pCB) solution (20 mM, PBS, pH 7.4). 
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After each pCB injection, the solution was vigorously shaken and allowed to equilibrate for few 

minutes before measurements. The 1H-NMR, 13C-NMR and 1H-13C-2D spectra were recorded on a 

Varian VNMRS (11.74 T) NMR spectrometer operating at 499.65 MHz for proton. All measurements 

were performed at 25 °C. 

3.1.2.6 Rheological measurements. 

Rheological tests for the CTL-boric acid systems were performed under continuous shear 

conditions to determine the extent of the steady viscosity values in the stress ( ) range 0.1 - 1000 Pa, 

as well as under oscillatory shear conditions to determine the extension of the linear viscoelasticity 

regime (stress sweep tests at 1 Hz) and the mechanical spectrum (frequency sweep,   = 1 Pa, within 

the linear viscoelastic regime). The complex viscosity (*), the storage (G') and loss (G'') moduli 

were recorded in the frequency range 0.01 - 100 Hz. Continuous oscillatory shear tests were 

performed at  =1 Hz and  =1 Pa for 3 hours (10 800 s). All tests were carried out with the controlled 

stress rheometer Haake Mars III operating at 25 °C. A glass bell covering the measuring device was 

used to improve thermal control and limit evaporation. In the case of the system composed of CTL 

and boric acid 8 mM, a short stress sweep test was recorded at 25 °C and after a thermal curing (25 

°C → 43 °C → 25 °C). For comparison, the short stress sweep of CTL alone was used. 

3.1.2.7 Statistical analysis. 

Statistical analysis and graph elaboration were performed using GraphPad Prism 8 (GraphPad 

Software, San Diego, CA). 

 

3.1.3 Results and discussion 

3.1.3.1 Macromolecular association 

The interaction between CTL and boric acid was investigated by two complementary 

techniques, i.e. Dynamic Light Scattering (DLS) and capillary viscometry. Analyses were performed 

by using constant polymer concentrations and upon increasing the crosslinker concentration. By 

increasing the boric acid concentration, a gradual increase of the scattering was detected (Figure 6a), 

up to a maximum value, indicating polymer structuring. Then, by further increasing boric acid 

concentration the scattering intensity decreased, suggesting polymer reorganization. A symmetrical 

inverse trend was detected by evaluating relative viscosity values (Figure 6b). Considering both 

results together, the concentration of boric acid at which light scattering and relative viscosity 

exhibited onset of non-monotonic behavior corresponded to 7.9 × 10−3 (±1.6 × 10−3) M boric acid. 
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Figure 6. (a) Dependence of the normalized scattering intensity from boric acid concentration at CTL 

concentration of 2.0 g/L and 1.5 g/L. All measurements were performed at 25 °C in PBS at pH 7.4. Lines are 

drawn to guide the eye. (b) Dependence of the normalized relative viscosity from boric concentration at CTL 

concentration of 1.5 g/L. The dotted line is drawn to guide the eye. All measurements were performed at 25°C 

in PBS at pH 7.4. 

 

 

Scheme 1. Schematic representation of the formation of dimers of CTL chains (1c.1c) induced by the presence 

of boric acid and of the formation of single chains (1c). Reprinted with permission from Sacco et al.(Sacco et 

al., 2017) Copyright 2017 American Chemical Society. 

 

This peculiar behavior was interpreted according to a two stage phenomenon: (i) at low boric 

acid concentrations, macromolecular CTL−boric acid complexes (indicated as BP2− in Scheme 1) 

form, increasing the mass per unit volume, and eliciting an increase in the scattering intensity and a 

parallel decrease of hydrodynamic volume following chain pairing, and (ii) at relatively high 

crosslinker concentrations, negative charges bore by boron elicit electrostatic repulsion between 

polymer chains (indicated as BP− in Scheme 1), with complexes disentangling, and decrease of 

scattering intensity and increase of viscosity. 
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3.1.3.2 Interaction sites of boric acid to CTL 

The side chains of CTL (Scheme 2) consist of an unmodified galactose linked to glucitol 

moiety, with various binding sites for boric acid, each of them with different binding constant when 

taken separately.(Peters, 2014; Wu et al., 2013) To investigate the interaction sites, high field NMR 

analyses were performed by exploiting a model divalent diol-binding molecule, i.e. p-chloro-phenyl-

boronic acid (pCB), in order to avoid peak broadening due to polymer reticulation. 

 

 

Scheme 2. Schematic representation of CTL with the labels for the different carbon atoms. Reprinted with 

permission from D’Amelio et al.(D’Amelio et al., 2013) Copyright 2013 American Chemical Society. 

 

NMR analyses allowed to detect signals corresponding to free and bound pCB (Figure 7a). 

Upon increasing boronic acid concentration, a progressive increase of bound pCB was detected 

(Figure 7b). The saturation of binding sites was estimated to be 0.88, suggesting an approximately 

interaction of one boronic acid molecule for each lactitol moiety. 
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Figure 7. (a) Aromatic signals of bound and free pCB in the presence of CTL (10 mg/mL). (b) Saturation 

binding of pCB on CTL as determined by 1H-NMR. Dependence of bound and free boronic acid on the total 

concentration of added pCB. Lines are drawn to guide the eye. 

 

The effective binding sites of CTL were then investigated by evaluating modifications of its 

1H- and 13C-NMR spectra.(D’Amelio et al., 2013) The schematic representation of CTL with the 

corresponding labelling of the different carbon atoms is reported in Scheme 2. Upon addition of pCB, 

several variations in the intensity and position of the 1H-NMR signals were detected in the chemical 

shift range from 3.3 to 4.0 ppm (Figure 8). 

 

 

Figure 8. 1H-NMR spectrum of CTL in the absence (black line) and in the presence of pCB at a concentration 

of 5.6 mM (green line) and of 8.6 mM (red line). Reprinted from Furlani et al.(Furlani, Sacco, Scognamiglio, 

et al., 2019) 
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Figure 9. 1H-13C HSQC spectra of CTL (1 % w/V) prior to (a) and after (b) the addition of pCB (19 mM). 

Spectral Width 5000.0 for 1H over 750 data points, 25125.6 Hz for 13C. 400 t1 increments, of 8scans each, 

were employed. The data matrix size after processing was 1024x1024. Reprinted from Furlani et al.(Furlani, 

Sacco, Scognamiglio, et al., 2019) 

 

More in detail, upon increasing boronic acid, a decrease in the signal intensity of hydrogens 

C7l, C8l, C9l and C10l was detected. Furthermore, a shift of C11l from approximately 3.9 ppm to 4.2 

ppm was detected. Hence, at low pCB concentrations, the boronic derivative mainly binds OH pair 

on vicinal carbons C10l and Cl11 of the side-chain moiety. By further increasing pCB, also C8l, C9l 

are involved. These results are in line with the prevalent involvement in binding CHOH groups of 

polyol compounds, which display a reduced freedom of rotation than the terminal CH2OH 

groups.(Dawber, Green, Dawber, & Gabrail, 1988) 1H-NMR signals of galactose moiety were not 

affected by pCB. These results were supported by 1H-13C 2D experiments (Figure 9). The only cross-

peaks detectable in the presence of pCB are those of the galactose part of the flanking groups of CTL. 

Upon increasing pCB, signals of the carbons C11l and C10l of CTL moved significantly in 13C-

NMR analyses. The signal of C9l was not affected with limited pCB amount, whereas disappeared 

for higher boronic acid concentrations. On the other hand, it was not possible to follow the signal of 

C8l due to overlap (Figure 10); probably, at high pCB amount, it shifted to higher frequencies. 

 

a) b)
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Figure 10. 13C NMR signals of CTL for the samples: CTL 1% (black), CTL 0.55 % and pCB 8.6 mM (green), 

and CTL 1% and pCB 19 mM (blue). Reprinted from Furlani et al.(Furlani, Sacco, Scognamiglio, et al., 2019) 

 

According to NMR results, the open glucose moiety of the side chain of CTL displays two 

binding sites for boron (Scheme 3) which seems to share the same thermodynamic features. Taking 

into account the stoichiometry 1:1 between boron and the lactitol moiety, a continuous shift between 

the two conditions can be hypothesized. 

 

 

Scheme 3. Schematic representation of the pCB binding sites in CTL. Reprinted from Furlani et al.(Furlani, 

Sacco, Scognamiglio, et al., 2019) 
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3.1.3.3 Network nucleation and disassembly. 

In order to study the role played by boric acid in modulating the mechanical properties of 

networks, rheological measurements were performed on systems with different amounts of boric acid, 

but with constant concentration of CTL. 

Both G' and G'' experimental data of mechanical spectra (frequency sweep tests) were nicely 

fitted by a combination of Maxwell elements, composed by a sequence of springs and dashpots in 

parallel: 

𝐺′ =  ∑ 𝐺𝑖
(𝜆𝑖𝜔)2

1+(𝜆𝑖𝜔)2
𝑛
𝑖=1  ;  𝐺𝑖 =  

𝜂𝑖

𝜆𝑖
   (eq. 1) 

𝐺′′ =  ∑ 𝐺𝑖
𝜆𝑖𝜔

1+(𝜆𝑖𝜔)2
𝑛
𝑖=1  ;  𝐺𝑖 =  

𝜂𝑖

𝜆𝑖
   (eq. 2) 

where n is the number of Maxwell elements considered, Gi is the spring constant, 𝜂𝑖 is the dashpot 

viscosity and 𝜆𝑖 represent the relaxation time of ith Maxwell element. 

Mechanical spectra were acquired at constant stress and different frequency values. All samples 

showed a crossover, i.e. an intersection between storage and viscous moduli curves. The only samples 

which did not display this peculiar viscoelastic response, i.e. the crossover, were those with a limited 

amount of boric acid and without any crosslinking agent. More in detail, above the cross-over 

frequency, G' > G'', thus the system is more elastic than viscous. All spectra displayed similar trends 

of the G'' -  curve, with a clear maximum value (Figure 11a). This peculiar trend is due to the 

transient nature of boric acid induced reticulations.(Mayumi, Marcellan, Ducouret, Creton, & Narita, 

2013) 

The use of two Maxwell element is sufficient to accurately fit experimental data. According to 

equations 1 and 2 it is possible to determine the relaxation time, 𝜏𝑟𝑒𝑙𝑎𝑥 , which ranges from 0.3 s to 2 

s (data not shown). These data are in line reports on similar transient crosslinked networks.(Narita, 

Mayumi, Ducouret, & Hébraud, 2013) The increase of crosslinker and/or polymer concentrations 

bring an increase of relaxation time, reducing the transient nature of the networks. 

In the case of the sample under oscillatory shear, eq. 1 was replaced by eq. 3, in which a purely 

elastic element, Ge, was added 

𝐺′ =  𝐺𝑒 + ∑ 𝐺𝑖
(𝜆𝑖𝜔)2

1+(𝜆𝑖𝜔)2
𝑛
𝑖=1   (eq. 3) 
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The number of the Maxwell elements was selected by a statistical procedure to minimize the 

product 2 × Np, where 2 is the sum of the squared errors, while Np indicates the number of fitting 

parameters. 

An exponential dependence in shear modulus values, determined according to eq. 3, as function 

of the boric acid concentration was detected (Figure 11b). This can be easily explained considering 

that the increase of crosslinker amount increases the numbers of junction points between the CTL 

chains. 

 

 

Figure 11. (a) Dependence of G' and G'' on the frequency for CTL in the presence of boric acid 8 mM. Dotted 

lines represent the best-fit of the experimental data of G' and G'' using Maxwell models (eq. 1 and eq. 2). (b) 

Dependence of the shear modulus (G), determined according to eq. 3, on concentration of boric acid. The 

dotted line is the best-fit of the experimental data points according to equation G  [B]1.5 (R2 > 0.99). 

Experimental conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4. 

 

Oscillatory stress-sweep experiments were then performed to investigate the extension of linear 

viscoelastic regime for CTL based networks. The stress/strain dependence resulted linear at least up 

to γ = 200%. At higher deformations, a strain hardening behavior was detected (Figure 12a). The 

experimental points in Figure 12a were nicely fitted using eq. 4 

𝜏 = 𝐺0 𝛾 𝑒
((

𝛾

𝛾∗)
2

)
     (eq. 4) 

where τ is the applied stress, G0 is the shear modulus at zero strain, γ is the experimental deformation 

and γ* is the critical strain at which the deviation from linearity becomes dominant.(Erk, Henderson, 

& Shull, 2010) 

Exponential dependence of G0 and γ* as function of boric acid concentrations were detected 

(Figure 12b). 
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Figure 12. (a) Dependence of stress-strain response for CTL networks with boric acid 8 mM; the dotted line 

represents the best fit of experimental points according to eq. 4. (b) Dependence of the shear modulus at zero 

strain (𝐺0) and of the critical strain (γ*) on boric acid concentration; dotted lines are the best-fit of the 

experimental data points according to equation 𝐺0 ∝ [𝐵]1.5 (R2 > 0.99) and ∗ ∝ [𝐵]−0.9 (R2 > 0.95), 

respectively. Experimental conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4.  

 

The stress-strain curves of the networks were also fitted using the large deformation analysis 

proposed by different authors.(Carrillo, MacKintosh, & Dobrynin, 2013; Vatankhah-Varnosfaderani 

et al., 2017) This analysis has a premise that the onset of the non-linear elastic response is based on 

the bending deformation mode of network strands. Thus, the experimental points were nicely fitted 

using eq. 5 

𝜎𝑥𝑦 =  
𝐺𝛾

3
(1 + 2 (1 −

𝛽𝐼1(𝛾)

3
)

−2
) (eq. 5) 

where 𝜎𝑥𝑦 is the shear stress, G is the shear modulus, 𝐼1(𝛾) is the first strain invariant for shear 

deformation and 𝛽 is the chain elongation ratio. 

𝐼1(𝛾) is described by eq. 6 

𝐼1(𝛾) =  𝛾2 + 3 (eq. 6) 

Whereas 𝛽 is described by eq. 7 

𝛽 =  
〈𝑅𝑖𝑛

2 〉

〈𝑅𝑚𝑎𝑥
2 〉

 (eq. 7) 

𝛽 is the ratio of the mean-square distance between cross-links (〈𝑅𝑖𝑛
2 〉)  in the underformed network 

and the square of the end-to-end distance of the fully extended strands (〈𝑅𝑚𝑎𝑥
2 〉), where 𝑅𝑚𝑎𝑥 equals 

nl, with n the number of repeating units and l their length.  

The maximum network elongation max is determined from eq. 8 (Vatankhah-Varnosfaderani et 

al., 2017)  
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𝛾𝑀𝑎𝑥  ≈  𝛽−0.5 (eq. 8) 

Boric acid displays the nucleation ability to promote reticulation of CTL. By exploiting the two 

approaches descripted above (eq. 4 and eq. 5), was possible to detect similar shear modulus (G) values 

and the same power law dependence as function of the crosslinker concentration, i.e. 𝐺 ∝ [𝐵]𝛼. This 

means that boric acid displays a crosslinking ability, i.e. the nucleation ability, directly proportional 

to its concentration. 

Furthermore, the peculiar non-linear mechanical response of the networks consisting of CTL 

and boric acid 8 mM displays high affinity with other crosslinked natural biopolymers, i.e. collagen 

and neurofilaments (Figure 13a).(Storm et al., 2005) For CTL based networks, a power-law 

dependence of the shear modulus as function of the maximum elongation network, i.e. max, was 

detected (Figure 13b). A similar trend was previously reported for elastomers in the E - max 

dependence.(Vatankhah-Varnosfaderani et al., 2017) The lower mechanical performance and higher 

maximum elongation network for CTL based network can be traced back to the high flexibility of the 

CTL backbone.(D’Amelio et al., 2013) CTL based networks can consequently classified as “super-

soft” materials, potentially suitable as in vitro biomimetics of ECM and for soft tissue engineering. 

 

 

Figure 13. (a) Scaled modulus-strain curves for CTL 10 g/L in the presence of boric acid (8 mM), for collagen 

and neurofilaments. The latter two were replotted from Storm et al.(Storm et al., 2005) (b) Dependence of the 

shear modulus on the maximum shear (max) of samples with different CTL concentration in the presence of 

different amounts of boric acid. Dotted lines represent the fitting of the experimental data by means of a power 

law G  maxa, with a ranging from -2.2 to -2.4. Experimental conditions: T = 25 °C, PBS 1X, pH 7.4. For 

comparison, the dependence of the Young’s modulus on the maximum strain for elastomers is also reported, 

taken from Vatankhah-Varnosfaderani et al.(Vatankhah-Varnosfaderani et al., 2017) (black solid line). 

Adapted from Furlani et al.(Furlani, Sacco, Scognamiglio, et al., 2019) 
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Flow curves experiments were also performed in the same experimental conditions. A marked 

non-linear response, with a shear-thickening, in the presence of boric acid was detected (Figure 14a). 

The experimental points in the linear part of the flow curve - i.e. at low values of the shear rate - were 

nicely fitted by a simplified version of the Cross equation (eq. 9) (Cross, 1965) 

𝜂 =  
𝜂0 

1+ (𝛾𝑘)𝑛      (eq. 9) 

where 𝜂0 is the zero-shear viscosity, corresponding to the limiting Newtonian plateau for γ → 0, k is 

a fitting parameter representing the characteristic relaxation time and n is a fitting parameter known 

as the Cross rate constant.(Marsich et al., 2013) Furthermore, the critical shear rate, γ̇crit, was defined 

as the shear rate at which the shear viscosity is ηγ̇crit = 1.2 η0.(Sacco, Furlani, et al., 2017) A power 

law dependence, i.e. 𝜂0 ∝ [𝐵]3.1, of the zero-shear viscosity as function of boric acid was detected 

(Figure 14b). An opposite dependence in the critical shear rate, �̇�𝑐𝑟𝑖𝑡 , was detected (Figure 14b). 

These results underline the role of boric acid a crosslinking agent. 

 

 

Figure 14. (a) Dependence of the shear viscosity, η, on shear rate; dotted lines are drawn to guide the eye. (b) 

Dependence of the zero-shear viscosity (η0) of the critical shear rate (�̇�𝑐𝑟𝑖𝑡) on concentration of boric acid. 

Dotted lines are the best-fit of the experimental data points according to equation 0  [B]3.1 (R2 > 0.99) and 

�̇�𝑐𝑟𝑖𝑡  ∝ [𝐵]−2.6 (R2 > 0.99), respectively. Experimental conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 

7.4. 

 

Shear thickening behavior was previously reported for hydrophobically modified polymers, in 

which the application of stress promoted the increase of mechanically active chains.(Tam, Jenkins, 

Winnik, & Bassett, 1998) For CTL based networks, shear thickening can be attributed to shear 

induced reorganization of bound boric acid and the formation of higher crosslinks, promoting 

viscosity increase. 
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Boric acid, at relatively high concentrations, e.g. 20 mM, induced a decrease in storage modulus 

in both frequency and stress sweep tests (Figure 15). This means that, depending on concentration, 

boric acid can act also as disassembling agent of the networks. 

 

Figure 15. (a) Dependence of G' from the shear stress for samples with constant polymer concentration and 

different boric acid concentration; dotted lines are drawn to guide the eye. (b) Dependence of the value of G' 

at 1 Hz from the concentration of boric acid ([B]); the dotted line is drawn to guide the eye. Experimental 

conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4. 

 

3.1.3.3.1 Network reorganization 

 

 

Figure 16. (a) Dependence of the relative variation (%) of the scattering intensity (SI) from the temperature 

in boric acid treated polymer (boric acid final concentration equal to 8.8 mM) and in the sole polymer. Both 

samples have the same polymer concentration (2.0 g/L). Lines are drawn to guide the eye. (b) Derived count 

rate for CTL and CTL in the presence of boric acid (boric acid 8.8 mM) at 25 °C (blue) and after the thermal 

curing (25 °C → 43 °C → 25 °C, red). All samples have the same polymer concentration (2.0 g/L). All 

measurements were performed in PBS at pH 7.4. 
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The thermal sensitivity of the interaction between CTL and boric acid was investigated by 

scattering intensity measures by DLS (Figure 16). In the case of boric acid treated samples the 

scattering intensity was markedly affected by temperature, whereas no difference was detected for 

the control sample (Figure 16a). This behavior reflects the unbinding of boric acid due to an increase 

in temperature. The same samples were heated, cooled, and then analyzed again. For boric acid 

crosslinked networks, a significant increase of the scattered light was detected after thermal curing 

(Figure 16b). No significant difference was detected for the control sample. These results suggest a 

temperature-induced macromolecular rearrangement in crosslinked networks, with an increase of 

bound boric acid after the thermal curing. 

The network reorganization induced by temperature was detected also by rheological 

measurements. The thermal curing promoted a marked increase of elastic modulus, i.e. G', in boric 

acid crosslinked networks (Figure 17a). Storage modulus was almost constant for the sample without 

any crosslinking agent. Similar thermal curing behavior was previously reported for networks based 

on actin and actin binding proteins.(Lieleg et al., 2009) 

Energy can also be transmitted by means of a continuous oscillatory shear.(Moghimi, Jacob, 

Koumakis, & Petekidis, 2017). In the presence of boric acid (8 mM) a marked increase (4-fold) of 

elastic modulus was detected, suggesting network reorganization (Figure 17b). At the end of the 

mechanical curing, the resulting sample displayed higher moduli than the unsolicited sample in both 

frequency and stress sweep (Figure 18a and 18b). 

 

 

Figure 17. (a) Dependence of G' on stress () for CTL alone and in the presence of boric acid 8 mM at 25 °C 

prior and after the thermal curing (25°C → 43 °C → 25 °C). (b) Time effect of continuous oscillatory shear 

on G' and G'' for CTL with boric acid 8 mM. For comparison, the time effect of mechanical solicitation on G' 

and G'' for CTL without boric acid is also reported. Experimental conditions: [CTL] = 10 g/L, [B] = 8 mM, T 

= 25 °C, PBS 1X, pH 7.4. 
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Figure 18. (a) Dependence of G' and G'' from frequency for CTL with boric acid 8 mM prior to (w/o TO) and 

after (after TO) continuous oscillatory shear. (b) Dependence of G' and G'' from stress for CTL with boric acid 

8 mM prior to (w/o TO) and after (after TO)  continuous oscillatory shear. (c) Reduced differential modulus 

for CTL with boric acid 8 mM prior to (w/o TO) and after (after TO) continuous oscillatory shear. Experimental 

conditions: [CTL] = 10 g/L, [B] = 8 mM, T = 25 °C, PBS 1X, pH 7.4. 

 

After mechanical curing, the shear modulus increased (from 9.5 Pa to 35.3 Pa), but the chain 

extensibility decreased (Figure 18c). A similar behavior was previously reported also for transient 

networks based on actin.(Yao et al., 2013) Reorganization upon continuous compression was 

previously reported for dynamic covalently cross-linked synthetic polymer networks.(Chandran et 

al., 2015; Liu et al., 2012) 

 

 

Scheme 4. Schematic representation of network rearrangement upon application of energy. Reprinted from 

Furlani et al.(Furlani, Sacco, Scognamiglio, et al., 2019) 

 

Reorganization of the network upon thermal or mechanical curing was attributed to metastable 

properties of boric acid crosslinked networks, in which boric acid constantly break and reform 

linkages. The energy transferred guided the transition to a different potential energy well (Scheme 4). 

Thus, CTL based networks display a resemblance with the cell cytoskeleton,(Backouche, Haviv, 

E

molecular rearrangement
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Groswasser, & Bernheim-Groswasser, 2006) and naturally occurring molecular motors, e.g. myosin 

II and actin filaments.(Backouche et al., 2006) Reorganization of networks upon curing was 

previously reported also for other synthetic and natural polymers.(Cooke et al., 2018; Danielsen et 

al., 2018; Robert, Rossow, Hookway, Adam, & Gelfand, 2015) 

 

3.1.4 Main conclusions 

In this section, an insight on the interactions between  lactose modified chitosan (CTL) and 

boric acid in dilute and concentrated solutions was presented. When CTL and boric acid were mixed 

at pH 7.4 and in dilute conditions, polymer chains were found to associate for early additions of the 

cross-linker, thereby increasing the point-by-point connectivity and, at the same time, reducing the 

hydrodynamic volume as demonstrated by scattering and viscometric analyses. When further cross-

linking agent is added to CTL solutions, a disruption of the chain−chain association was observed, 

likely ascribed to the increase of electrostatic repulsion of negative charges generated by boric acid 

binding to CTL diols. Switching from dilute to concentrated solutions, rheological analyses showed 

a strain-stiffening behavior as a consequence of the formation of chain−chain cross-links. The present 

non-linear response observed for CTL−boric acid system closely paralleled the one already known 

for proteins composing the natural ECM, e.g. collagen and neurofilaments.  

It is interesting to note that the inorganic component can act like a motor for the formations of 

the network, thus providing nucleation, reorganization and disassembly depending on curing and 

concentration. In this sense, the CTL-boric acid network share resemblance with natural molecular 

motors. Yet, the possibility of using these tunable semi-synthetic networks opens up for novel 

potential interpretations for the mechanical behavior of the natural tissues. The elucidation of the 

specific aspects endowing CTL with these peculiar properties is still ongoing. Nevertheless, the 

peculiar biological and mechanical features of cross-linking molecules might pave the way to its use 

for novel and advanced applications in the field of mechano-responding biomaterials for soft tissue 

engineering. 
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3.2 CHAPTER II: Strategies for assisted gelation of lactose-modified 

chitosan 

3.2.1 Aim of the work 

This section is mainly focused on the development of methods amenable for forming homogeneous 

networks based on CTL and boric acid under physiological conditions avoiding syneresis. To this 

aim, different parameters were finely tuned to reduce the very fast kinetics of CTL/boron self-

assembly. Two approaches were exploited, i.e. (i) a pH-assisted and (ii) a competitor-assisted 

gelation. The first one (i) envisages a two-step approach entailing the mixing of CTL and boric acid 

in acidic conditions followed by the addition of sodium bicarbonate to trigger gradually the increase 

of the pH of the system. The second one (ii) involves the use of mannitol - i.e. a polyol competitor 

for boron binding. 

The main aims of this chapter are: (i) study the best conditions for obtaining homogenous networks 

by exploiting these two methods; (ii) investigate the physical-chemical and mechanical properties as 

well as responsiveness towards different stimuli (e.g. presence of small molecules or temperature) of 

resulting networks; (iii) evaluate the potential applications of resulting networks for regenerative 

medicine approaches. 

 

3.2.2 Materials and methods 

3.2.2.1 Materials. 

Boric acid, sodium bicarbonate (NaHCO3), sodium chloride (NaCl), Phosphate-buffered saline 

(PBS), ascorbic acid, AlamarBlue (in vitro Toxicology Assay Kit, Resazurin based, TOX-8) and 

sodium hydroxide (NaOH) were all purchased from Sigma-Aldrich Chemical Co. (U.S.A.). The 

composition of PBS is NaCl 137 mM, KCl 2.7 mM, and phosphate buffer 10 mM with final ionic 

strength (I) of 168 mM and pH 7.4. Sodium acetate (AcNa), acetic acid (AcOH) and hydrochloric 

acid were from Carlo Erba (Italy). Collagenase type II, from Clostridium hystoliticum, and 

hyaluronidase, from bovine testes, were from Worthington Biochemical Corporation (USA). DMEM 

(Dulbecco’s Modified Eagle’s Medium) High Glucose, DMEM Low Glucose and Fetal Bovine 

Serum (FBS), streptomycin, penicillin and trypsin were from EuroClone (Italy). All reagents and 

chemicals were of high purity grade. 

Hydrochloride form of lactose-modified chitosan, CTL (previously termed also chitlac and 

CTL60), (CAS Registry Number 2173421-37-7) was provided by biopoLife s.r.l. (Trieste, Italy). It 

has been synthetized from a highly deacetylated chitosan (85/500, Chitoceuticals, HMC+, Germany) 
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following the procedure reported elsewhere with slight modifications.(I. Donati et al., 2005) The 

relative molecular weight of chitosan was 375 000 determined by viscometry,(F Furlani et al., 2017) 

using a CT 1150 Schott Geräte automatic measuring apparatus and a Schott capillary viscometer at 

25 °C. The solvent was composed by 20 mM AcOH/AcNa and 100 mM NaCl buffer solution, pH 

4.5.(Berth & Dautzenberg, 2002) Two different CTL batches were used: 

(i) For CTL used for pH-assisted gelation the intrinsic viscosity, [η], of CTL was 511 mL/g. 

The CTL chemical composition was fraction of deacetylated units (FD) 0.36, fraction of lactose-

modified units (FL) 0.56 and fraction of acetylated units (FA) 0.08 as determined by 1H-NMR 

spectroscopy. The medium molecular weight of the repetitive unit (MWru)  of CTL was 380. Given 

the chitosan molecular mass and CTL chemical composition, the estimated molecular weight of CTL 

was around 870 000.  

(ii) For CTL used for competitor assisted gelation the intrinsic viscosity, [η] was found to be 

480 mL/g and the weight average molecular weight, 𝑀𝑊
̅̅ ̅̅ ̅, was 770 000 with a polydispersity index 

(PDI) of 2.68 (SEC-MALLS, data not shown). The chemical composition of CTL was fraction of 

deacetylated units (FD) 0.36, fraction of lactose-modified units (FL) 0.57 and fraction of acetylated 

units (FA) 0.07. The calculated molecular mass of CTL repeating unit (MWru) was then 383 g/mol. 

Deionized Milli-Q water was used in all preparations. 

3.2.2.2 Preparation of pH-assisted CTL-boric acid gels. 

CTL (50 mg) was weighed in 5 mL beaker and solubilized using 3 mL of deionized water. After 

complete solubilization, 0.5 mL of NaCl 1.5 M were added. Then, the pH of solution was raised up 

to 5 using NaOH 1 M. Boric acid was prepared separately at a concentration of 80 mM and the pH 

adjusted to 5 using NaOH 0.1 M. Boric acid (0.5 mL) was then added to CTL solution under stirring. 

The pH of solution was constantly monitored using a digital XS pHmeter and kept equal to 5. Sodium 

bicarbonate 1 M was prepared into 1.5 mL Eppendorf tubes (the final volume of NaHCO3 solution 

was 1.5 mL) just before the injection; vigorous stirring was used to completely solubilize NaHCO3. 

Hence, variable amounts of deionized water and finally NaHCO3 were injected into CTL solution 

under stirring in order to reach a final volume of 5 mL. The final experimental conditions were: [CTL] 

= 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM and [NaHCO3] in the range 30 - 100 mM. After 

about 10 s of vigorous stirring, 2 mL of CTL-boric acid solutions were dispensed into a plate of a 6-

well plates (Ø ~ 3.5 cm) by means of a syringe and left 24 h at rest. The whole procedure was 

performed at room temperature. 
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3.2.2.3 Preparation of solutions for competitor-assisted gelation of CTL.  

CTL solutions were prepared in PBS buffer, pH 7.4. Briefly, 50 mg of polymer were solubilized 

in 3.5 mL of deionized water; the pH was then adjusted to 7.4 by adding aliquots of NaOH (1 M). 

Finally, 450 μL of PBS 10X and deionized water amounts were added to have a final volume of 4.5 

mL.  

Boric acid solutions were prepared in PBS buffer, pH 7.4. The final concentration of boric acid 

was 500 mM. 

Mixtures of boric acid and mannitol were prepared in PBS buffer, pH 7.4. The final 

concentration of boric acid was 80 mM throughout all experiments. Briefly, the appropriate amount 

of mannitol was solubilized in 3.5 mL of deionized water; 800 μL of boric acid 500 mM (PBS 1X as 

solvent, pH 7.4) were added, followed by 420 μL of PBS 10X. Finally, the pH was adjusted to 7.4 

using NaOH (5 M) and different amounts of deionized water were added to have a final volume of 5 

mL. 

3.2.2.4 Preparations of competitor-assisted CTL-based gels.  

A typical synthesis was carried out as follows: 500 μL of boric acid (80 mM) / mannitol (from 

0 to 640 mM, PBS 1X, pH 7.4) mixture were injected into 4.5 mL of CTL solution (PBS 1X, pH 7.4) 

under magnetic stirring. The final concentrations of boric acid and mannitol resulted 8 mM and 0 - 

64 mM, respectively. The final concentration of CTL was 10 g/L, i.e. 1% w/v, throughout all 

experiments unless stated otherwise. After the addition of either boric acid or boric acid-mannitol 

mixture, the samples were mechanically stirred for a few seconds. Resulting samples were allowed 

to equilibrate for 20 min at room temperature prior to further analyses. 

RM/B refers to the ratio [M]/[B], where [M] stands for the molar concentration of mannitol while 

[B] represents the molar concentration of added boric acid. 

3.2.2.5 pH kinetics. 

CTL solutions were prepared as described above, except for the fact that boric acid was omitted 

as to not promote CTL gelation. Upon NaHCO3 addition, the pH of CTL solutions was constantly 

monitored over time using a pH electrode (XS pHmeter) and recorded at selected time points. 

3.2.2.6 Rheological characterization. 

Rheological measurements were performed using an HAAKE MARS III rheometer (Thermo 

Scientific) operating in oscillatory shear conditions.  

The experimental settings used to characterize pH-assisted gels are the following: titanium 

shagreened plates with plate/plate geometry (Ø = 35 mm), gap 1 mm for frequency sweep and stress 
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sweep tests; titanium plates with 1° cone/plate geometry (Ø = 60 mm), gap 0.051 mm for time sweep 

tests. Time sweep experiments were carried in strain-controlled conditions, with deformation, 𝛾, of 

0.5% kept constant throughout the experiment, frequency, 𝜈, of 1 Hz and time of 12 000 s. Upon 

addition of NaHCO3, CTL-boric acid solutions were mixed under stirring for about 10 s to uniformly 

distribute NaHCO3 and poured on the plate. The values of storage G' (elastic response) and loss G'' 

(viscous response) moduli were recorded as a function of time. Frequency sweep and stress sweep 

experiments were conversely performed on CTL-boric gels after 24 h of gelation. 

The experimental settings used to characterize competitor-assisted gels are the following: 

titanium plates with 1° cone/plate geometry (Ø = 60 mm) and gap 0.051 mm. Rheological tests were 

performed under steady shear conditions to determine dynamic viscosity values in the stress (𝜏) range 

0.1 - 1000 Pa. In order to investigate the self-healing properties of the best performing sample ([CTL] 

= 1% w/v, [B] = 8 mM and [M] = 16 mM), sequential shear strain amplitudes of 1% (60 s) and 1200% 

(60 s) at a constant frequency of 1 Hz were applied. The same sample was analyzed also in the 

presence of 90% v/v FBS supplemented DMEM High and Low Glucose culture media.  

Rheological tests for both type of gels were performed also under oscillatory shear conditions 

to determine the extension of the linear viscoelastic regime (stress sweep tests at 𝜈 = 1 Hz, stress 

range 1 < 𝜏 < 10000 Pa) and the mechanical spectra (frequency sweep, 𝜏 = 1 Pa, well within the linear 

viscoelasticity range). The complex viscosity (𝜂∗), the storage (G') and loss (G'') moduli of the 

systems were recorded in the frequency range 0.01 - 100 Hz. All tests were performed at T = 25 °C, 

except for the best performing sample with mannitol, for which also different temperatures (T = 31, 

37 and 43 °C) were investigated. A glass bell covering the measuring device was used to improve 

thermal control and limit solvent evaporation. 

3.2.2.7 Dynamic Light Scattering (DLS) measurements. 

A Zetasizer Nano ZS with 173° detection optics and incident light at 633 nm (Malvern 

Instruments, Inc., Southborough, MA) was used.  

Upon addition of NaHCO3, CTL-boric acid solutions were placed in disposable plastic cuvettes 

with an optic length of 1 cm and were let gelling for 24 h. Measured count rates were normalized for 

the attenuation factor to yield derived count rates. 

100 μL of boric acid, mixture of boric acid and mannitol or PBS 1X were added to 900 μL of CTL 

solutions (final polymer concentration 10 g/L) previously placed in disposable cuvette. Solutions 

were allowed to equilibrate for one minute prior to measurements. Data are reported as the relative 
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scattering intensity (i.e. derived count rate) of the resulting solutions and that of polymer without 

boric acid.  

All measurements were performed at T = 25 °C. 

3.2.2.8 In vitro biological tests.  

Biological tests were performed using pig primary articular chondrocytes, human Dental Pulp 

Stem Cells (hDPSCs, Celprogen Inc.) and h-TERT immortalized human Adipocyte Derived 

Mesenchymal Stem Cells (hAD-MSCs, ATCC® SCRC-4000™, Manassas, USA) as cell models. 

hAD-MSCs were transfected with a YAP-TEAD reporter, which enable to display YAP-TEAD: (i) 

green (GFP) cytoplasmic and (ii) red (mCherry) nuclear (Oliver-De La Cruz et al., 2019) 

3.2.2.8.1 Chondrocytes isolation.  

Chondrocytes were isolated from the intact knee joint of mature pigs kindly provided by a local 

slaughterhouse. Articular cartilage was removed from the knee joint and then cells isolated by 

enzymatic digestion of the tissue. Collagenase type II was solubilized in PBS 1X (0.7 g/L final 

concentration). Hyaluronidase was solubilized in PBS 1X (0.62 g/L final concentration). Both 

enzyme solutions were sterilized by filtration using filters with a pore diameter equal to 0.22 μm. 

Penicillin/streptomycin solution was added to enzymes in order to have a final concentration of 2X 

in the case of collagenase and 3X for hyaluronidase. 

The cartilaginous portion was aseptically removed from the knee joint. Articular cartilage was 

washed with PBS 1X, then thin slices of articular cartilage were cut by using a scalpel and incubated 

for 1 h in 15 mL of hyaluronidase solution, T = 37 °C and in humidified environment at 5% of CO2. 

The medium was then removed, and slices of cartilage transferred in flasks (25 cm2) containing 10 

mL of collagenase solution. Tissue degradation was completed by an overnight incubation at 37 °C 

under shaking. The solution was filtered using a sieve to eliminate undigested tissue. Filtered solution 

was centrifuged at 250 x g for 10 min. The supernatant was discarded whereas the pellet was re-

suspended in 10 mL of PBS 1X. Resulting solution was re-centrifuged at 250 x g for 10 min. The 

final pellet was re-suspended in 12 mL of FBS supplemented DMEM High Glucose. Cells were 

incubated at 37 °C in a humidified environment at 5% CO2 for two days, then used for biological 

tests. 

3.2.2.8.2 Cell cultures.  

Chondrocytes and hAD-MSCs were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

High Glucose supplemented with 10% v/v fetal bovine serum (FBS) (EuroClone, Italy), 100 U/mL 

penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine using 75 cm2 flasks at 37 °C in 
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humidified environment at 5% of CO2. hDPSCs were cultured in the same medium supplemented 

with ascorbic acid 100 μM. Chondrocytes and hDPSCs were detached with trypsin (EuroClone, 

Italy), whereas hAD-MSCs with TrypLE (Thermofisher).  200 μL of cells in the appropriate medium 

were plated in 96-well tissue culture plates. The initial concentration of chondrocytes was 6400 

cells/well, and that of hDPSCs 2500 cells/well. For 2D-cultured cells tests, cells were left at rest for 

1 day, then supernatants discarded and 200 µL of the corresponding treatment (CTL-based gel or its 

singular components) were added. Cells were incubated with the corresponding treatment for 3 days. 

All treatments were prepared in sterile conditions using a mixture of complete DMEM Low Glucose 

and PBS as medium. In the case of hDPSCs, ascorbic acid 100 μM was further added. The final 

composition of medium was 90:10 v/v medium/PBS for chondrocytes and hDPSCs. At least six 

independent replicates were performed for each treatment. 

3.2.2.8.3 Biocompatibility tests on 2D-cultured cells.  

The viability of adherent cells was assessed using the AlamarBlue assay according to the 

manufacturer’s protocol. Briefly, the AlamarBlue was diluted 1:10 v/v with fresh medium. 

Treatments were discarded and 200 µL of the mixture AlamarBlue-medium were added to each well 

containing cells. Plates were incubated in dark conditions at 37 °C in a humidified environment at 

5% CO2. After 4 h of incubation, 100 µL of supernatants were transferred into a black 96-well 

microtiter plate. Fluorescence intensity was measured using a FLUOStar Omega by BMG-Labtech 

(Germany) spectrofluorometer, with excitation wavelength (𝜆𝑒𝑥) of 544 nm and emission wavelength 

(𝜆𝑒𝑚) of 590 nm. The mixture AlamarBlue-DMEM was used as blank. 

3.2.2.8.4 Setting of cell-laden gels.  

hDPSCs were encapsulated into gels composed of [CTL] = 40 g/L, [B] = 8 mM and [M] = 16 

mM. Briefly, 50 µL of hDPSCs in DMEM Low Glucose supplemented with ascorbic acid 100 μM 

were dispersed into 850 µL of a CTL solution (DMEM Low Glucose plus ascorbic acid 100 μM as 

medium, pH 7.4) and mixed through a 1 mL syringe into a 1.5 mL Eppendorf tube. Then, 100 µL of 

boric acid-mannitol mixture (boric acid 80 mM and mannitol 160 mM, PBS 1X, pH 7.4) were injected 

into CTL solution and extensively mixed by using a 1 mL syringe. Finally, resulting gels were 

dispensed into 24-well plates. The final concentration of cells was 42 000 cell/mL. All samples were 

prepared in sterile conditions. The final composition of medium was 90:10 v/v cell culture 

medium/PBS. At least six independent replicates were considered for each treatment. 

hAD-MSCs were encapsulated into three gels with different composition: (i) [CTL] = 40 g/L, 

[B] = 8 mM and [M] = 16 mM, (ii) [CTL] = 40 g/L, [B] = 2 mM and [M] = 4 mM and (iii) [CTL] = 

20 g/L, [B] = 8 mM and [M] = 16 mM. For cell encapsulation was used the same protocol reported 
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above. 200 µL of resulting gels were transferred in µ-Slide 8-well glass bottom plates (Ibidi, 

Germany). In this case the final composition of cells was 500 000 cell/mL. Plates were incubated at 

37 °C in a humidified environment at 5% CO2. After 24 h, 48h and 72h of incubation, confocal 

microscopy analyses were performed to evaluate YAP-TEAD localization. 

3.2.2.8.4.1 Biocompatibility tests on 3D-cultured cells.  

The metabolic activity of encapsulated cells was assessed using the AlamarBlue assay 

according to the manufacturer’s protocol. Cells were loaded within CTL-boric acid gels and incubated 

for three days at 37 °C. Subsequently, 100 µL of cell-laden gels were transferred into a 96-well black 

microtiter plate by using a 1 mL syringe. The AlamarBlue was diluted 1:10 v/v with fresh medium 

(DMEM High Glucose). Then, 100 µL of the mixture AlamarBlue-DMEM were added to each well. 

Plates were incubated at 37 °C in a humidified environment at 5% CO2. After 4 h of incubation, 

fluorescence intensity was measured as detailed in paragraph 2.7.3. The mixture AlamarBlue-empty 

gel was used as control. 

3.2.2.8.4.2 Confocal laser scanning microscopy (CLSM).  

Live/Dead assay (Sigma, USA) was performed according to the manufacturer’s protocol to 

evaluate the viability of gel-embedded hDPSCs. Briefly, 2 µL of solution A (containing Calcein-AM) 

and 1 µL of solution B (containing Propidium Iodide) were added to 1 mL of PBS 1X. Then, 300 µL 

of resulting mixture were added to 300 µL of cell-laden gels 24 h after cell encapsulation. µ-Slide 4-

well plates with ibiTreat Surface (Ibidi, Germany) were used as support. The final concentration of 

cells was 150 000 cells/mL. Plates were incubated in dark conditions at 37 °C in a humidified 

environment at 5% CO2. After 4 h of incubation, CLSM analyses were performed to evaluate hDPSCs 

viability. CLSM images were acquired using a Nikon Eclipse C1si confocal laser scanning 

microscope with a Nikon Plan Apochromat 20× objective. Dead cells were red-stained (𝜆𝑒𝑥 = 564 

nm; 𝜆𝑒𝑥 = 590 nm) whereas live cells green-stained (𝜆𝑒𝑥 = 488 nm; 𝜆𝑒𝑥 = 515 nm). Resulting Z-stacks 

were analyzed using ImageJ software. 

hAD-MSCs embedded in 3D hydrogels were analyzed with Zeiss LSM 780 confocal 

microscope with either 10× (air) or 40× (oil-immersion) objectives. Live cells can display green 

cytoplasm (𝜆𝑒𝑥 = 488 nm; 𝜆𝑒𝑚 = 515 nm) or both green cytoplasm and red nuclei (𝜆𝑒𝑥 = 561 nm; 𝜆𝑒𝑚 

= 590 nm), whereas dead cells display only red nuclei. 200 µm Z-stacks were acquired with the 

optimal interval suggested by the software, followed by the application of maximum intensity 

algorithm. YAP and TEAD nuclear to cytoplasmic ratios were calculated by evaluating the ratio 

between the cumulative number of red and green cells and only green cells. 
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3.2.2.9 Statistical analysis.  

Statistical analysis and graph elaboration were performed using GraphPad Prism 8 (GraphPad 

Software, San Diego, CA). One-way ANOVA (analysis of variance) was performed following by 

Dunnett post hoc tests to evaluate differences among different groups and control. Unpaired Student’s 

t-test was performed to evaluate differences between two groups. Differences were considered 

significant for p-values less than 0.05. 

 

3.2.3 Results and discussion 

Single injections of boric acid into CTL solutions at pH 7.4 without an extensive stirring 

promoted the instantaneous and inhomogeneous gelation of CTL due to fast kinetics of the 

crosslinking molecule.(Hall, 2011) Resulting samples consist of two phases, i.e. turbid macro-

aggregates and a liquid polymer-poor phase. Such result could prevent the exploitation of the 

networks as biomaterials. Indeed, homogenous networks are preferred to uniformly distribute loads 

and to promote uniform cellular colonization. In order to achieve a slower and homogeneous gelation, 

two approaches were exploited, i.e. a pH-assisted and a competitor-assisted gelation. 

 

3.2.3.1 pH-assisted gelation of CTL 

In order to promote a homogeneous gelation of CTL in the presence of boric acid, a pH assisted 

gelation mechanism was developed. The proposed mechanism is reported in  Scheme 5. This strategy 

involves a two-step approach requiring the preparation of acidic mixture of CTL and boric acid and 

then the addition of sodium bicarbonate to promote progressive pH increase. This system is based on 

the pH responsive behavior of boric acid: (i) in acid conditions it mainly exists as trigonal species and 

it is low reactive towards diols, (ii) at neutral and basic pH, it mainly exists in the tetracoordinate 

form, which is much more reactive towards diols.(Brooks & Sumerlin, 2016; Hall, 2011) Bicarbonate 

in acidic media is progressively converted in carbon dioxide and water. Simultaneously, the proton 

consumption leads to progressive formation of tetracoordinate borate anions, able to bind lactitol 

moieties of CTL (Scheme 5). 
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Scheme 5. Schematic representation of pH-assisted gelation mechanism. Reprinted with permission from 

Sacco et al.(Sacco, Furlani, Paoletti, & Donati, 2019) Copyright 2019 American Chemical Society. 

 

3.2.3.1.1 pH kinetics 

The evolution of pH upon bicarbonate trigger was evaluated in samples without any 

crosslinking agent, thus avoiding gelation. An immediate marked increase of pH was detected upon 

sodium bicarbonate addition (Figure 19). Then, a progressive pH increase was detected, until 24 

hours. Experimental points were nicely fitted using eq. 10 

𝑝𝐻(𝑡) = 𝑝𝐻∞ − (𝑝𝐻∞ − 𝑝𝐻0)𝑒−𝑘1𝑡   (eq. 10) 

where 𝑝𝐻∞ is the pH of CTL solution at infinite times, 𝑝𝐻0 is the pH immediately after NaHCO3 

addition and k1 is the rate constant. The sample with the higher concentration of NaHCO3 displayed 

the higher 𝑝𝐻0, pH∞ and also k1 values. This data suggests a rate dependence of the pH increase from 

the concentration of sodium bicarbonate. 

 

 

Figure 19. pH kinetics of CTL at different sodium bicarbonate (NaHCO3) amount. NaHCO3 was added to 

CTL solutions previously prepared at pH 5. Dotted lines represent the best fitting of experimental points using 

eq. 10. Experimental conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, T = 25 °C. 

 



 45 

3.2.3.1.2 Responsiveness towards sodium bicarbonate 

The evolution of boric acid binding to CTL upon NaHCO3 addition was evaluated by time sweep 

rheological tests. Both storage (G′) and loss (G″) moduli changed with time (Figure 19a). 

Furthermore, their ratio increased, suggesting polymer structuring. The loss tangent, tan δ, i.e. G′′/G′, 

was plotted as a function of time (Figure 19b).(Holly, Venkataraman, Chambon, & Henning Winter, 

1988; Maleki, Kjøniksen, & Nyström, 2007) Experimental data were nicely fitted by eq. 11: 

𝑡𝑎𝑛𝛿 (𝑡) = (𝑡𝑎𝑛𝛿0 − 𝑡𝑎𝑛𝛿∞)𝑒−𝑘2𝑡 + 𝑡𝑎𝑛𝛿∞   (eq. 11) 

where 𝑡𝑎𝑛𝛿0 is the value of loss tangent at time zero, 𝑡𝑎𝑛𝛿∞ is the loss tangent at infinite times and 

k2 is the rate constant. A power-law dependence between the rate constant, and the sodium 

bicarbonate was detected (Figure 20c), i.e. k2 ∝ [NaHCO3]1.2. This indicate that gelation kinetics can 

be accelerated by using higher sodium bicarbonate amounts. 

 

 

Figure 20. (a) Dependence of storage (G′) and loss (G″) moduli from time for CTL-boric acid system using 

60 mM sodium bicarbonate (NaHCO3) as trigger. (b) Dependence of the loss tangent, 𝑡𝑎𝑛𝛿, on time for CTL-

boric acid systems using 60 mM sodium bicarbonate (NaHCO3) as trigger; the black line represents the best 

fitting of experimental points using eq. 11. (c) Dependence of the rate constant, k2, on NaHCO3 concentration; 

the dotted line is the best-fit of the experimental data points according to equation k2 ∝ [NaHCO3]1.2. 

Experimental conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, T = 25 °C. 

 

After 24 hours of gelation, mechanical performance of resulting samples was investigated by 

frequency and stress sweep tests. The dependence of elastic and viscous moduli on angular frequency 

shows the typical behavior of transient dynamic networks, with a crossover frequency, 𝜔𝑐𝑟𝑜𝑠𝑠 , and 

two different viscoelastic regions, characterized by G' > G'' for 𝜔 > 𝜔𝑐𝑟𝑜𝑠𝑠  and G' < G'' for 𝜔 < 𝜔𝑐𝑟𝑜𝑠𝑠, 

respectively (Figure 21a).(Narita et al., 2013; Tang et al., 2018) At frequencies lower than 𝜔𝑐𝑟𝑜𝑠𝑠 , the 

elastic and loss moduli were found to scale with the angular frequency according to the power laws: 

G′ ∝ ω0.5 and G′′ ∝ ω0.2, respectively. The crossover frequency, 𝜔𝑐𝑟𝑜𝑠𝑠 ,  was around 0.15 rad/s, very 

close to the frequency where the viscous modulus shows a peak, 𝜔𝑚𝑎𝑥. 𝜔𝑚𝑎𝑥 is an indication of the 

time in which an associated cross-linker reverts to its equilibrium position by one or more dissociation 



 46 

steps.(Indei & Takimoto, 2010) This suggests that boric acid behaves as a weak transient crosslinker. 

Other authors reported similar profiles for borate-based gels.(Narita et al., 2013; Tang et al., 2018) 

 

 

Figure 21. (a) Dependence of storage (G′) and loss (G″) moduli on frequency of CTL-boric acid gel obtained 

with 30 mM sodium bicarbonate (NaHCO3); black dotted lines represent the best fitting of G' and G'' 

experimental points using the Maxwell model (eqs. 1 and 2). (b) Dependence of the angular frequency at which 

the viscous modulus shows a peak, 𝜔𝑚𝑎𝑥, and that of boron association/dissociation time, 𝜆𝑚𝑎𝑥, on NaHCO3 

concentration; dotted lines are drawn to guide the eye. (c) Dependence of shear modulus, G, on NaHCO3 

concentration; data are represented as mean (±SD, n = 3); the dotted line is drawn to guide the eye. 

Experimental conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, T = 25 °C. 

 

Experimental data were nicely fitted by a combination of three Maxwell elements, composed 

by a sequence of springs and dashpots in parallel according to eqs. 1 and 2 (Figure 21a). The shear 

modulus of CTL-boric acid gels was determined according to eq. 12 

𝐺 =  ∑ 𝐺𝑖
3
𝑖=1    (eq. 12) 

Furthermore, the association/dissociation time, 𝜆𝑚𝑎𝑥, was determined as 𝜆𝑚𝑎𝑥 =
2𝜋

𝜔𝑚𝑎𝑥
. A linear 

correlation between the concentration of NaHCO3 and both 𝜔𝑚𝑎𝑥  and 𝜆𝑚𝑎𝑥 was detected (Figure 

21b). These results suggest that networks with a lower NaHCO3 concentration display a faster 

association/dissociation time for boron. In general terms, lower association/dissociation times were 

reported by other authors for transient crosslinked gels; this indicates that CTL-boric acid gels display 

different dynamics with respect to similar systems already described in the literature.(Mayumi et al., 

2013; Narita et al., 2013; Tang et al., 2018) Finally, a progressive reduction of the shear modulus was 

detected as function of sodium bicarbonate concentration (Figure 21c). 

Frequency sweep data were also analyzed according to the Cole-Cole approach (eq. 13), where 

the dependence of the loss modulus, i.e. G′′, on storage modulus, i.e. G′, is described by equation 13: 

𝐺′′(𝜔) = [𝐺′(𝜔)𝐺∞ − 𝐺′(𝜔)2]𝑚     (eq. 13) 
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where 𝐺∞ is the plateau modulus (at infinite time) and m is the floating exponent.(Annable, Buscall, 

Ettelaie, & Whittlestone, 1993; Tam et al., 1998) Graphically, the mathematical model describes a 

semicircle (Figure 22a), in which the intersection with x-axis represents 𝐺∞. An exponential decay of 

the plateau modulus as function of sodium bicarbonate was detected (Figure 22b). 

 

 

Figure 22. (a) Cole-Cole plot of sample-case CTL-boric acid gel obtained using 40 mM sodium bicarbonate 

(NaHCO3). Solid red dots represent the experimental points whereas the black dotted line is the best fitting 

using eq. 13. (b) Dependence of the plateau modulus, 𝐺∞, on sodium bicarbonate (NaHCO3) content for CTL-

boric gels obtained with different NaHCO3 amount. The black dotted line is the best fit according to an 

exponential decay. Data are means ± standard deviation (SD) of at least two measurements. Experimental 

conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, T = 25 °C. 

 

The mechanical performance at large deformations was then investigated by long stress sweep 

tests. In the stress-strain plot, two regions were detected, namely (i) a linear behavior for about three 

orders of magnitude of strain, and (ii) a marked strain hardening at large deformations (Figure 23a). 

Strain hardening was reported also for other hydrogels based on boron and was traced back to the 

strain induced formation of an higher number of elastically active chains.(He, Zhang, Zhang, & Guan, 

2011; Wang, 1992) Experimental points were efficiently fitted using eq. 4.(Erk et al., 2010) The 

dependence of 𝛾∗ on NaHCO3 concentration shows that the critical deformation necessary to promote 

a deviation from the linear regime was directly proportional to sodium bicarbonate amount up to 60 

mM; for higher NaHCO3 concentration, the critical strain was almost constant. This peculiar behavior 

can be traced back to the final pH of networks after 24 hours. More in detail, at higher pH the amount 

of bound negatively charged boric acid increases, thus a higher strain is needed for the onset of strain 

hardening. This process could then be partially prevented by a large amount of close negatively 

charges accompanying the binding of boron. 
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Figure 23. (a) Stress-strain plot for CTL-boric acid gel obtained with 30 mM of sodium bicarbonate 

(NaHCO3). The dotted line represents the best fitting of experimental points using eq. 4. (b) Dependence of 

the critical deformation at which stiffening emerges , 𝛾∗, on NaHCO3 concentration; the dotted line is drawn 

to guide the eye. Experimental conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, T = 

25 °C. 

 

3.2.3.1.3 Macromolecular structuring of networks 

Structuring of CTL based gels with different amounts of sodium bicarbonate was then evaluated 

by DLS analyses after 24 hours. The sample with the lowest sodium bicarbonate amount, i.e. 30 mM, 

displayed a scattering of the visible light significantly higher than the homologous sample with the 

highest amount of NaHCO3, i.e. 100 mM (Figure 24). Thus, the polymer mass per unit volume is 

higher for lower NaHCO3 concentrations. This result suggests an enlargement of polymer mesh upon 

increasing NaHCO3 amount and it is in line with the decrease of elastically active chains density (see 

Paragraph 3.2.3.1.2). Again, this result was attributed to the final pH of resulting samples. More in 

detail, the final pH of the sample was equal to 8.40 with NaHCO3 30 mM, whereas a value of 8.93 

was obtained with NaHCO3 100 mM. The pH increase entail (i) a 3.4-fold increase of OH− groups 

competing with the diol ones and (ii) a higher number of negatively charges bore by borate esters. 

These processes lead to repulsion between negatively charged borate esters, unzipping some of the 

junctions. This means a progressive shift from intermolecular complex (green circles) to 

intramolecular junctions (blue circles) (Scheme 6). These phenomena are associated with the 

weakening of the network, and thus reduction of mechanical performance. 
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Figure 24. Total scattering intensity, i.e. derived count rate, for CTL-boric acid gels prepared using different 

sodium bicarbonate (NaHCO3) amount after 24 hours upon mixing. Unpaired Student’s t-test was performed 

to compare scattering intensities (**: p value < 0.01). Data are means ± standard deviation (SD) of at least 

three measurements. Experimental conditions are [CTL] = 1% w/v, [boric acid] = 8 mM, [NaCl] = 150 mM, 

T = 25 °C. 

 

 

Scheme 6. Schematic representation of polymer mesh within networks with different sodium bicarbonate 

(NaHCO3) concentrations, i.e. 30 mM (left) and 100 mM (right), and thus also different final pH values after 

24 hours. Reprinted with permission from Sacco et al.(Sacco et al., 2019) Copyright 2019 American Chemical 

Society. 

 

3.2.3.2 Competitor assisted gelation of CTL 

In order to promote the homogeneous gelation of CTL, a competitor-assisted gelation 

mechanism was developed. As competitor was selected a diol-rich molecule, i.e. mannitol, which is 

able to partially bind boric acid with high affinity.(Springsteen & Wang, 2002) Thus, the proposed 

strategy is a two-phase approach entailing: (i) mixing of boric acid and mannitol and (ii) addition of 

the mixture to CTL, in order to support a gradual availability of boric acid, able to bind the polymer 

and promote gelation. Both these phases can be performed at physiological pH, i.e. 7.4. 
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3.2.3.2.1 Homogeneity of resulting networks 

By using the competitor-assisted gelation in the presence of mannitol it was possible to obtain 

homogeneous and colorless networks, without appreciable syneresis (Figure 25a). 

Homogeneity of resulting networks was evaluated by semi-quantitative analyses exploiting 

DLS. In the presence of the sole crosslinking agent, i.e. boric acid, a significant increase of visible 

light scattered by networks was detected, suggesting an increment of polymer mass per unit volume 

due to large (and visible) aggregates (Figure 25b). By exploiting the competitor assisted gelation only 

a limited increase of the amount of scattered light was detected. This result point to an excellent 

improvement of homogeneity of resulting networks in the presence of competitor. 

 

 

Figure 25. (a) Visual analysis of CTL control sample (without boric acid), CTL treated with boric acid (8 mM 

final concentration) and CTL with a mixture of boric acid and mannitol (boric acid 8 mM and mannitol 16 mM 

final concentrations, RM/B = 2). (b) Normalized scattering intensity (SI) of the same samples as in (a). Data are 

means ± standard deviation (SD) of three measurements. Unpaired Student’s t-test was performed to compare 

scattering intensities (****: p value < 0.0001). Experimental conditions:  T = 25 °C, PBS 1X, pH 7.4. In all 

cases, the concentration of CTL was 10 g/L. Adapted with permission from Furlani et al.(Furlani, Sacco, Cok, 

et al., 2019) Copyright 2019 American Chemical Society. 

 

3.2.3.2.2 Response to competitor 

The responsiveness of CTL based hydrogels towards competitor was investigated by 

rheological measurements performed with constant concentration of both CTL and boric acid and in 

the presence of different amounts of mannitol. The molar ratio between mannitol and boric acid was 

indicated as RM/B. Samples without competitor were not considered due to their heterogeneity under 

the same preparation conditions. 

The mechanical performance was investigated by long stress sweep tests in order to study the 

extent of linear viscoelastic regime for homogeneous samples. Likewise, in the pH assisted approach 
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(Figure 23a), in the stress-strain plot of the sample with RM/B = 2, two regions were detected, namely 

(i) a linear behavior extending for about three orders of magnitude of strain, and (ii) a marked strain 

hardening at large deformations (Figure 26a). The onset of strain-hardening was prevented only in 

the case of high concentration of mannitol (i.e. RM/B = 8) (Figure 26b), suggesting that a mannitol 

overload hinders network structuring. The experimental data were nicely fitted using eq. 4: 

𝜏 = 𝐺0 𝛾 𝑒
((

𝛾

𝛾∗)
2

)
     (eq. 4) 

where τ is the applied stress, G0 is the shear modulus at zero strain, γ is the experimental deformation 

and γ* is the critical strain at which the deviation from linearity becomes dominant.(Erk et al., 2010) 

 

 

Figure 26. (a) Dependence of stress-strain response for CTL gel showing mannitol to boric acid molar ratio, 

RM/B, = 2 (boric acid 8 mM and mannitol 16 mM final concentrations); dotted line represents the best fit of 

experimental points according to eq. 4. (b) Dependence of storage modulus (G') on applied deformation for 

the sample with RM/B = 2 (boric acid 8 mM and mannitol 16 mM final concentrations) and that with RM/B = 8 

(boric acid 8 mM and mannitol 64 mM final concentrations); dotted lines are drawn to guide the eye. (c) 

Dependence of the shear modulus at zero strain (G0) and that of critical strain (𝛾∗) on RM/B; dotted lines are 

drawn to guide the eye. Experimental conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4. Adapted with 

permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 2019 American Chemical Society. 

 

Homogeneous CTL-based networks were studied also in steady state conditions. In this case 

experimental data in the linear part of the flow curve were modeled by eq. 9.(Cross, 1965; Marsich 

et al., 2013) Results closely resemble those of the stress sweep tests (Figure 27). Upon increasing 

RM/B, a progressive decrease in the mechanical response was detected, as evidenced by G0 trends 

(Figure 26c and 27b). Simultaneously, an increase of 𝛾∗ was detected. This behavior closely resemble 

that reported above upon decreasing the cross-linker concentration.(Paragraph 3.1.3.3) 

The dependence of elastic and viscous moduli on angular frequency displays a similar trend to 

that previously detected for pH assisted hydrogels (Figure 21a) and it is typical of transient dynamic 

networks.(Narita et al., 2013; Tang et al., 2018) Furthermore, the G'' profile, showing a maximum 
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(associated to a value of 𝜔𝑚𝑎𝑥), recalls physically associated networks and gels based on synthetic 

polymers and boron compounds.(Indei & Takimoto, 2010; Tang, Habicht, Li, Seiffert, & Olsen, 2016; 

Tang et al., 2018) At frequencies lower than 𝜔𝑐𝑟𝑜𝑠𝑠, a power law dependence of elastic and loss 

moduli as function of angular frequency was detected, i.e. 𝐺′ ∝  𝜔1.3 and 𝐺′′ ∝  𝜔0.7, respectively. 

Narita and collaborators detected similar profiles for networks based on poly(vinyl alcohol) (PVA) 

and borax, i.e. 𝐺′ ∝  𝜔1 and 𝐺′′ ∝  𝜔0.5, respectively.(Narita et al., 2013)  

 

 

Figure 27. (a) Dependence of the shear viscosity, 𝜂, on applied stress, 𝜏; dotted lines are drawn to guide the 

eye. (b) Dependence of the zero-shear viscosity, 𝜂0, on RM/B; dotted line is drawn to guide the eye. 

Experimental conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4. RM/B refers to the ratio [M]/[B], where 

[B] represents the total molar concentration of boric acid while [M] stands for the molar concentration of 

mannitol. Adapted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 2019 

American Chemical Society. 

 

Experimental data of frequency sweep tests were also nicely fitted by exploiting the Cole-Cole 

approach (eq. 13). Mathematically, the non-zero intersection of the semicircle with the x-axis 

identifies the plateau modulus (at infinite time), i.e. 𝐺∞ (Figure 28b). A power law dependence 

between 𝐺∞ and RM/B was detected, i.e. 𝐺∞ ∝ 𝑅𝑀/𝐵
−1.4 (Figure 28c). This result parallels the stress sweep 

analyses, suggesting that a high competitor concentration is detrimental to mechanical response of 

networks. 
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Figure 28. (a) Dependence of storage (G') and loss moduli (G'') on angular frequency, 𝜔, for CTL gels with 

boric acid 8 mM and mannitol 16 mM (RM/B = 2); dotted lines are drawn to guide the eye. (b) Cole-Cole plot 

for the same sample as in (a); the dotted line is the best fit of experimental points according to eq. 2. (c) 

Dependence of the plateau modulus, 𝐺∞, on RM/B; the dotted line is drawn to guide the eye. Experimental 

conditions: [CTL] = 10 g/L, T = 25 °C, PBS 1X, pH 7.4. RM/B refers to the ratio [M]/[B], where [B] represents 

the total molar concentration of boric acid while [M] stands for the molar concentration of mannitol. Adapted 

with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 2019 American Chemical 

Society. 

 

3.2.3.2.3 Response to temperature 

 

 

Figure 29. (a) Dependence of the elastic modulus, 𝐺′, on applied deformation, 𝛾, at different T. (b) 

Dependence of the shear modulus at zero strain, 𝐺0, and that of critical strain, 𝛾∗, on T. (c) Dependence of the 

plateau modulus, 𝐺∞, on T. All dotted lines are drawn to guide the eye. In all cases the concentration of CTL 

was 10 g/L, that of boric acid 8 mM and that of mannitol 16 mM (RM/B = 2). All measurements were performed 

in PBS, pH 7.4. Reprinted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 

2019 American Chemical Society. 

 

The influence of temperature on mechanical performance for hydrogel samples presenting RM/B 

= 2 was investigated. More in detail, different rheological test (i.e. flow curves, frequency sweep and 

stress sweep tests) were performed in a temperature range from 25 to 43 °C. Flow curves and stress 

sweep data were nicely fitted according to eq. 4 and eq. 9, whereas frequency sweep data according 

to eq. 13 and eq. 14. A nonlinear response to stress and strain-hardening were detected for all 

investigated temperatures (Figure 29a). An exponential decay in shear modulus, and a simultaneous 
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increase of 𝛾∗, as function of temperature, was detected (Figure 29b). A similar trend was detected 

for the plateau modulus (Figure 29c). These results suggest that mechanical performance of resulting 

gels is affected by temperature. 

 

3.2.3.2.4 Response to glucose 

 

 

Figure 30. (a) Dependence of the shear modulus at zero strain, 𝐺0, and that of critical strain, 𝛾∗, on glucose 

concentration. (b) Linear dependence of the plateau modulus, 𝐺∞, on glucose concentration. All curves have 

been drawn to guide the eye. Experimental conditions: medium, [CTL] = 10 g/L, [boric acid] = 8 mM, 

[mannitol] = 16 mM, pH 7.4, T = 25 °C. The medium composition was: PBS 1X for the samples at [glucose] 

= 0; FBS-supplemented DMEM:PBS 90:10 v/v for samples containing glucose. The concentration of glucose 

in the media used in experiments with cells was 5.6 mM in the case of Low Glucose DMEM and 25 mM for 

High Glucose DMEM. Reprinted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) 

Copyright 2019 American Chemical Society. 

 

The influence of the presence of glucose on CTL based networks was studied by using as 

“solvent” a cell culture media, i.e. DMEM, commonly used for in vitro biological tests. The presence 

of the cell culture media did not affect the possibility to fabricate networks. Rheological analyses 

were performed by exploiting DMEM with two different glucose concentration, namely DMEM Low 

Glucose (5.6 mM) and DMEM High Glucose (25 mM). Experimental results of flow curves, stress 

sweep and frequency sweep were respectively fitted by eq. 9, eq. 4, and eq. 13 and eq. 14. A 

progressive decrease in mechanical performance upon increasing glucose was detected (Figure 30). 

These results suggest that glucose partially seize boric acid, preventing its binding to CTL. As a 

matter of fact, boron compounds are able to bind glucose with high affinity and this process is 

reversible.(Kotsuchibashi, Agustin, Lu, Hall, & Narain, 2013; Springsteen & Wang, 2002; Yesilyurt 

et al., 2016) In avascular tissues, e.g. cartilage, the glucose concentration is comparable to that of 

media with low glucose,(Mobasheri, Shakibaei, Mobasheri, Richardson, & Hoyland, 2006) thus CTL 
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based networks can be suitable for tissue engineering and regenerative medicine applications, in 

particular for cartilage. 

 

3.2.3.2.5 Self-healing properties of CTL-boric acid gels 

The self-healing properties of resulting hydrogels were studied by both visual examinations and 

rheological measurements. After breakage, the sample spontaneously self-heal after some minutes. 

Furthermore, the healed network could extensively stretch (Figure 31a). 

 

 

 

Figure 31. Self-healing properties of CTL-boric acid gels: (a) a freshly prepared sample was (b) cut into two 

separate pieces; (c) the sample spontaneously rejoined after 5 minutes and (d) restored its viscoelastic 

properties if stretched. Experimental conditions: [CTL] = 40 g/L, [boric acid] = 8 mM and [mannitol] = 16 

mM, (RM/B = 2); DMEM low glucose:PBS 90/10 v/v as medium, pH 7.4. (e) Dependence of storage (G') and 

loss (G'') moduli as a function of time; consecutive deformation steps were applied, namely 1% and 1200%. 

Experimental conditions: [CTL] = 10 g/L, [boric acid] = 8 mM and [mannitol] = 16 mM, (RM/B = 2), PBS 1X, 

pH 7.4. Adapted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 2019 

American Chemical Society. 

 

The self-healing ability was confirmed by rheological step-strain tests, consisting of alternating 

cyclic phases: (i) a small strain amplitude, i.e. 1%, within the linear viscoelastic regime and (ii) a 

large strain amplitude, i.e. 1200%, to promote network break. For small deformations G' was higher 

than G'', whereas for large deformations an opposite trend (i.e. G''>> G') was detected, suggesting 

network break. When a small deformation was applied again, networks were able to recover their 

original mechanical features (Figure 31b). The self-healing ability was traced back to the efficient 

rearrangement of network mesh due to boric acid association/dissociation dynamics. These results 
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are in line with previous data on boronic esters based gels and also on gels based on chitosan, although 

strain-hardening behavior was not reported in those cases.(Pettignano et al., 2017; Smithmyer et al., 

2018; Tarus et al., 2014; Y. Zhang, Tao, Li, & Wei, 2011) 

 

3.2.3.2.6 In vitro 2D-cell response toward CTL-boric acid gels 

Cell viability and proliferation in the presence of CTL based gels was investigated in order to 

assess suitability of CTL based gels for regenerative medicine applications. 

Primary pig chondrocytes and human dental pulp stem cells (hDPSCs) proliferation was not 

affected by the presence of networks (Figure 32). Also, singular components of gels (i.e. CTL and 

the mixture boric acid and mannitol) were used for these tests. Only the mixture boric acid-mannitol 

significantly affect the proliferation of cells. The toxicity was attributed to the inorganic crosslinker, 

since the sole mannitol played an inert role (data not shown). 

 

 

Figure 32. AlamarBlue Assay on primary pig chondrocytes (a) and human Dental Pulp Stem Cells (hDPSCs) 

(b). Cells were treated with the sample-case gel ([CTL] = 10 g/L, [B] = 8 mM, [M] = 16 mM, RM/B = 2) and 

its singular components. One-way ANOVA followed by Dunnett post-hoc test was performed to compare 

groups (n.s.: not significant; *: p value < 0.05). In all cases data are reported as means ± standard deviations 

(SD) of at least six measurements. Adapted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 

2019) Copyright 2019 American Chemical Society. 

 

3.2.3.2.7 In vitro 3D-cell response toward CTL-boric acid gels 

Attention then moved to the possibility of encapsulating cells in 3D networks. Thus, hDPSCs 

were loaded into CTL based hydrogels and Live/Dead assay was performed to verify cell viability in 

3D conditions (Figure 33a). Almost all cells resulted to be alive, i.e. green-stained, whereas only a 

limited number of cells were dead, i.e. red-stained. This means that hydrogels are suitable media for 
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cells. These results are in line with what observed by other authors for cells encapsulated within 

dynamic networks based on boron.(Chen et al., 2018; Smithmyer et al., 2018) On the other hand, 

other authors reported a slight toxicity for cells encapsulated in networks displaying similar 

mechanics.(Chen et al., 2018; McKinnon, Domaille, Cha, & Anseth, 2014) 

The AlamarBlue assay was finally performed to confirm the metabolic activity of cells 

embedded in CTL based hydrogels. A marked fluorescence signal was detected for cell-laden 

hydrogels (Figure 33b), proving safety of CTL based gels for stem cells biology. 

 

 

Figure 33. (a) Live/Dead assay on hDPSCs-laden within CTL-based gels ([CTL] = 40 g/L, [B] = 8 mM, [M] 

= 16 mM, RM/B = 2); scale bar is 100 μm. (b) AlamarBlue Assay on hDPSCs-laden within CTL-based gels 

([CTL] = 40 g/L, [B] = 8 mM, [M] = 16, RM/B = 2) after 3 days of incubation. Student’s t-test, ****: p value < 

0.0001. In all cases data are reported as means ± standard deviations (SD) of at least six measurements. 

Adapted with permission from Furlani et al.(Furlani, Sacco, Cok, et al., 2019) Copyright 2019 American 

Chemical Society. 

 

AD-MSCs were finally loaded into CTL-boric acid gels with different stiffness, by tuning 

polymer and boric acid concentrations. The activation of the Hippo pathway, governed by YAP and 

TAZ (and consequently TEAD), and governed by mechanical properties of materials,(Dupont et al., 

2011; Oliver-De La Cruz et al., 2019) was investigated by confocal microscopy. In Figure 34a and 

34b images of cells are reported embedded in gels with different polymer concentration but constant 

crosslinker concentration. Similar images were acquired also by using constant crosslinker 

concentration and different polymer concentration (image not shown for the sample [CTL] = 40 g/L, 

[B] = 2 mM, [M] = 4 mM, RM/B = 2). Only sparse red-labeled AD-MSCs, i.e. dead cells, were detected, 

confirming again that CTL-based networks represent safe materials for stem cells. The percentage of 

cell positive to the presence of nuclear YAP-TEAD was approximately 30% and no difference was 
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detected in gels with different composition (Figure 34c). The localization of YAP-TEAD was not 

affected by different polymer and crosslinker concentrations. Furthermore, the activation of Hippo 

pathway was not affected by the investigated range of gel stiffness. Possible explanations of this 

response could be that (i) in gels displaying strain hardening Hippo pathway activation is not affected 

by stiffness or (ii) the investigated range of stiffness was not sufficient to detect differences. 

Currently, these hypothesis cannot be tested since (i) softer gels are not suitable for 3D cell 

encapsulation (cells would fall down) and (ii) it is not possible to develop stiffer CTL-based gels by 

using only boric acid as crosslinking agent since higher polymer concentration cannot be handled and 

higher crosslinker concentrations would induce network disassembly (and therefore a decrease of 

mechanical properties would be detected, according to paragraph 3.1.3.2). Similar results, i.e. mainly 

localization of YAP in the nucleus, was reported also by Yang and collaborators for mesenchymal 

stem cells cultured on polyacrylamide gels with low ligand density.(Stanton, Tong, Lee, & Yang, 

2019) Anyway, Zheng and collaborators reported that the main localization of YAP in the cytoplasm 

is beneficial for maintenance of chondrogenic phenotype.(Zhong et al., 2013) 

Other authors reported different behavior of mesenchymal stem cells on 2D substrate with 

different stiffness. For instance, Yang and co-workers reported that most of cells on matrigel with 

different stiffness were positive to the nuclear presence of YAP.(Lee, Stanton, Tong, & Yang, 2019) 

 

 

Figure 34. Confocal microscopy images after 3 days on AD-MSCs-laden within CTL-based gels with different 

stiffness: (a) [CTL] = 40 g/L, [B] = 8 mM, [M] = 16 mM, RM/B = 2 and (b) [CTL] = 20 g/L, [B] = 8 mM, [M] 

= 16 mM, RM/B = 2; scale bar is 100 μm. (c) Cell positive to nuclear presence of YAP-TEAD after 3 days 

within 3 hydrogels with different composition ([CTL] = 40 g/L, [B] = 8 mM, [M] = 16 mM, RM/B = 2; [CTL] 

= 40 g/L, [B] = 2 mM, [M] = 4 mM, RM/B = 2; [CTL] = 20 g/L, [B] = 8 mM, [M] = 16 mM, RM/B = 2), and 

different stiffness. One-way ANOVA followed by Dunnett post-hoc test was performed to compare cell 

viability (n.s.: p value < 0.05). Data are reported as means ± standard deviations (SD) of three measurements. 
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Figure 35. Confocal microscopy images after one day on AD-MSCs-laden within CTL-based gels with 

different stiffness: (a) [CTL] = 40 g/L, [B] = 8 mM, [M] = 16 mM, RM/B = 2 and (b) [CTL] = 20 g/L, [B] = 8 

mM, [M] = 16 mM, RM/B = 2; scale bar is 10 μm. 

 

In Figure 35 high magnification images are reported after one day of cells embedded in gels 

with different polymer concentration but constant crosslinker concentration. Almost all cells 

displayed a similar round shape. Similar images were acquired also by using constant crosslinker 

concentration and different polymer concentration (image not shown for the sample [CTL] = 40 g/L, 

[B] = 2 mM, [M] = 4 mM, RM/B = 2). The same results were detected also at longer timeframes (2, 3 

and 4 days after cell embedding, images not shown). This indicate that these cells were not able to 

spread in CTL-based gels. This behavior could be governed by gels mechanical (e.g. a too low 

stiffness) or chemical (e.g. semi-synthetic nature of the polymer or low ligand density) properties. 

Similar shapes of cells on or within 3D hydrogels were reported also by other authors.(Branco 

da Cunha et al., 2014; Lee, Gu, Mooney, Levenston, & Chaudhuri, 2017; Stanton et al., 2019; Tang 

et al., 2018) Yang and collaborators reported a round shape of mesenchymal stem cells (MSCs) 

cultured on polyacrylamide gels with low ligand density.(Stanton et al., 2019) Similar cell shapes 

were reported also by Anseth and co-workers for MSCs encapsulated in boronate-based 

hydrogels.(Tang et al., 2018) Chauhduri and collaborators detected similar round shape of MSCs 

embedded in alginate-based hydrogels.(Chaudhuri et al., 2016) By using the same cell line, AD-

MSCs, within different gels Forte and collaborators detected interesting results.(Oliver-De La Cruz 

et al., 2019) AD-MSCs embedded in synthetic hydrogels (consisting of PEG) with the same ligand 

density, but different stiffness, displayed a similar round shape. On the other hand, AD-MSCs 
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encapsulated in natural occurring gels (consisting of fibrin) displayed a round shape in stiff gels, 

whereas were able to spread in soft gels. 

Results for CTL-based gels are partially in contrast with other reports.(Liu, Mihaila, Rowan, 

Oosterwijk, & Kouwer, 2019; Lou, Stowers, Nam, Xia, & Chaudhuri, 2018) Kouwer and 

collaborators encapsulated AD-MSCs in synthetic hydrogels displaying a non-linear response to 

stress and strain hardening.(Liu et al., 2019) They reported an high ability of cell to spread, which 

was directly proportional to the stiffening response. 

 

3.2.4 Main conclusions 

To summarize, in this section were developed two simple approaches allowing for the 

controlled gelation of CTL in the presence of boric acid as a cross-linker.  

For the first one – i.e. pH assisted gelation – the pivotal prerequisite is that boric acid is mixed 

with CTL in acidic conditions, where the less reactive trivalent neutral form of boric acid prevails 

over the more reactive anionic tetrahedral species. Upon addition of NaHCO3, the time-dependent 

pH increase triggered CTL gelation due to the progressive formation of reactive tetrahedral borate 

anions. Interestingly, the gel strength was found to depend inversely on NaHCO3 concentration. This 

trend was traced back to a progressive shift from interchain to intrachain complexes due to an increase 

of negative charges introduced in the network upon borate binding.  

For the second one – i.e. competitor assisted gelation – the pivotal prerequisite is that the latter 

is mixed with the competitor, e.g. mannitol, where they can form soluble complexes. Then the mixture 

can be added to a CTL solution in physiological conditions and progressively make available the 

crosslinking agent. Suitable mannitol concentrations were able to control CTL reticulation thus 

allowing for the formation of homogeneous networks. Notably, CTL-boric acid gels displayed both 

a non-linear response to applied stress and a strain-hardening behavior, confirming their potential role 

as biomimetics of ECM. Exploiting the dynamically transient nature of borate esters, it was 

demonstrated the multi-responsiveness of CTL-boric acid gels toward different stimuli, e.g. 

temperature and glucose. Furthermore, gels self-healed after breakage. In the last part of this chapter 

the good biocompatibility of CTL-boric acid gels was demonstrated toward primary chondrocytes 

and human stem cells.  

To summarize, it was possible to find two new alternative approaches to finely tune gelation of 

CTL.(Patent No. 102019000006448, 2019) CTL-boric acid gels preserved the characteristic strain-

hardening behavior, confirming an interesting role for the present systems as in vitro mimics of 
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natural tissues. The use of CTL-boric gels can be proposed as multi-responsive biomaterials for tissue 

engineering and regenerative medicine, especially for articular cartilage regeneration. 
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3.3 CHAPTER III: Stable covalent gelation of lactose-modified 

chitosan 

3.3.1 Aim of the work 

In this chapter the main aims are (i) evaluate the possibility to use genipin as crosslinker for 

CTL in physiological conditions of pH and osmolarity, (ii) evaluate the possibility to have a dual 

crosslinking of CTL in the presence of boric acid and genipin, (iii) evaluate mechanical properties of 

resulting networks as function of crosslinker concentration in order to find samples displaying 

mechanical properties similar to those of natural tissues. 

 

3.3.2 Materials and methods 

3.3.2.1 Materials. 

Chitin (from crab shells, practical grade), boric acid, sodium chloride (NaCl), Phosphate-

buffered saline (PBS), glucosamine, N-acetil-glucosamine, lactose, ascorbic acid, AlamarBlue (in 

vitro Toxicology Assay Kit, Resazurin based, TOX-8), D2O deuterium chloride (DCl), sodium nitrite 

(NaNO2) and sodium hydroxide (NaOH) were all purchased from Sigma-Aldrich Chemical Co. 

(U.S.A.). The composition of PBS is NaCl 137 mM, KCl 2.7 mM, and phosphate buffer 10 mM with 

final ionic strength (I) of 168 mM and pH 7.4. Acetic acid (AcOH) and hydrochloric acid were from 

Carlo Erba (Italy). Genipin was from Challenge Bioproducts Co., Ltd. (Taiwan). DMEM (Dulbecco’s 

Modified Eagle’s Medium) High Glucose and Fetal Bovine Serum (FBS), streptomycin, penicillin 

and trypsin were from EuroClone (Italy). All reagents and chemicals were of high purity grade. 

Hydrochloride form of lactose-modified chitosan, CTL (previously termed also chitlac and 

CTL60), (CAS Registry Number 2173421-37-7) was provided by biopoLife s.r.l. (Trieste, Italy). It 

has been synthetized from a highly deacetylated chitosan (ChitiNor, Norway) following the procedure 

reported elsewhere with slight modifications.(Donati et al., 2005) The relative molecular mass, i.e. 

molecular weight, of chitosan was estimated by capillary viscosity measurements and resulted to be 

325 000; the dynamic viscosity of 1 % chitosan (1% acetic acid as solvent) resulted to be equal to 

387 mPas. The chemical composition of CTL was determined by 1H-NMR spectroscopy and resulted 

to be: fraction of deacetylated units (FD) 0.21, fraction of lactose-modified units (FL) 0.63 and fraction 

of acetylated units (FA) 0.16. The calculated molecular mass of CTL repeating unit is 403.3 (MWru). 

The physical properties were determined by viscometry: the intrinsic viscosity, [η], of CTL was 

measured at 25 °C by means of a CT 1150 Schott Geräte automatic measuring apparatus and a Schott 

capillary viscometer. A buffer solution composed by 20 mM AcOH/AcNa, pH 4.5, and 100 mM NaCl 



 63 

was used as solvent.(Berth & Dautzenberg, 2002) The resulting [η] was found to be 344 mL/g. The 

estimated molecular weight of CTL was around 780 000. 

Deionized Milli-Q water was used in all preparations. 

3.3.2.2 Preparation of genipin-assisted and dual crosslinked CTL-based gels.  

CTL solutions were prepared in PBS buffer, pH 7.4, according to Paragraph 3.2.2 with slight 

modifications. Briefly, 50 mg of polymer were solubilized in 3.5 mL of deionized water; the pH was 

then adjusted to 7.4 by adding aliquots of NaOH (1 M). Finally, 400 μL of PBS 10X and deionized 

water amounts were added to have a final volume of 4.0 mL. 

Mixtures of boric acid (80 mM) and mannitol (160 mM) were prepared in PBS 2X buffer, pH 

7.4. Briefly, 145.7 mg of mannitol were solubilized in 3.5 mL of deionized water; 800 μL of boric 

acid 500 mM (PBS 1X as solvent, pH 7.4) were added, followed by 920 μL of PBS 10X. Finally, the 

pH was adjusted to 7.4 using NaOH (5 M) and different amounts of deionized water were added to 

have a final volume of 5 mL. 

Genipin was solubilized in deionized water at concentration equal to 5.2 mM. This solution was 

then diluted in water in order to have a concentration equal to 2.6 and 1.3 mM. 

Mixtures of genipin, boric acid and mannitol were prepared by mixing an equal volume of 

genipin (water as solvent) and mixture of boric acid and mannitol (PBS 2X as solvent), in order to 

have a solution with PBS 1X as solvent and pH 7.4. 

A typical gel preparation was carried out as follows: 1 mL mixture of genipin, boric acid and 

mannitol (PBS 1X, pH 7.4) was injected into 4.0 mL of CTL solution (PBS 1X, pH 7.4) under 

magnetic stirring. The final concentrations of genipin, boric acid and mannitol resulted 0.52-0.13 

mM, 8 mM and 16 mM, respectively. In the case of gels crosslinked without boric acid 1 mL of 

genipin (PBS 1X, pH 7.4) was injected into 4.0 mL of CTL solution (PBS 1X, pH 7.4) under magnetic 

stirring. The final concentration of CTL was 10 g/L, i.e. 1% w/v, throughout all experiments. After 

the addition of crosslinking agents, samples were mechanically stirred for a few seconds. 

RG/N refers to the ratio [G]/[N], where [G] stands for the molar concentration of genipin while 

[N] represents the molar concentration of primary amine groups, i.e. FD, in CTL. 

3.3.2.3 Rheological characterization. 

Rheological measurements were performed using an HAAKE MARS III rheometer (Thermo 

Scientific) operating in oscillatory shear conditions. The experimental settings used to characterize 

genipin-crosslinked and dual crosslinked gels are the following: titanium plates with 2° cone/plate 
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geometry (Ø = 35 mm) and gap 0.105 mm. Time sweep experiments were carried in strain-controlled 

conditions, with deformation, 𝛾, of 0.03 for chitosan and 0.01 for CTL, kept constant throughout the 

experiment, frequency, 𝜈, of 1 Hz and time of 10 800 s. Upon addition of crosslinking agents (genipin 

or mixture of genipin, boric acid and mannitol), solutions were mixed under stirring for about 10 s to 

uniform samples and poured on the plate. The values of storage G' (elastic response) and loss G'' 

(viscous response) moduli were recorded as a function of time. Time sweep experiments were 

performed at different temperatures, i.e. 37, 45, 50 and 60°C. 

Rheological tests were then performed at T = 37 °C on crosslinked gels (after time sweep 

experiments at 60°C for three hours) under oscillatory shear conditions to determine the mechanical 

spectra (frequency sweep, 𝜏 = 1 Pa, well within the linear viscoelasticity range and in the frequency 

range 0.01 - 100 Hz) and the extension of the linear viscoelastic regime (stress sweep tests at 𝜈 = 1 

Hz, stress range 1 < 𝜏 < 10000 Pa). 

Oil was used to seal the interface between the two plates in order to improve thermal control 

and limit solvent evaporation. 

3.3.2.4 UV-visible analyses. 

UV-Visible spectroscopy measurements were performed on CTL-based gels by means of Cary 

400 spectrophotometer in the 𝜆 range 350 – 800 nm. Samples were prepared according to Paragraph 

3.3.2.4. The final genipin concentration was fixed to 0.26 mM in order to avoid exceeding of linear 

dependence of absorbance (A<1). After mixing of crosslinking agents, samples were dispensed in 1 

mL disposable plastic cuvette by using a 1 mL syringe. Disposable cuvettes were incubated at 37°C, 

then at appropriate timeframes samples were analyzed. Each formulation was analyzed at least in 

triplicate after different timeframes, i.e. 0, 3, 6, 24, 48 and 120 hours. Solvent (PBS 1X) was used as 

blank solution and subtracted to all spectra recorded. 

3.3.2.5 Cell cultures and biocompatibility tests. 

human Dental Pulp Stem Cells (hDPSCs, Celprogen Inc.) were used as cell models in order to 

test the biocompatibility of different concentrations of free genipin. hDPSCs were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) High Glucose supplemented with 10% v/v fetal 

bovine serum (FBS) (EuroClone, Italy), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-

glutamine, and ascorbic acid 100 μM using 75 cm2 flasks at 37 °C in humidified environment at 5% 

of CO2. 200 μL of cells were plated in 96-well tissue culture plates. The initial concentration of 

hDPSCs was 2000 cells/well. Cells were left at rest for 1 day, then supernatants discarded and 200 

µL of the corresponding treatment (genipin or control) were added. Each treatment consist of 90% 
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V/V DMEM and 10% genipin (water as solvent). Three concentrations of genipin were used, i.e. 

0.52, 0.26 and 0.13 mM. At least four independent replicates were performed for each treatment. 

The viability of adherent cells was assessed after different timeframes (1 and 3 days) using the 

AlamarBlue assay according to the protocol reported in the Paragraph 3.2.2.8.3 with slight 

modifications. In the present case, AlamarBlue was diluted 1:20 v/v with fresh medium. 

 

3.3.3 Results and discussion 

3.3.3.1 Genipin crosslinked CTL-based gels 

Samples with constant CTL concentration and different amounts of genipin were prepared, 

transferred in glass tubes, and incubated at 37°C for 24 hours. Resulting samples turned into blue 

gels, with color intensity proportional to genipin concentration (Figure 36). Similar results were 

reported also by other authors for genipin crosslinked gels.(Fessel, Cadby, Wunderli, Van Weeren, 

& Snedeker, 2014; Muzzarelli, El Mehtedi, Bottegoni, Aquili, & Gigante, 2015) All samples (except 

the control) were positive to gelation according to inverted test tube.(Bhattarai et al., 2005; Jeong, 

Bae, & Kim, 1999) 

 

 

Figure 36. Visual analysis after 24 hours at 37°C of CTL control sample (without any crosslinking agent) and 

samples with different genipin concentrations, i.e. 0.13 mM (RG/N = 1/40), 0.26 mM (RG/N = 1/20), and 0.52 

mM (RG/N = 1/10). Experimental conditions are [CTL] = 1% w/v, PBS 1X, pH 7.4. 

 

Time sweep analyses were performed on samples with CTL 1% w/v and [genipin] = 0.52 mM 

(RG/N = 1/10) incubated at 60°C for three hours. A progressive decrease of the loss tangent values was 

detected as function of time (data not shown), suggesting gelation of CTL. By evaluating mechanical 

properties of resulting samples after time sweep, non-linear response to stress and a strain-hardening 
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behavior were detected (Figure 37a). In addition, focusing on the mechanical spectrum, both elastic 

and viscous moduli were almost constant and parallel in the frequencies range investigated (Figure 

37b). 

 

 

Figure 37. (a) Dependence of storage (G') and loss moduli (G'') on strain, 𝛾, for CTL in the presence of genipin. 

(b) Dependence of storage (G') and loss moduli (G'') on angular frequency, 𝜔, for CTL samples in the presence 

of genipin. Dotted lines are drawn to guide the eye. Experimental conditions are [CTL] = 1% w/v, [genipin] = 

0.52 mM (RG/N = 1/10), PBS 1X, pH 7.4, T = 37°C. Experiments were performed after time sweep analysis at 

60°C for three hours. 

 

Strain-hardening behavior was attributed to the formation of non-covalent (and also covalent, 

for the presence of genipin) bounds, e.g. hydrophobic interactions and hydrogen bounds, which could 

be able to rearrange upon application of stress. None author reported such phenomena for hydrogels 

based on commercial chitosan crosslinked with genipin.(Muzzarelli, 2009; Muzzarelli et al., 2015; 

Pandit et al., 2013) On the other hand, a similar mechanical behavior (i.e. with strain hardening) was 

reported for PEG-grafted chitosan gels, crosslinked with genipin in physiological conditions.(Chang 

et al., 2018) 

It is important to note that only a limited amount of genipin (0.52 mM) was needed for gelation 

of CTL. Other authors reported protocols which usually needed at least ten fold higher genipin 

concentrations.(Barbosa et al., 2010; Bi et al., 2011; Mi, Sung, Shyu, Su, & Peng, 2003; Muzzarelli 

et al., 2015; Mwale et al., 2005) To have such high genipin concentrations, they used organic solvents 

(e.g. DMSO and ethanol) to solubilize the crosslinking agent and fabricated gels mainly in acidic 

conditions.(Jinke Xu, Strandman, Zhu, Barralet, & Cerruti, 2015) 

Furthermore, it is noteworthy that a three-fold higher shear modulus was detected for CTL 

based gels, compared to the one obtained for chitosan with FA = 0.55 ones, by using the same polymer 

and crosslinker concentrations (polymer 1% w/V and [genipin] = 0.52 mM) (data not shown). More 
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in detail, by exploiting eq. 4, for chitosan-based gels shear modulus at zero strain, i.e. G0, was ~ 17 

Pa, whereas for CTL-based ones G0 was ~ 52 Pa. This result seems quite unexpected, since (i) lactose 

moieties in CTL should partially prevent ammine binding to due to steric hindrance and (ii) chitosan 

have more ammine groups available for genipin binding. Although, these results could stem from the 

higher molecular weight of CTL (i.e. 780 000) with respect to chitosan (i.e. 90 000), an alternative 

explanation could involve the formation of a higher number of low energy bonds (e.g. hydrophobic 

interactions and/or hydrogen bonds) in CTL, fostered by its branched lactitol moieties. Another 

mechanism could involve other types of bonds, beyond ammine crosslink, between genipin and CTL; 

to test this hypothesis the interaction between genipin and singular components of CTL will be 

investigated. 

 

3.3.3.2 Dual crosslinked CTL-based gels 

 

 

Figure 38. (a) Dependence of absorbance (A) on wavelength for CTL in the presence of boric acid and genipin 

at different timeframes after incubation at 37°C. (b) Dependence of absorbance at 595 nm on time for CTL in 

the presence of boric acid and genipin at different timeframes after incubation at 37°C. The black dotted line 

is drawn to guide the eye. Experimental conditions are [CTL] = 1% w/v, [genipin] = 0.26 mM (RG/N = 1/20), 

[boric acid] = 8 mM, [mannitol] = 160 mM PBS 1X, pH 7.4. 

 

The interaction between CTL and genipin, in the presence of boric acid as transient crosslinking 

agent, was investigated by UV-visible spectrophotometric analyses. CTL was mixed with a mixture 

of both crosslinking agents, i.e. genipin and boric acid, then samples were incubated at 37°C and 

analyzed after different timeframes. A progressive increase of absorbance, in the whole wavelength 

range, was detected (Figure 38a) with a peak at 595 nm. The same absorbance peak was detected for 

glucosamine (not reported), therefore the primary ammine groups of CTL can be safely considered 

as the interaction sites with genipin. A marked increase in absorbance at  = 595 nm was detected for 
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the first 48 hours followed by a plateau (Figure 38b). These results indicate that genipin was able to 

complete crosslinking of CTL within two days, thus with a speed was lower than that for free 

glucosamine (data not shown). The slower binding activity detected for CTL can be easily explained 

considering that in the presence of the transient crosslinking agent, i.e. boric acid, the high viscosity 

and the possible steric hindrance could partially prevent or delay interaction between CTL and 

genipin. 

 

 

Figure 39. Dependence of the loss tangent, 𝑡𝑎𝑛𝛿, on time of dual crosslinked (with genipin and boric acid) 

CTL system at 37°C (a) and 60°C (b). Black dotted lines represent the best fitting of experimental points using 

eq. 11. (c) Arrhenius plot, i.e. dependence of the natural logarithm of the rate constant (k2) on the inverse of 

temperature; the black dotted line represents the best fitting of experimental points according to a linear 

dependence (R2 > 0.95). Experimental conditions are [CTL] = 1% w/v, [genipin] = 0.52 mM (RG/N = 1/10), 

[boric acid] = 8 mM, [mannitol] = 160 mM, PBS 1X, pH 7.4. 

 

Time sweep rheological analyses were performed on hydrogel samples with constant polymer 

and crosslinker concentrations – CTL 1% w/v, [genipin] = 0.52 mM (RG/N = 1/10), [boric acid] = 8 

mM, [mannitol] = 160 mM – at different  temperatures, i.e. 37, 45, 50 and 60°C, for three hours. 

Figure 39 reports the loss tangent values, tan δ, i.e. G′′/G′, as a function of time at two temperatures, 

i.e. 37 and 60 °C. In both cases, a progressive decrease in loss tangent values was detected, indicating 

polymer structuring. At 37°C the loss tangent continues to decrease during the whole test, indicating 

that three hours were not sufficient to complete gelation. Otherwise, at 60°C the values of the loss 

tangent were almost constant after one hour. Experimental data were nicely fitted by using equation 

11: 

𝑡𝑎𝑛𝛿 (𝑡) = (𝑡𝑎𝑛𝛿0 − 𝑡𝑎𝑛𝛿∞)𝑒−𝑘2𝑡 + 𝑡𝑎𝑛𝛿∞   (eq. 11) 

where 𝑡𝑎𝑛𝛿0 is the value of loss tangent at time zero, 𝑡𝑎𝑛𝛿∞ is the loss tangent at infinite times and 

k2 is the rate constant. A correlation between the kinetic of the process and the temperature was found 

from an Arrhenius plot. This finding clearly unveils that gelation can be accelerated by increasing the 

temperature. A similar dependence of mechanical performance of genipin crosslinked in different 
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conditions, e.g. temperature and time, was reported also by other authors.(Bi et al., 2011; Fessel et 

al., 2014) 

The activation energy of the process resulted to be equal to 5.7 ± 0.8 kJ/mol. This value is at 

least one order of magnitude lower than that reported for other chitosan-based networks.(Félix, 

Hernández, Argüelles, & Goycoolea, 2005; Moore & Roberts, 1980) 

 

 

Figure 40. (a) Dependence of storage modulus (G') on strain, 𝛾, for CTL in the presence of boric acid ([B] = 

8 mM) and genipin ([genipin] = 0.52 mM (RG/N = 1/10)). (b) Dependence of storage modulus (G') on strain, 𝛾, 

for CTL in the presence of boric acid ([B] = 8 mM) and genipin ([genipin] = 0.13 mM (RG/N = 1/40)). Dotted 

lines are drawn to guide the eye. Experimental conditions are [CTL] = 1% w/v, [genipin] = 0.52 mM (RG/N = 

1/10), [boric acid] = 8 mM, [mannitol] = 160 mM, PBS 1X, pH 7.4, T = 37°C. Experiments were performed 

after time sweep analysis at 60°C for three hours. 

 

The mechanical performance of gels with different genipin amounts was determined after 

thermal curing by performing stress sweep and frequency sweep analyses. In the presence of the 

highest genipin concentration ([genipin] = 0.52 mM; RG/N = 1/10) only a slight deviation from linear 

stress-strain response was a detected (Figure 40a). This result is quite unexpected since CTL in the 

presence of singular crosslinkers (with only genipin or with only boric acid) display a non-linear 

response to stress and strain hardening. This is probably caused by the high overall concentration of 

crosslinkers, that probably partially prevented the sliding of polymer chains upon application of shear. 

By using lower genipin concentrations, a marked non-linear behavior with strain hardening was 

detected (Figure 40b, [genipin] = 0.26 mM, RG/N = 1/20; data not shown for [genipin] = 0.13 mM, 

RG/N = 1/40). 

Frequency sweep analyses were performed on samples with different genipin concentrations. 

By using the highest genipin concentration, i.e. [genipin] = 0.52 mM (RG/N = 1/10), storage modulus 

was almost constant in the whole range of frequency, whereas loss modulus was dependent on applied 
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frequency (Figure 41a). In the case of the lowest genipin concentration, i.e. [genipin] = 0.13 mM 

(RG/N = 1/40), both moduli were dependent on applied frequency, as previously detected for samples 

crosslinked only with boric acid (Figure 11a). A similar trend was reported by Narita and co-authors 

for networks consisting of PVA (poly(vinyl alcohol)) simultaneously crosslinked with borate and a 

stable covalent crosslinking agent.(Narita et al., 2013) 

 

 

Figure 41. (a) Dependence of storage (G') and loss moduli (G'') on angular frequency, 𝜔, for CTL in the 

presence of boric acid ([B] = 8 mM) and genipin ([genipin] = 0.52 mM (RG/N = 1/10)). (b) Dependence of 

storage (G') and loss moduli (G'') on angular frequency, 𝜔, for CTL in the presence of boric acid ([B] = 8 mM) 

and genipin ([genipin] = 0.13 mM (RG/N = 1/40)). Dotted lines are drawn to guide the eye. Experimental 

conditions are [CTL] = 1% w/v, [genipin] = 0.52 mM (RG/N = 1/10), [boric acid] = 8 mM, [mannitol] = 160 

mM, PBS 1X, pH 7.4, T = 37°C. Experiments were performed after time sweep analysis at 60°C for three 

hours. 

 

All investigated samples, with different genipin concentration, displayed the same 𝜔𝑚𝑎𝑥, equal 

to 0.46 Hz. This suggests that, in resulting networks, the transient cross-linker behaves as a weak 

sticker. The correlated association/dissociation time, 𝜆𝑚𝑎𝑥, was equal to 2.1 s. This value is quite 

lower than the one detected for boric acid crosslinked samples in the presence of sodium bicarbonate 

(Figure 21b) and about twenty fold higher than that reported for PVA dual crosslinked with borate 

and permanent bounds,(Narita et al., 2013) indicating that CTL gels exhibit different dynamics. 

All samples displayed the same trend of loss moduli from frequencies lower than 𝜔𝑚𝑎𝑥, i.e. 

G′′ ∝  𝜔0.4. For the sample with the lowest genipin concentration, i.e. [genipin] = 0.13 mM, RG/N = 

1/40 (Figure 41b), at frequencies lower than 𝜔𝑚𝑎𝑥, the elastic and loss moduli were found to scale 

with the angular frequency according to the power laws: G′ ∝ ω0.2 and G′′ ∝ ω0.4, respectively. Narita 

and co-workers reported a different trend for networks consisting of PVA and borax, with 𝐺′ ∝  𝜔1 

and 𝐺′′ ∝  𝜔0.5, respectively.(Narita et al., 2013) 
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3.3.3.3 Genipin biocompatibility 

 

 

Figure 42. Alamar Blue Assay on primary human Dental Pulp Stem Cells (hDPSCs). Cells were treated with 

different concentration of genipin. One-way ANOVA followed by Dunnett post-hoc test was performed to 

compare groups (n.s.: not significant; *: p value < 0.05). In all cases data are reported as means ± standard 

deviations (SD) of at least six measurements. 

 

To consider gels as potential candidates for regenerative medicine applications, the effect on 

cell viability and proliferation was verified using free genipin in 2D condition. Only the highest 

genipin concentration, i.e. 0.52 mM, significantly impaired cell proliferation (Figure 42). It should be 

considered that when CTL-based gels are used, only a limited amount of genipin should be able to 

interact with cells, therefore resulting gel could be safe for hDPSCs. On the other hand, lower genipin 

concentrations (e.g. 0.26 and 0.13 mM) represent a non-hazardous environment for hDPSCs biology. 

Nevertheless, these results are only preliminary data on a model stem cell line. Thus, the same set of 

experiments should be performed on cells plated on or embedded in the resulting hydrogels; it should 

be considered that genipin could be able to crosslink also cell membrane, so attention should be 

focused on cells plated on crosslinked hydrogels (at the end of gelation). These results are in line with 

results from other authors on other cell types. Snedeker and collaborators reported a similar trend 

with genipin for cells harvested from horse tendon.(Fessel et al., 2014) A slight decrease in cell 

viability was also reported for mesenchymal stem cells on genipin-crosslinked chitosan/collagen 

scaffolds for cartilage tissue engineering.(Bi et al., 2011) Also Wang and collaborators indicated 

genipin concentrations within 0.5 mM as safe for primary chondrocytes and human 

osteoblasts.(Wang, Lau, Loh, Su, & Wang, 2011) 
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3.3.4 Main conclusions 

In this section, an insight on the interaction between genipin and lactose derivative of chitosan 

(CTL) was presented. Genipin, even at very low concentrations, was able to efficiently crosslink CTL 

in physiological conditions. Resulting blue gels displayed a nonlinear response to stress and strain 

hardening. Such behavior was attributed to the formation and reorganization of intermolecular low-

energy bounds (e.g. hydrogen bounds and hydrophobic interactions).  

Genipin was used also as second crosslinking agent for boric acid-CTL gels. Resulting gels 

displayed common features of both transient and permanent crosslinked networks. It is interesting to 

note that by using a high overall crosslinkers concentration, the onset of strain hardening was partially 

prevented.  

The possibility to use these semi-synthetic networks could help unveiling the peculiar 

mechanical properties of the natural tissues. Furthermore, due to the peculiar rheological properties 

of polymers in the presence of cross-linking molecules, networks might be used for tissue engineering 

and regenerative medicine, in particular for cartilage regeneration. 
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3.4 CHAPTER IV: Synthesis and characterization of nanoparticles 

based on chitosan and hyaluronan 

 

3.4.1 Aim of the work 

In this chapter, a protocol requiring mild conditions was used to fabricate a library of 

chitosan/hyaluronan nanoparticles. The main aims are: (i) evaluate the influence of chitosan 

molecular properties (i.e. fraction of acetylation and molecular weight) on stability and physical-

chemical properties of resulting nanoparticles; (ii) study the influence of physical-chemical properties 

of resulting nanoparticles on interaction and response of innate immune systems cells; (iii)  

investigate the possibility to use nanoparticles as drug delivery system for anti-inflammatory drugs; 

(iv) evaluate the suitability of nanocomposite networks consisting of nanoparticles and CTL-based 

networks for drug delivery purposes. 

 

3.4.2 Materials and methods 

3.4.2.1 Materials.  

Hydrochloride chitosans (CH) with different molecular weights (viscosity average molecular 

weight, 𝑀𝑣
̅̅ ̅̅ , in the range 10 000 - 400 000, calculated using the following Mark-Houwink-Sakurada 

parameters, i.e. K = 8.43 x 10-3 mL/g and a = 0.92 according to Berth and Dautzenberg.(Berth & 

Dautzenberg, 2002)) and different fraction of acetylated units, FA, (determined by 1H-NMR) were 

kindly provided by Novamatrix/FMC Biopolymer (Sandvika, Norway) and by the late Prof. Kjell 

Morten Vårum (NTNU, Trondheim, Norway). The characteristics of CH are presented in Table 1. 

Hydrochloride chitosan sample with FA = 0.02 was obtained via heterogeneous deacetylation (K M 

Vårum et al., 1991) starting from a chitosan template with an original FA = 0.14. Hydrochloride 

chitosan sample with FA = 0.25 was obtained via re-N-acetylation (Sacco, Cok, et al., 2018) starting 

from a chitosan template with an original FA = 0.16. The characteristics of CH are presented in Table 

1. The endotoxin content in chitosan samples was determined by the kinetic turbidimetric limulus 

amebocyte lysate (LAL) test according to Ph. Eur. 7.0, 2.6.14, Method C. Sodium hyaluronate (HA), 

([𝜂] = 270 mL/g; 𝑀𝑣
̅̅ ̅̅  = 90 000, Bioibérica S.A.) was kindly provided by Sigea Srl (Trieste, Italy). 

Sodium tripolyphosphate pentabasic (TPP ≥ 98%), N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), fluorescinamine isomer I, 

aceclofenac, Phosphate Buffered Saline (PBS), Percoll, bovine serum albumin (Cohn fraction V BSA, 

≥ 96% cell culture-tested), dihydrorhodamine 123 (DHR), horseradish peroxidase (HRP), type VI, 
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fibrinogen (FBG), from human plasma, phorbol-12-myristate-13-acetate (PMA), lipopolysaccharide 

(LPS), NaHCO3, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ethanol, mucin 

(from porcine stomach, type III, bound sialic acid 0.5-1.5%, partially purified), penicillin, 

dexamethasone, streptomycin and glutamine were from Sigma-Aldrich Co. (St.Louis, MO). RPMI 

(Roswell Park Memorial Institute) 1640 and Fetal Bovin Serum (FBS) were from EuroClone (Italy). 

High-purity Trypan Blue (TB, Color Index 23850) - obtained from Merck KgaA (Darmstadt, 

Germany) - was dissolved in distilled water at 5 mg/mL and filtered through a Millipore filter to 

remove non-solubilized material. All other reagents were from Sigma-Aldrich. All reagents and 

chemicals were of high purity grade. Deionized (Milli-Q) water was used in all experiments, except 

for the solutions used in the biological assays, which were prepared in endotoxin-free water or 

physiologic saline (0.9% w/v NaCl) for clinical use. 

 

Table 1. Fraction of acetylated units (FA), intrinsic viscosity, [𝜂], viscosity average molecular weight, 𝑀𝑣
̅̅ ̅̅ , 

molecular weight of chitosan repetitive unit, 𝑀𝑊𝑟.𝑢., viscosity average degree of polymerization, 𝐷𝑃𝑣
̅̅ ̅̅ ̅, and 

endotoxins content of hydrochloride chitosans used for the synthesis of nanoparticles. ND: not determined. 

Adapted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American 

Chemical Society. 

FA [𝜂] (mL/g) 𝑀𝑣
̅̅ ̅̅  𝑀𝑊𝑟.𝑢. 𝐷𝑃𝑣

̅̅ ̅̅ ̅ 
Endotoxins 

(EU/g) 

0.63 300 90 000 201 448 ND 

 550 170 000  846 81 

 950 310 000  1542 ND 

0.46 340 100 000 200 500 ND 

 650 210 000  1050 ND 

 920 300 000  1500 ND 

0.25 600 190 000 199 955 309 

0.16 110 30 000 199 152 ND 

 681 220 000  1111 64 

 1026 340 000  1717 ND 

0.02 690 220 000 198 1112 24 

 

3.4.2.2 Preparation of nanoparticles (NPs).  

The synthesis of NPs was performed according to a previously reported procedure.(Sacco, 

Decleva, et al., 2017) Briefly, polymers and TPP were solubilized in deionized water at a 

concentration equal to 0.6 mg/mL for chitosan, 1.25 mg/mL for sodium hyaluronate and 0.5 mg/mL 

for TPP. After complete solubilization, 150 μL of TPP solution were then added dropwise to 3 mL of 
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hyaluronate solution under stirring. Solutions were filtered through 0.22 μm filters (Biosigma, Italy) 

and stored at room temperature until use. In a 5 mL beaker 500 μL of the HA-TPP solution were 

added to 0.5 of chitosan solutions under stirring to allow the formation of nanoparticles with CH/HA 

weight ratio equal to 1:1. Solutions were kept under stirring for 10 minutes and left at rest for 20 

minutes. All the relevant concentrations pertaining to the different (final) NPs components in the 

cases of chitosans having different values of FA have been reported in Table 2. 

 

Table 2. Molecular features of chitosan/hyaluronan nanoparticles (NPs). Fraction of acetylated units (FA) of 

chitosan, molecular weight of the repetitive unit (MWru) of the respective molecule, concentration (mg/mL), 

molarity, charges, total of negative charges and ratio between positive and negative charges in NPs are 

reported. Adapted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 

American Chemical Society. 

FA Molecule MWru 
C  

(mg/mL) 
M 

Charges  

(eq/L) 

Σ 

negative 

charges 

Posit.charges/ 

negat.charges 

0.02 

Chitosan 197.78 0.40 2.02E-03 1.98E-03 

 

1.84 Hyaluronan 401.35 0.40 9.89E-04 9.89E-04 1.10E-03 

TPP 367.86 0.00794 2.16E-05 1.08E-04  

0.16 

Chitosan 198.56 0.40 2.01E-03 1.69E-03 

 

1.54 Hyaluronan 401.35 0.40 9.89E-04 9.89E-04 1.10E-03 

TPP 367.86 0.00794 2.16E-05 1.08E-04  

0.25 

Chitosan 200.22 0.40 2.00E-03 1.51E-03 

 

1.40 Hyaluronan 401.35 0.40 9.89E-04 9.89E-04 1.10E-03 

TPP 367.86 0.00794 2.16E-05 1.08E-04  

0.46 

Chitosan 200.22 0.40 2.00E-03 1.08E-03 

 

0.98 Hyaluronan 401.35 0.40 9.89E-04 9.89E-04 1.10E-03 

TPP 367.86 0.00794 2.16E-05 1.08E-04  

0.63 

Chitosan 201.16 0.40 1.99E-03 7.36E-04 

 

0.67 Hyaluronan 401.35 0.40 9.89E-04 9.89E-04 1.10E-03 

TPP 367.86 0.00794 2.16E-05 1.08E-04 
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3.4.2.3 Physical-chemical characterization of nanoparticles.  

3.4.2.3.1 NPs size, surface charge and homogeneity. 

Formulations were analyzed by means of Dynamic Light Scattering (DLS) on a Zetasizer Nano 

ZS with 173° detection optics (Malvern Instruments) to evaluate their size (hydrodynamic diameter), 

PolyDispersity Index (PDI) and surface charge (𝜁-potential). Each formulation was analyzed using 

disposable cuvettes at least in triplicate at T = 25 °C after dilution 1:10 v/v in deionized filtered water. 

The size was expressed as the hydrodynamic diameter, obtained by a cumulative analysis of the 

correlation function using the viscosity and refractive index of water in the calculations. 𝜁-potential 

was determined via Laser Doppler velocimetry (LDV) technique. 

3.4.2.3.2 Stability of nanoparticles.  

The stability of NPs was evaluated by DLS using PBS as buffer.(Parajó et al., 2010) The 

composition of PBS is: NaCl 137 mM, KCl 2.7 mM, phosphate buffer 10 mM with final ionic strength 

(I) of 168 mM and pH 7.4. Simulated Body Fluid (SBF) was used as additional medium to study NPs 

stability. The composition of SBF was: NaCl 136.8 mM, NaHCO3 4.2 mM, KCl 3 mM, K2HPO4 1 

mM, MgCl2.6H2O 1.5 mM, CaCl2.2H2O 2.5 mM, Na2SO4 0.5 mM, Tris-base 50 mM with final ionic 

strength (I) of 184 mM and pH 7.4. 

Resulting formulations were analyzed in triplicate by means of DLS after dilution 1:10 v/v in 

the appropriate media. The considered parameters to assess the stability of NPs were: (i) DLS size 

quality report, (ii) size and volume distribution curves and (iii) PDI values. 

3.4.2.3.3 Small Angle X-Ray Scattering (SAXS) measurements.  

Small-Angle X-ray Scattering (SAXS) measurements were performed at the Austrian SAXS 

beamline of the electron storage ring ELETTRA-Sincrotrone Trieste (Amenitsch et al., 1998) using 

a photon energy of 8 keV and a beamsize of 0.5 × 2.5 mm. The beamline setup was adjusted to a 

sample to detector distance of 1.00916 m to provide an accessible q-range of 0.086-7.26 nm−1. All 

images were recorded using the Pilatus3 1 M (Dectris, Switzerland) with at least 3 exposures of 10 s 

each per sample to check for radiation damage. Reference patterns to calibrate the q-scale were 

collected of silver-behenate (d-spacings of 5.838 nm). All measurements were performed using a 

custom-made flow through cell with 1.5 mm X-ray capillary (Hilgenberg, Germany). Radial 

averaging and image calibration were conducted using the FIT2D software.(Hammersley, Svensson, 

Hanfland, Fitch, & Hausermann, 1996) All presented data were corrected for fluctuations of the 

primary intensity and, transmission; the corresponding background has been subtracted from each 

solution scattering pattern. Nanoparticles composed by FA = 0.16 and 𝑀𝑣
̅̅ ̅̅  = 220 000 chitosan were 

fabricated and diluted in deionized filtered water or PBS buffer. As reference, singular polymers (CH 
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and HA), after dilution in the appropriate media (water or PBS) were analyzed as well. 

3.4.2.4 In vitro assays with macrophages.  

Macrophage-like cells obtained from the differentiation of the human pro-monocytic cell line 

U937 (Sigma) were used as the cellular model.(Sundström & Nilsson, 1976) Undifferentiated U937 

were cultured in suspension in RPMI-1640, supplemented with 10% v/v fetal bovine serum (FBS), 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine in an atmosphere with 5% 

CO2 at 37 °C. To induce differentiation in adherent macrophages, 150 000 cells/well in 400 μL of 

RPMI were plated in 24-well tissue culture plates, and 100 μL/well of PMA diluted in RPMI (15 

ng/mL final concentration) were added. After three days of incubation at 37 °C, supernatants were 

removed and replaced with the same volume of fresh medium. Macrophages were let to restore for 

two days. Cell medium was then discarded, replaced with 450 μL/well of fresh medium and finally 

50 μL of water (in the case of control), NPs and polymer solutions added to each well. In each 

experiment, macrophages exposed to 1 ng/mL LPS were considered as positive controls. After three 

hours of incubation, supernatants were recovered and centrifuged at 13 000 x g for 10 min to remove 

any cellular debris. 

NPs used in these experiments were prepared using sterile glassware and instruments. All 

solutions were prepared using water for injection (Eurospital SpA-Trieste). Solutions were further 

sterilized by filtration using filters with a pore diameter equal to 0.22 μm. 

3.4.2.4.1 Viability test.  

The viability of differentiated adherent U937 macrophages was assessed using the Neutral red 

assay.(Repetto, del Peso, & Zurita, 2008) Briefly, neutral red powder was dissolved in water (5 

mg/mL final concentration), centrifuged at 16 000 x g for 10 min to remove any insoluble residue, 

and stored in dark conditions until use. Neutral red was diluted in “warm” PBS (37 °C) to obtain a 

final concentration of 100 μg/mL. 400 μL of the dye were added to each well. The plate was incubated 

at 37 °C for 20-30 min, then the dye was removed; each well was washed once with 500 μL of warm 

PBS and 400 μL of a 50% v/v ethanol/water plus 1% v/v acetic acid solution were then added to each 

well. Finally, a 150 μL-volume was transferred from each well into a 96 multi-well plate and the 

absorbance measured at 540 nm using a plate reader spectrophotometer (Infinite 200Pro NanoQuant, 

Tecan Trading AG, Switzerland). 

3.4.2.4.2 Cytokine production. 

ELISA tests (Invitrogen Corporation, Thermo Fischer, USA) were carried out according to 

manufacturer’s protocol for the quantification of TNF- (tumor necrosis factor-) secreted by U937 

macrophages upon NPs treatment. 
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3.4.2.4.3 Membrane association and internalization.  

To evaluate membrane association and cellular internalization of the NPs, fluoresceinamine 

isomer I-labeled-HA was used for the synthesis of NPs. HA was labeled according to a procedure 

reported elsewhere.(Sacco, Decleva, et al., 2017) The association of fluorescence-labeled NPs with 

macrophage membrane and their internalization were determined by means of flow cytometry 

according to the method described by Busetto et al.,(Busetto, Trevisan, Patriarca, & Menegazzi, 

2004) with minor modifications. Cells were differentiated as described in paragraph 2.4. and, after 3 

or 24 h of incubation with the NPs, the supernatants were discarded and the cells washed with PBS. 

Cells were then gently scraped using a plastic spatula, re-suspended in ice-cold PBS supplemented 

with CaCl2 1 mM and centrifuged for 5 min at 125 x g. Supernatants were discarded and pellets re-

suspended in ice-cold PBS supplemented with CaCl2 1 mM, yielding a final concentration of 2 x 106 

cells/mL. Cells were put on ice prior analyses. Flow cytometry was performed with a FACSCalibur 

(BectonDickinson) equipped with an air-cooled 15 mW argon-ion laser, operating at 488 nm. 

Immediately before the analysis, 250 μL of each sample were diluted with an equal volume of ice-

cold 0.1 M citrate buffer, pH 4. Control cells were analyzed as they were to determine the 

autofluorescence, and after addition of 50 μL of NPs to determine NPs association. To distinguish 

between cell association and internalization, each sample was analyzed after 1 min from the addition 

of TB (75 μg/mL final concentration). Fluoresceinamine isomer I fluorescence (FL1, green) was 

collected using a 530 (± 30) nm bandpass filter, instead red fluorescence emitted after quenching by 

TB (FL3) was collected by using a 650 (± 13) nm bandpass filter. Data were collected using a linear 

amplification for FSC and SSC, and a logarithmic amplification for FL1 and FL3. For each sample 

10 000 events were collected and analyzed using the CellQuest software from Becton Dickinson. 

Macrophages population was identified by combined measurement of FSC and SSC and gated in R1 

region. The percentage distribution of macrophage subsets was calculated from dot plot analyses (FL-

1 vs. FL-3) of R1-gated events.  

3.4.2.5 In Vitro Assays with Neutrophils. 

3.4.2.5.1 Neutrophil Isolation. 

Institutional ethics committee approval was obtained and written informed consent was signed 

by healthy volunteers from which venous blood was withdrawn. Neutrophils were isolated by a 

discontinuous Percoll gradient centrifugation, as previously described,(Menegazzi, Busetto, Dri, 

Cramer, & Patriarca, 1996) and suspended in PBS solution, pH 7.4, containing 5 mM glucose and 

0.2% w/v BSA (PBS-BSA). 
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3.4.2.5.2 Preparation of FBG-Coated Surfaces.  

Flat-bottom poly(styrene) wells (F16 MaxiSorp Nunc-Immuno Modules or F16 Black 

MaxiSorp Fluoronunc Cert, Thermo Fisher Scientific, Roskilde, Denmark) were coated with FBG as 

described elsewhere.(Dri, Cramer, Spessotto, Romano, & Patriarca, 1991) Briefly, 50 μL of FBG 

solution (400 μg/mL in PBS) were put in each well, and the plate was left at 37 °C for 1-2 h in a 

humidified chamber. Just before use, the wells were rinsed three times with PBS. 

3.4.2.5.3 Evaluation of H2O2 production.  

Neutrophils H2O2 generation was assessed using the conversion of non-fluorescent DHR into 

fluorescent rhodamine-123 in the presence of HRP.(Henderson & Chappell, 1993; Mauch et al., 2007; 

Rinaldi, Moroni, Paape, & Bannerman, 2007) Neutrophils (1.25 × 106 cells/mL in PBS-BSA) were 

incubated with 40 M DHR for 30 min at 37 °C in a shaking water bath, in the dark. Five to ten min 

before starting the assay, the cell suspension was supplemented with 1 mM CaCl2 and 1 mM MgCl2. 

Then, 60 μL aliquots of this suspension were dispensed into FBG-coated black wells containing or 

not the NPs (chitosan with FA = 0.16, 80 µg/mL final concentration), and HRP (1 g/mL final 

concentration), in a total volume of 0.15 mL PBS-BSA supplemented with 1 mM CaCl2 and 1 mM 

MgCl2 (Ca2+/Mg2+ PBS-BSA). The plate was incubated at 37 °C in the dark and at the desired times 

readings were taken with a microplate fluorescence reader (Tecan Infinite F200; Tecan Austria 

GmbH, Grödig, Austria) at 485 nm (λex) and 535 nm (λem). 

3.4.2.5.4 Evaluation of granular component release.  

The effect of NPs on neutrophil degranulation was assayed following the release of 

myeloperoxidase (MPO), a widely used marker of neutrophil primary granules.(Bainton, 1973; 

Ferrante, Nandoskar, Walz, Goh, & Kowanko, 1988; Menegazzi, Zabucchi, Knowles, Cramer, & 

Patriarca, 1992) Neutrophils (1.0 × 106 cells/mL in PBS-BSA) were pre-warmed in suspension for 10 

min at 37 °C. Five min before starting the assay, the cell suspension was supplemented with 1 mM 

CaCl2 and 1 mM MgCl2. Then, 150 μL aliquots of this suspension were dispensed into quadruplicate 

FBG-coated wells containing or not the NPs (chitosan with FA = 0.16, 80 µg/mL final concentration) 

in a total volume of 200 μL. After 60 or 90 min of incubation at 37 °C, the plates were centrifuged at 

200 x g and the supernatants were collected. As a positive control, the MPO released in the 

supernatant of neutrophils stimulated with the known secretagogue N-Formyl-L-methionyl-L-leucyl-

L-phenylalanine (fMLP) (Sigma-Aldrich) in the presence of cytochalasin D (Sigma-Aldrich) (final 

concentrations, 5 x 10-7 M and 2.5 µg/mL, respectively) was assayed in a separate plate after 20 min 

of incubation at 37 °C. Released MPO was measured by using 3,3,5,5-tetramethylbenzidine (TMB) 

(Sigma-Aldrich) as substrate following the method described by Menegazzi et al. with some 
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modifications.(Menegazzi et al., 1992) Briefly, 75 µL of 20 mM acetate buffer (pH 5.5) containing 2 

mM TMB and 0.1% (w/v) cetyltrimethylammonium bromide (Sigma-Aldrich) were deposited into 

wells of a separate plate. Then, 75 µL of either supernatant fluid or 20-fold diluted neutrophil lysate 

were added to each well. The peroxidatic reaction was started with H2O2 (0.3 mM final concentration) 

and blocked after 3-5 min with 100 μL of 2 N H2SO4. Absorbance was then read at 405 nm. The 

amount of released MPO was expressed as percentage of the total MPO activity as measured in 

neutrophil lysates. 

3.4.2.5.5 Measurement of neutrophil adhesion.  

The number of neutrophils adherent to FBG was assessed by quantifying myeloperoxidase 

(MPO) activity as described in the paper by Menegazzi et al.(Menegazzi et al., 1996) Adhesion tests 

were conducted in FBG-coated transparent wells to monitor cell morphology by light microscopy. 

They were run in parallel to those evaluating H2O2 production, and in the same experimental 

conditions except for the omission of DHR and HRP. 

3.4.2.6 Evaluation of NPs muco-adhesiveness.  

The muco-adhesive properties of NPs were evaluated in vitro by assessing the interaction 

between NPs and mucin.(Yin et al., 2009) Mucin was purified via dialysis against deionized water 

prior to use. The solution was thereafter filtered through 8 μm Millipore filters and freeze-dried. 

Freeze-dried mucin was solubilized in deionized water at 2 mg/mL prior to use. NPs (80 μg/mL final 

concentration) were added (1:10 v/v, 1 mL final volume) to solutions of mucin at different 

concentrations (0.1, 0.2, and 0.5 mg/mL). Resulting mixtures, which had a final pH ~ 5.5, were re-

suspended under vigorous stirring and analyzed by DLS. The change in NPs size distribution was 

used as a parameter to evaluate aggregation phenomena. 

3.4.2.7 Evaluation of NPs as drug delivery system. 

3.4.2.7.1 Encapsulation of a model molecule and anti-inflammatory drugs. 

Best performing NPs were used to encapsulate a model molecule, i.e. fluorescinamine isomer 

I, a molecule able to simulate a drug,  and two anti-inflammatory drugs, i.e. dexamethasone and 

aceclofenac. 

Fluorescinamine isomer I was selected as model molecule to study the ability of formulations 

to encapsulate payloads. This fluorophore was solubilized in methanol (5 mg/mL final concentration), 

and used to prepare serial dilutions using water as solvent. The linear range of fluorescence intensity 

vs. concentration (buffer without fluorophore was used as blank) was recorded using a BMG 

LABTECH 96 spectrofluorometer, with λex = 485 nm and λem = 520 nm. 100 μL of fluorophore were 
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added to 1 mL of chitosan under stirring. As the control, the same volume of water was added to 

chitosan. Solutions were left five minutes under stirring and finally HA-TPP mixture was added. 

Resulting mixtures were kept under stirring for 10 minutes. 

Centrifugation was used for the determination of encapsulation efficiency. 1.5 mL of each 

formulation were placed in 1.5 mL Eppendorf tubes and centrifuged at 12 000 x g for 1 h. At the end 

of centrifugation, supernatants were collected and analyzed using the same parameters above 

described. Supernatants derived from samples without the fluorophore were used as blank. 

Calibration curve (with R2 > 0.99) was exploited to determine the fluorophore concentration in the 

supernatants. Encapsulation efficiency (%) was determined using the following formula (eq. 16): 

𝐸𝐸 =
𝐶𝑖−𝐶𝑥

𝐶𝑖
 ×  100 (eq. 16) 

where Ci corresponds to the initial concentration of the fluorophore, Cx is the fluorophore 

concentration in the supernatant after sample centrifugation.(H. Li et al., 2009) 

Dexamethasone and aceclofenac were selected as anti-inflammatory drugs to study the ability 

of NPs to encapsulate commonly used drugs. These drugs were respectively solubilized in methanol 

and dimethyl sulfoxide (final concentration equal to 2 mM), and used to prepare serial dilutions using 

water as solvent. The linear range of absorbance vs. concentration (water was used as blank) was 

recorded using an Amersham Biosciences UV−vis spectrometer Ultraspec 2100 pro. by using quarts 

cuvettes with λ = 242 nm for dexamethasone and λ = 274 nm for aceclofenac. 100 μL of drugs were 

added to 1 mL of chitosan under stirring. As the control, the same volume of water was added to 

chitosan. Solutions were left five minutes under stirring and finally HA-TPP mixture was added. 

Resulting mixtures were kept under stirring for 10 minutes. 

Centrifugation was used for the determination of encapsulation efficiency. 1.5 mL of each 

formulation were placed in 1.5 mL Eppendorf tubes and centrifuged at 12 000 x g for 1 h. At the end 

of centrifugation, supernatants were collected and analyzed using the same parameters above 

described. Supernatants derived from samples without the drug were used as blank. Calibration curve 

(with R2 > 0.99) was exploited to determine the drug concentration in the supernatants. Encapsulation 

efficiency (%) was determined according to eq. 16. 

3.4.2.7.2 Investigation of NPs precipitation efficiency. 

Turbidimetric analyses by DLS after centrifugation were used to evaluate the precipitation 

efficiency (i.e. the percentage of NPs in the pellet after centrifugation) of NPs. 1.5 mL of each 

formulation were placed in 1.5 mL Eppendorf tubes and were centrifugated for different timeframes, 
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i.e. 15 – 60 minutes, and at different speed, i.e. 2 000 – 12 000 g, in order to separate NPs from free 

drugs (or free model molecules). Then 1 mL of each samples were placed in disposable cuvettes and 

the relative scattering intensity (i.e. derived count rate) was analyzed by Dynamic Light Scattering 

(DLS). A calibration curve scattering intensity vs. NPs concentration (with R2 > 0.99) was plotted by 

analyzing non-centrifugated formulations at different concentration (after dilution in water). The 

precipitation efficiency was determined by exploiting the calibration curve. 

3.4.2.7.3 Preparation of nanocomposite networks for drug delivery purposes. 

Nanoparticles encapsulating payloads were embedded in CTL-based networks in order to 

evaluate the possibility to use nanocomposite networks for drug delivery purposes. CTL-based 

networks were prepared according to chapter 3.2.2.4 with slight modifications. A network consisting 

of [CTL] = 10 g/L, [B] = 8 mM and [M] = 16 mM (PBS 1X as solvent, pH 7.4) was used for this 

purpose. Briefly, 500 μL of NPs encapsulating aceclofenac were added to 4 mL of CTL solution 

([CTL] = 10 g/L, PBS 1X as solvent, pH 7.4) and resulting sample was mechanically stirred for a few 

seconds. Then 500 μL of a mixture of boric acid and mannitol ([B] = 80 mM and [M] = 160 mM, 

PBS 1X as solvent, pH 7.4) were injected in the NPs-CTL mixture and the resulting sample was 

stirred for a few seconds. The final concentration of aceclofenac in the resulting mixture was equal 

to 44.3 μg/mL. 

3.4.2.7.3.1 Drug release from nanocomposite networks. 

Dialysis was exploited as technique to evaluate drug release from nanocomposite network. 1 

mL of nanocomposite network was transferred in a dialysis tube (average flat width 25 mm, cutoff 

12 000; Sigma Aldrich, Chemical Co., U.S.A.). Dialysis tube was sealed and put in a 50 mL Falcon 

tube containing 20 mL of PBS 1X. Falcon tube was transferred in a thermostatic bath at 37 °C under 

shaking. At selected timeframes (1 and 4 hours, 1, 3, 12 and 40 days) dialysis media was collected 

and analyzed (in quartz cuvettes) by UV-Vis spectroscopy (λ = 274 nm) in order to detect the 

cumulative release of aceclofenac. Each analysis was performed at least in triplicate. The cumulative 

release of aceclofenac was determined exploiting the calibration curve. After analysis, release media 

was transferred again in the falcon tube. 

3.4.2.8 Statistical analysis.  

Statistical analysis was performed using the unpaired Student’s t-test, using GraphPad Prism 

7.0 (GraphPad Software, San Diego, CA). p-values less than 0.05 were considered statistically 

significant.  
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3.4.3 Results and discussion 

3.4.3.1 Physical-chemical characterization of nanoparticles (NPs) and stability studies 

The influence of chitosan molecular properties, i.e. FA and molecular weight, on physical 

properties of nanoparticles (i.e. size, polydispersity, surface charge and porosity) was investigated by 

Dynamic Light Scattering (DLS) and Small Angle X-ray Scattering (SAXS) analyses. 

 

3.4.3.1.1 Effect of molecular properties of chitosan on nanoparticles formation and physical 

properties 

 

Table 3. Characterization of CH/HA nanoparticles after dilution 1:10 (v/v) in water. Nanoparticles were 

fabricated using chitosans at different fraction of acetylated units (FA) and viscosity average molecular weight 

(𝑀𝑣
̅̅ ̅̅ ). Hydrodynamic diameter, aggregation at time zero, polydispersity index (PDI) and surface charge, i.e. 𝜁-

potential, (all of them ±SD) of the resulting formulations are reported. ND: non determined. Adapted with 

permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American Chemical 

Society. 

FA 𝑀𝑣
̅̅ ̅̅  pH hydrodynamic 

diameter (nm) 
PDI 

𝜁-potential 

(mV) Notes 

0.02 220 000 4.6 513 ± 13 0.24 ± 0.02 37 ± 5 no aggregation 

0.16 30 000 ND 180 ± 1 0.12 ± 0.01 29 ± 2 no aggregation 

 220 000 5.6 200 ± 4 0.21 ± 0.01 32 ± 1 no aggregation 

 340 000 ND 215 ± 3 0.21 ± 0.01 37 ± 1 no aggregation 

0.25 190 000 5.8 348 ± 11 0.24 ± 0.02 27 ± 4 no aggregation 

0.46 100 000 ND   254 ± 27 0.20 ± 0.07 -19 ± 2 no aggregation 

 210 000 6.0 219 ± 4 0.20 ± 0.01 -14 ± 1 limited aggregation 

 300 000 ND 253 ± 6 0.18 ± 0.16 -28 ± 3 no aggregation 

0.63 90 000 ND 227 ± 1 0.17 ± 0.02 -28 ± 2 no aggregation 

 170 000 6.3 238 ± 1 0.19 ± 0.02 -25 ± 3 no aggregation 

 310 000 ND 253 ± 3 0.20 ± 0.03 -23 ± 1 limited aggregation 

 

A large library of NPs formulations was prepared by exploiting complex coacervation between 

hyaluronan, in the presence of TPP, and chitosans with molecular weights in the range 30 000 - 
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340 000. Physical properties (i.e. size, polydispersity and surface charge) of resulting formulations 

were at first investigated by DLS analyses in water. In general term, whatever the FA, all formulations 

displayed good homogeneity showing PDI ≤ 0.24, in line with similar NPs.(Almalik, Day, et al., 

2013; de la Fuente et al., 2008a) More in detail, formulations fabricated with medium molecular 

weights chitosans (i.e. ~ 200 000) showed good homogeneity (PDI ~ 0.2), with hydrodynamic 

diameters around 200 nm for NPs prepared with chitosans with FA = 0.16, 0.46 and 0.63. Conversely, 

NPs fabricated with chitosans with FA = 0.02 and 0.25 displayed larger dimensions. Some visible 

aggregates were detected only in the case of NPs synthetized with chitosans with FA = 0.46, 𝑀𝑣
̅̅ ̅̅  = 

210 000 and FA = 0.63, 𝑀𝑣
̅̅ ̅̅  = 310 000 (Table 3). 

In the case of FA = 0.16 and FA = 0.63 chitosans, a linear dependence of the hydrodynamic 

diameter on the degree of polymerization, 𝐷𝑃𝑣
̅̅ ̅̅ ̅, was detected (Figure 43a and 43c). These results are 

in line with findings of Wu and Delair.(Wu & Delair, 2015) On the other hand, in the case of FA = 

0.46 chitosans, no correlation between hydrodynamic diameter and 𝐷𝑃𝑣
̅̅ ̅̅ ̅ was detected (Figure 43b); 

this finding could be due to the presence of large aggregates for the medium molecular weight 

chitosan (𝐷𝑃𝑣
̅̅ ̅̅ ̅ = 1050) and to the high experimental data dispersion. 

 

 

Figure 43. Dependence of nanoparticles hydrodynamic diameter and polydispersity index (PDI) on chitosan 

degree of polymerization (𝐷𝑃𝑣
̅̅ ̅̅ ̅) for formulations at different fraction of acetylated units, i.e. FA = 0.16 (a), FA 

= 0.46 (b) and FA = 0.63 (c). Dotted lines are drawn to guide the eye. 

 

Surface charge of NPs was strictly dependent on FA of chitosans. More in detail, a negative 

surface was detected both for NPs made of chitosan with FA = 0.46 and for chitosan with FA = 0.63 

(Figure 44). On the other hand, a positive surface charge was observed for NPs fabricated with 

chitosan with FA = 0.02, 0.16 and 0.25. Given the constant amount of TPP and HA in the different 

NPs, this behavior depends on the molecular properties of chitosans, since the lower the value of FA, 

the higher the (positive) polymer charge density. Similar results were reported by Goycoolea and 

collaborators.(Goycoolea et al., 2016) 



 85 

This finding indicate that chitosan with higher molecular weight is more prone to be present at 

NPs surface than to the core. A similar linear trend was detected for NPs fabricated with FA = 0.63 

chitosans. Conversely, no correlation between 𝜁-potential on 𝐷𝑃𝑣
̅̅ ̅̅ ̅ was observed FA = 0.46 chitosans, 

likely ascribed to the presence of large aggregates. 

 

 

Figure 44. Dependence of nanoparticles surface charge (𝜁-potential) on chitosan degree of polymerization 

(𝐷𝑃𝑣
̅̅ ̅̅ ̅) for formulations at different fraction of acetylated units, FA: FA = 0.16, FA = 0.46 and FA = 0.63. Dotted 

lines are drawn to guide the eye. 

 

3.4.3.1.2 Stability of nanoparticles as function of chitosan molecular properties 

Nanoparticles stability was then evaluated by DLS after dilution in PBS buffer, characterized 

by an ionic strength of 168 mM, [phosphate] = 10 mM and pH = 7.4. All NPs fabricated with FA = 

0.46 and FA = 0.63 chitosans were not stable upon dilution in PBS (Table 4). More in detail, NPs 

displayed high dimensional heterogeneity (PDI ≥ 0.3) and with dissolution and/or aggregation 

phenomena. 

Taking into account NPs formed of FA = 0.16 chitosans, only the formulation fabricated with 

medium molecular weight chitosan, i.e. 𝑀𝑣
̅̅ ̅̅  = 220 000, resulted stable in PBS. These NPs displayed 

a single narrow monomodal size distribution curve, albeit shifted toward larger size than that in water, 

and a PDI value ~ 0.1 (red curve of Figure 46a and Table 3), i.e. even smaller than that in water (blue 

curve of Figure 45b, Figure 46a and Table 4). Such low values of PDI (and thus high dimensional 

homogeneity) are difficult to observe in most of the polysaccharide-based NPs; indeed, the PDI values 

of chitosan/hyaluronan NPs are usually higher than 0.2.(Almalik, Day, et al., 2013; Almalik, Karimi, 

et al., 2013; de la Fuente et al., 2008b; Parajó et al., 2010) The dimensional shift is in line with that 

reported in literature for similar NPs based on chitosan.(de la Fuente et al., 2008a; López-león, 

Carvalho, Seijo, Ortega-vinuesa, & Bastos-gonzález, 2005; Oyarzun-Ampuero et al., 2009; Parajó et 

al., 2010) Conversely, Tirelli and collaborators reported only a limited increase in size in PBS buffer 

for CH/HA nanoparticles formed by using similar polymers.(Deng et al., 2014) 



 86 

Table 4. Characterization of CH/HA nanoparticles after dilution 1:10 (v/v) in PBS buffer. Nanoparticles were 

fabricated using chitosans at different fraction of acetylated units (FA) and different  

viscosimetric molecular weight (𝑀𝑣
̅̅ ̅̅ ). pH, hydrodynamic diameter, aggregation at time zero and polydispersity 

index (PDI), (all of them ±SD) of the resulting formulations are reported. (*) stands for formulations where 

significant signal errors in the size quality report were detected by DLS analyses; (§) stands for formulations 

with visible flocculated suspensions after 24 h of incubation. Adapted with permission from Furlani et 

al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. DLS intensity size distribution curves of nanoparticles composed by FA = 0.16 chitosans at different 

molecular weight: 𝑀𝑣
̅̅ ̅̅  = 30 000 (a), 220 000 (b) and 340 000 (c). Nanoparticles were diluted 1:10 (v/v) in two 

different media prior measurements, namely deionized water and PBS (Phosphate Buffered Saline). 

 

FA 𝑀𝑣
̅̅ ̅̅  

hydrodynamic diameter 

(nm) 
PDI Notes 

0.02 220 000   [1797 ± 840] (*,§)   [0.17 ± 0.12] (*,§) unstable 

0.16 30 000 [270 ± 42] (*) [0.40 ± 0.03] (*) unstable 

 220 000 773 ± 21 0.08 ± 0.07 stable 

 340 000 [1307 ± 461] (*) [0.35 ± 0.36] (*) unstable 

0.25 190 000 [1666 ± 357] (*) [0.78 ± 0.39] (*) unstable 

0.46 100 000 [194 ± 38] (*) [0.49 ± 0.23] (*) unstable 

 210 000 [982 ± 743] (*) [0.76 ± 0.28] (*) unstable 

 300 000 [213 ± 49] (*) [0.32 ± 0.06] (*) unstable 

0.63 90 000 [1060 ± 823] (*) [0.82 ± 0.20] (*) unstable 

 170 000 [1037 ± 21] (*) [0.38 ± 0.04] (*) unstable 

 310 000 [103 ± 24] (*) [0.66 ± 0.02] (*) unstable 
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On the other hand, by using higher and lower chitosan molecular weight, a marked instability 

was detected. For NPs with chitosan the lowest molecular weight (i.e. 𝑀𝑣
̅̅ ̅̅  = 30 000), a second peak 

appeared at lower size, suggesting dissolution (Figure 45a). Conversely, for NPs with the highest 

molecular weight (i.e. 𝑀𝑣
̅̅ ̅̅  = 340 000), a second peak appeared at larger size, suggesting aggregation 

(Figure 45c). Similar phenomena, with broadening of dimensions and heterogeneity of the system, 

were detected by using a constant molecular weight, i.e. ~ 220 000, but different fraction of 

acetylation (Figure 46b and 46c). 

These findings suggest a correlation between chitosan molecular properties and NPs stability. 

More in detail, a limited acetylation, i.e. FA ~ 16%, together with a medium molecular weight 

chitosan, i.e. 𝑀𝑣
̅̅ ̅̅  ~ 220 000, seem able to promote formation of NPs, in combination with HA and 

TPP, stable in physiological-mimicking conditions without dissolution or severe aggregation. Other 

molecular properties of chitosan seem detrimental for NPs stability, leading to the limit (or just 

beyond it) of the possibility of still describing those systems as homogeneous samples of spheroidal 

NPs. 

 

Figure 46. (a) Intensity size distribution of NPs synthetized using chitosan with FA = 0.16 and CH/HA 1:1 

w/w after dilution 1:10 (v/v) at pH 5.6 (in water, blue curve), and at pH = 7.4 and I = 0.160 M in HEPES 

(violet curve), 0.168 M in PBS (red curve) and 0.184 M in SBF (Simulated Body Fluid) (green curve), 

respectively. (b) Intensity size distribution of NPs synthetized using chitosan with FA = 0.46 and CH/HA 1:1 

w/w after dilution 1:10 (v/v) at pH = 6.0 (in water, blue curve) and at pH = 7.4 and I = 0.168 M (in PBS, red 

curve). (c) Intensity size distribution of NPs synthetized using chitosan with FA = 0.63 and CH/HA 1:1 w/w 

after dilution 1:10 (v/v) at pH = 6.0 (in water) and at pH = 7.4 and I = 0.168 M (in PBS). Adapted with 

permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American Chemical 

Society. 

 

3.4.3.1.3 DLS characterization of NPs as a function of various physical-chemical parameters 

Stability studies were deepened on the only case resistant to physiological pH and ionic 

strength, namely that of NPs prepared with chitosan with FA = 0.16 and 𝑀𝑣
̅̅ ̅̅  = 220 000, in order to 

assess the role of different conditions on NPs stability. More in detail, the influence of pH, ionic 
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strength and phosphate concentration was investigated. 

At constant pH (water and HEPES/NaCl at pH 5.6), the increase in ionic strength promoted a 

limited dimensional shift (Table 5). A limited increase of size was detected at physiological ionic 

strength and by increasing pH (HEPES/NaCl at pH 5.6 and 7.4). It stems from the partial screening 

of the attractive interactions between oppositely charged chitosan and hyaluronan. Conversely, by 

using a constant pH and similar ionic strength (HEPES/NaCl pH 7.4, SBF and PBS), a marked 

dimensional shift, proportional to phosphate concentration, was detected (Figure 46a and Table 5). 

Thus, the marked increase in dimension detected in PBS was mainly attributed to the presence of 

phosphate. Indeed, the negatively charged phosphate ions are able to bind chitosan with high affinity. 

The binding of phosphate can thus promote NPs swelling. It is conceivable that the cross-link 

elements holding together the NPs are of two types: (i) interpolyelectrolyte interactions between 

chitosan and hyaluronan and (ii) point interactions between TPP and chitosan. 

 

Table 5. Characterization of CH/HA nanoparticles prepared using chitosan with FA = 0.16, 𝑀𝑣 = 220 000 and 

CH/HA 1:1 w/w after dilution 1:10 (v/v) at different values of pH, ionic strength and phosphate concentration; 

hydrodynamic diameter and polydispersity index (PDI) of resulting formulations are reported. Adapted with 

permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American Chemical 

Society. 

Solvent pH 

Ionic 

strength 

(mM) 

[phosphate] 

(mM) 

Hydrodynamic 

diameter (nm) PDI 

Water 5.6 ~ 1   0 207 ± 12 0.21 ± 0.01 

HEPES/NaCl  5.6 160   0 321 ±   6 0.21 ± 0.01 

HEPES/NaCl  7.4 160   0  384 ± 18 0.28 ± 0.05 

SBF 7.4 184   1  569 ± 18 0.11 ± 0.02 

PBS 7.4 168 10 786 ± 26 0.07 ± 0.06 

 

Furthermore, these NPs were able to maintain good features after storage at physiological 

temperature, i.e. 37°C (Figure 47a); a limited reduction of dimensions was detected after 3 months, 

but NPs maintained a good homogeneity, confirming the possibility to store (and to use) them also 

for long timeframes. 
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Figure 47. (a) DLS intensity size distribution curves of nanoparticles composed by FA = 0.16, 𝑀𝑣
̅̅ ̅̅  = 220 000  

chitosans at 37°C after 3 months. (b) SAXS pattern profiles of nanoparticles composed by FA = 0.16 and 𝑀𝑣
̅̅ ̅̅  

= 220 000 chitosan. Nanoparticles are dispersed in deionized water and PBS. The final medium composition 

is the following: 90% v/v nanoparticles in deionized water + 10% v/v water or 10X PBS. Black solid lines 

represent the best fit of experimental data according to eq. 14. 

 

3.4.3.1.4 SAXS characterization 

Small-Angle X-ray Scattering (SAXS) analyses were then performed to evaluate 

macromolecular rearrangement upon dilution in PBS. Scattering profiles in both water and PBS did 

not show any polyelectrolyte peak in the high q range (Figure 47b), as previously reported by Delair 

and co-workers.(Crépet et al., 2016) Experimental data were nicely fitted according to a generalized 

Porod law by using eq. 14: 

𝐼(𝑞) = 𝑘 +
𝑐𝑝

𝑞𝛼⁄    (eq. 14) 

where I(q) represents the scattering intensity, q is the scattering vector, k is a constant, cp is a pre-

factor and 𝛼 is the Porod exponent, indicating structure compactness. More in detail, a Porod 

exponent of 4 indicates a compact structure, whereas an exponent between 3 and 4 indicates a porous 

structure.(Beaucage, 1996; Tallian et al., 2018) SAXS profiles for single NPs components showed a 

Porod exponent of 1.3 - 2, suggesting a rod-like structure, typical of long polymer chains.(Ben 

Messaoud et al., 2018) For NPs in water the Porod exponent was equal to 3.4, whereas in PBS was 

equal to 2.4. The decrease in the Porod exponent suggest a macromolecular reorganization, with 

enlargement of polymer mesh due to swelling after dilution in PBS. 

 

3.4.3.2 Biological characterization 

The influence of physical properties of nanoparticles (i.e. size, polydispersity, surface charge 

and porosity) on innate immune system cells was then investigated. Nanoparticles (and their singular 
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components) formed using chitosans with different FA, with 𝑀𝑣 ~ 220 000 and CH/HA 1:1 w/w, were 

used for such characterization. 

 

3.4.3.2.1 Effect of NPs on macrophage viability 

Neutral Red assay was performed to investigate the biocompatibility of NPs toward cultured 

human macrophages. No significant difference in cell viability of NPs treated cells was detected 

(Figure 48). The biocompatibility of NPs is in line with data reported by other authors which used 

polymers with similar molecular properties (i.e. degree of acetylation and/or molecular 

weight).(Almalik, Day, et al., 2013; de la Fuente et al., 2008a, 2008c; Parajó et al., 2010; Rios de la 

Rosa, Tirella, Gennari, Stratford, & Tirelli, 2017) Furthermore, all NPs components tested separately 

(i.e. CH and HA/TPP) were biocompatible (data not shown). 

 

 

Figure 48. Neutral Red assay (cell viability, %) on U937 cells after 3 h of incubation as function of the 

respective treatment (NPs synthetized with chitosans at different FA). Final concentrations were 80 μg/mL for 

NPs, and 1 ng/mL for LPS). Error bars indicate the standard deviation (SD) of at least 4 measurements. 

Reprinted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American 

Chemical Society. 

 

3.4.3.2.2 Effect of NPs on TNF-α production by macrophages 

To evaluate the influence of NPs and of their components on the production of pro-

inflammatory cytokines by human macrophages, the release of TNF- by macrophages was 

quantified after 3 h of incubation. Macrophages displayed a low basal level of TNF- production 

(black column of Figure 49) that significantly increased in the presence of LPS (grey column of 

Figure 49). HA/TPP and chitosans with FA = 0.02 and 0.25 mildly elicited TNF- production, 

whereas other chitosans with different FA did not significantly affect the TNF- production (Figure 

49a). This effect can be explained for FA = 0.25 chitosan by the limited presence of endotoxins (Table 
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1), whereas for FA = 0.02 chitosan by a physical effect since this type of chitosan is insoluble at 

physiological pH and tends to precipitate. By taking into account cell response to NPs, only those 

made of FA = 0.16 chitosan did not elicit TNF- production both in basal (Figure 49b) and in LPS-

stimulated conditions (Figure 50). Conversely, NPs synthetized with other chitosans significantly 

stimulated the production of TNF-α.  

 

 

Figure 49. (a, b) TNF- production by U937 macrophages treated with the indicated substances (final 

concentrations were 80 μg/mL for NPs, 40 μg/mL for CH and HA and 1 ng/mL for LPS) for 3 h. All NPs (and 

CH) were from chitosans with 𝑀𝑣 ~ 220 000 and CH/HA 1:1 w/w. Results were normalized for the number 

of viable cells. Data are means (±SD) of 3 to 10 measurements. Student’s t-test: n.s., not significant; *, p < 

0.05; **, p < 0.01; ****, p < 0.0005. Adapted with permission from Furlani et al.(Furlani, Sacco, Decleva, et 

al., 2019) Copyright 2019 American Chemical Society. 

 

 

Figure 50. TNF- production normalized for viable cell number by macrophages (U937 cells) treated for 3 h 

with LPS or LPS in combination with NPs (chitosan with FA = 0.16, 𝑀𝑣 = 220 000 and CH/HA 1:1 w/w). 

Error bars indicate standard deviation (SD) of two measurements. Student’s t-test: n.s., not significant. 

Reprinted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American 

Chemical Society. 
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By taking into account the above reported stability investigations, the production of TNF-α of 

NPs fabricated with chitosans with FA = 0.02, 0.25, 0.46 and 0.63 can be traced back to their physical 

structure and partial instability. This proof is supported by the pro-inflammatory activity of singular 

HA/TPP mixture and of some chitosans. More in detail, with NPs fabricated with FA = 0.46 chitosan 

the pro-inflammatory activity was comparable to LPS treated cells due to marked instability, 

heterogeneity and presence of large aggregates in such sample (Figure 46b). The finding that NPs 

prepared with FA = 0.16 chitosan did not affect the TNF- production is in contrast with the data 

reported by Tirelli and collaborators, where a significant TNF- production was detected using 

similar NPs (obtained by using chitosan with FA = 0.15).(Almalik, Day, et al., 2013) 

Given the excellent performance of NPs prepared with FA = 0.16 chitosan in terms of both 

macrophage biocompatibility and absence of pro-inflammatory stimulus, all the subsequent 

experiments were performed with the aforementioned chitosan. 

 

3.4.3.2.3 Membrane association and internalization of NPs by macrophages 

The interaction between macrophages and fluorescence-labeled NPs was then investigated by 

means of flow-cytometry (Figure 51). Upon NPs addition, a significant shift of the green fluorescence 

signal was detected (Figure 51b), indicating that almost all cells (96.8%) interacted with NPs. This 

suggest a very fast interaction, paralleling what previously reported between similar NPs and 

neutrophils.(Sacco, Decleva, et al., 2017) This rapid interaction can be due to receptor-mediated 

association (e.g. CD44) for both the polysaccharides,(Almalik, Karimi, et al., 2013; Rao et al., 2015) 

or to electrostatic interactions between positively charged NPs and negatively charged cells. After 

three hours of incubation only a limited number of cells were positive to internalization (Figure 51d). 

At this incubation stage, the interaction between cells and NPs was weak; indeed low centrifugation 

speed was sufficient to promote almost complete NPs detachment, as previously reported for human 

neutrophils.(Sacco, Decleva, et al., 2017) After 24 hours of incubation most cells (~60%) were 

positive to internalization (Figure 51e), suggesting NPs internalization as a slow-paced process.(de la 

Rosa et al., 2017) The slow internalization of NPs by macrophages could be an advantage for the 

delivery of bioactive molecules that need to be released in the extracellular space. Indeed, an 

excessively rapid carrier seize would impair the therapy. 
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Figure 51. Membrane association and internalization of fluoresceinamine isomer I-labeled NPs (chitosan with 

FA = 0.16, 𝑀𝑣 = 220 000 and CH/HA 1:1 w/w) by U937 macrophages. (a, b): Green fluorescence (FL-1) for 

control cells (a) and for NPs-treated cells immediately before the cytometric analysis (b). (c, d, e): Dot plot of 

green (FL-1) and red (i.e., TB-quenched) fluorescence (FL-3) of control cells (c), cells incubated with NPs for 

3 h (d) and for 24 h (e). Four cell subsets are identifiable: lower left quadrant, no interaction; upper left 

quadrant, association; upper right quadrant, association and internalization; lower right quadrant, 

internalization. The number of events falling in each quadrant is expressed as a percentage of total gated events. 

Macrophages were incubated at 37 °C with NPs (chitosan with FA = 0.16, 𝑀𝑣 = 220 000 and CH/HA 1:1 w/w; 

80 μg/mL final concentration) or not (control). Before being analyzed, samples were diluted with a TB (Trypan 

Blue) solution to quench the green fluorescence. Samples were washed after the incubation with NPs. 

Reprinted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 American 

Chemical Society. 

 

3.4.3.2.4 Effect of NPs on neutrophil activation 

The neutrophil functional response in the presence of NPs fabricated with FA = 0.16 was then 

evaluated. More in detail, the ability of neutrophils to adhere to fibronectin, i.e. one of the first steps 

of cell recruitment during inflammation, and to produce two pro-inflammatory mediators usually 

secreted during inflammation, i.e. H2O2 and MPO, were investigated. NPs did not affect neither 

adhesion to FBG-coated surfaces nor H2O2 production (Figure 52a and 52b, respectively). 

Furthermore, NPs did not affect the amount of MPO released from the cells (Figure 52c). These 
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results suggest that NPs do not alter the neutrophil recruitment to the inflamed sites. Furthermore, 

NPs do not elicit the neutrophils degranulation. 

 

Figure 52. Effect of NPs (chitosan with FA = 0.16 , 𝑀𝑣  = 220 000 and CH/HA 1:1 w/w) on neutrophil adhesion 

(%) (a),  H2O2 production (b) and myeloperoxidase (MPO) release (c). (a, b): neutrophils were incubated for 

60 min with NPs at 37 °C in FBG-coated wells. In (b) results are expressed as HRP-mediated, H2O2-dependent 

DHR oxidation. Data have been normalized for the number of adherent cells. (c) Neutrophils were incubated 

with NPs for 60 or 90 min at 37 °C in FBG-coated wells. The grey column shows the amount of MPO released 

by neutrophils stimulated with fMLP, a neutrophil secretagogue. Data are means (±SD) of four measurements. 

Student’s t-test: n.s., not significant. Adapted with permission from Furlani et al.(Furlani, Sacco, Decleva, et 

al., 2019) Copyright 2019 American Chemical Society. 

 

3.4.3.3 Evaluation of nanoparticles muco-adhesive properties 

 

 

Figure 53. Interaction between NPs and mucin at pH ~ 5.5. NPs (chitosan with FA = 0.16, 𝑀𝑣 = 220 000 and 

CH/HA 1:1 w/w; 80 μg/mL final concentration) were added to mucin (0.1, 0.2, and 0.5 mg/mL final 

concentrations), and the resulting mixtures analyzed by DLS. Dotted lines are drawn to guide the eye. (a) NPs 

dimension (from distribution peak analysis) and PDI were reported as function of mucin concentration. Data 

are means (±SD) of three measurements. (b) Intensity size distribution of NPs diluted in water (blue curve) or 

in the presence mucin at the concentrations of 0.5 mg/mL (red curve). In the last case, the small peak centered 

at around 70 nm is attributed to mucin chains, according to Sogias et al.(Sogias, Williams, & Khutoryanskiy, 

2008) Reprinted with permission from Furlani et al.(Furlani, Sacco, Decleva, et al., 2019) Copyright 2019 

American Chemical Society. 
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Muco-adhesive properties of NPs were investigated by DLS analyses in the presence of mucin. 

A dose-dependent increase in NPs size was detected in the presence of mucin (Figure 53). 

Simultaneously, PDI values increased (Figure 53a), pointing to the formation of more heterogeneous 

aggregates. The origin of such interactions can be attributed to the electrostatic forces between the 

negatively charged mucin and the positively charged NPs.(Sogias et al., 2008) 

 

3.4.3.4 Encapsulation of model molecule and drugs 

The ability to encapsulate proper payloads represents another target that nanoparticles (NPs) 

should address. Centrifugation was used in order to promote NPs precipitation, then non-encapsulated 

free drug in the supernatant was quantified to investigate encapsulation efficiency of NPs. Indeed, 

centrifugation is the most widely used technique to evaluate encapsulation efficiency for 

nanoparticles based on chitosan, and several different conditions (i.e. centrifugation speed and 

centrifugation time) for NPs centrifugation were reported.(Almalik, Day, et al., 2013; Calvo et al., 

1997; Oyarzun-Ampuero et al., 2009; Parajó et al., 2010) Precipitation efficiency was studied in order 

to find the best conditions allowing majority of NPs in the pellet. These conditions should avoid 

excessive centrifugation, preserving original physical properties of nanoparticles, i.e. avoid squeezing 

of NPs and releasing of encapsulated payloads. 

A power law dependence of the scattering intensity as function of concentration of 

nanoparticles was detected (Figure 54a). Exploiting the fitting equation, it was possible to determine 

the precipitation efficiency, i.e. the percentage of NPs in the pellet after centrifugation. According to 

this approach, NPs are considered as a homogeneous population in which each NP is able to scatter 

light with the same intensity. This approximation can be acceptable since these NPs displayed a 

narrow size range (Figure 46a). 

By using different centrifugation speeds and a constant centrifugation timeframe, i.e. 15 

minutes, it was possible to detect a correlation between precipitation efficiency and centrifugation 

speed (Figure 54b). By using a low centrifugation speed, i.e. 3 000 g, the precipitation efficiency was 

close to 30%, instead in the case of the highest centrifugation speed, i.e. 12 000 g, the precipitation 

efficiency was almost doubled. After one hour at high constant speed, i.e. 12 000 g, it was possible 

to detect an almost complete (>90%) precipitation of NPs (Figure 54c). These results are in line with 

what recently reported by Cai and Lapitsky for chitosan/TPP NPs.(Cai & Lapitsky, 2019) These 

conditions, i.e. 12 000 g for one hour, seemed the best conditions to separate NPs encapsulating 

payload from free drug.  
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Figure 54. (a) Scattering intensity of NPs as function of their concentration (% V/V). The black dotted line is 

the best-fit of the experimental data points according to equation SI  (NPs)0.58 (R2 > 0.95). (b) Precipitation 

efficiency as function of centrifugation speed, by using a constant centrifugation time (i.e. 15 minutes). The 

dotted line is drawn to guide the eye. (c) Precipitation efficiency as function of time by using a centrifugation 

speed equal to 12 000 g. The dotted line is drawn to guide the eye. CH/HA nanoparticles were prepared using 

chitosan with FA = 0.16, 𝑀𝑣  = 220 000 and CH/HA 1:1 w/w. 

 

At first, fluoresceinamine isomer I was selected as model molecule. DLS measurements showed 

that the hydrodynamic diameter and PDI values of NPs were not affected by fluorophore loaded at 

different concentrations (data not shown). The encapsulation efficiency was equal to ~ 60% when the 

concentration of fluorophore was 1.0 μg/mL (Table 6). The encapsulation efficiency dropped around 

40% by increasing the amount of payload to 2.0 μg/mL. Overall, our findings are in line with what 

already known for chitosan-based NPs.(Hu et al., 2008; Miladi, Sfar, Fessi, & Elaissari, 2015; Wu et 

al., 2005) 

 

Table 6. Characterization of CH/HA nanoparticles prepared using chitosan with FA = 0.16, 𝑀𝑣  = 220 000 and 

CH/HA 1:1 w/w. The payload, the payload concentration and the corresponding encapsulation efficiency are 

reported. NPs were centrifugated for one hour at 12 000 g before supernatant analyses. 

Payload 
concentration 

(μg/mL) 
𝐸𝐸 (%) 

Fluorescinamine isomer I 1 60.8 ± 1.0 

 2 40.3 ± 4.2 

Dexamethasone 20 9.1 ± 0.1 

 50 3.5 ± 0.1 

Aceclofenac 20 8.8 ± 0.4 

 50 3.0 ± 0.1 

 

 



 97 

Then, two anti-inflammatory drugs, i.e. dexamethasone and aceclofenac, were selected as 

payloads. The encapsulation efficiency, for both payloads concentrations, was lower than 10%. Such 

low encapsulation efficiency could be driven by an excessive centrifugation. Indeed, NPs are porous 

and centrifugation for one hour at high speed could induce a boost release of drugs, which can be 

squeezed out from the soft polymeric network. Unfortunately, it was not possible to find alternative 

techniques to evaluate encapsulation efficiency such as (i) filtration and (ii) dialysis. Filtration by 

using a syringe (or a pump) and a filter would requires high pression, which anyway can promote 

NPs squeezing, so cannot work for chitosan-based NPs. Dialysis by exploiting a semipermeable 

membrane could be very useful to separate only payloads covalently conjugated with NPs from free 

payloads (e.g. small proteins). 

 

3.4.3.5 Drug release from nanocomposite networks 

Nanoparticles encapsulating aceclofenac were then embedded in CTL-based networks in order 

to have a nanocomposite network able to slowly release drugs. The release of aceclofenac was 

evaluated in physiological conditions of pH, temperature and osmolarity and under shaking 

conditions. By UV-vis spectrophotometric analyses was possible to determine that nanocomposite 

networks were able to promote a drug release close to 20% after one day (Figure 55). The cumulative 

release of drug was almost complete (>90%) after three weeks. Thus, nanocomposite networks 

resulted suitable to promote a sustained release of drugs.  

 

 

Figure 55. Cumulative release of aceclofenac as function of time at 37°C. NPs (chitosan with FA = 0.16, 𝑀𝑣  

= 220 000 and CH/HA 1:1 w/w; 80 μg/mL final concentration) encapsulating aceclofenac were embedded in 

CTL-based networks ([CTL] = 10 g/L, [boric acid] = 8 mM, [mannitol] = 16 mM, RM/B = 2). The final 

concentration of aceclofenac in the resulting network was equal to 44.3 μg/mL. The dotted line is drawn to 

guide the eye. 
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Genta and collaborators reported for similar NPs (fabricated with a similar chitosan but a 

hyaluronic acid with high molecular weight) an almost complete release of drug after 1 day.(Chiesa 

et al., 2018) Similar results were reported by other research groups for other nanocomposite 

networks.(Asadi et al., 2018; Jeznach et al., 2018; Lim et al., 2010) 

 

3.4.4 Main conclusions 

This chapter was built upon knowledge about formation, stability and performance of 

chitosan/hyaluronan-based complex nanoparticles. Specifically, special attention was paid on the role 

played by chitosan molecular properties, i.e. molecular weight and FA, in affecting nanoparticles 

dissolution/aggregation stability when dispersed in physiological medium. This aspect is of particular 

importance for potential translation of present system in fields such as nanomedicine. A systematic 

DLS investigation revealed that partial acetylation as well as medium molecular weight of chitosans 

are essential features to limit instability of resulting colloids. On the other side, SAXS analyses 

confirmed that osmotic swelling triggered by competition between phosphates of PBS buffer and TPP 

promoted an almost immediate macromolecular rearrangement with ensuing widening of network 

mesh and increase of porosity. When placed in physiological-simulated media in terms of pH and 

osmolarity, such as PBS or SBF, only NPs made with FA = 0.16 chitosan and medium molecular 

weight (𝑀𝑣 = 220 000) maintained their integrity without dissolution or severe aggregation. The 

resulting NPs were analyzed in terms of activation of innate immune system cells, namely, 

macrophages and neutrophils. In detail, only stable NPs had no effect on TNF-α production by 

macrophages, whereas the other formulations enhanced such a production. Flow cytometry studies 

proved that most of the macrophages interacted with NPs immediately after their addition to the 

culture medium, albeit this association was weak. Furthermore, only a negligible fraction of the cell 

population internalized the NPs after three hours of incubation, whereas most cells displayed the 

internalized particles after 24 h. Resulting nanoparticles demonstrated to be stable up to three months 

and were able to host different payloads. Nanocomposite networks consisting of NPs embedding 

drugs and CTL-based networks were able to promote a sustained release of drugs. Resulting 

nanocomposite networks could be used as biomaterials in order to restore viscoelastic properties of 

native tissue and to soften chronic inflammation, e.g. for osteoarthritis. 
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4 CONCLUDING REMARKS 

Macro- and micro/nano-hydrogels are highly hydrated networks consisting of polymers and 

solvents. They are widely studied and tested for different applications, especially for biomedical 

applications. 

Cartilage degeneration represents one of the most common health problems worldwide, caused 

by different etiological agents. Cartilage regeneration approaches were widely studied over the last 

decades, and innovative biomaterials are needed to promote correct cartilage healing. To date, none 

of the proposed approaches fully satisfy patients’ needs, probably since most of the products lack of 

peculiar mechanical properties of native tissues (i.e. non-linear response to stress - strain hardening). 

One emerging approach is the combination of nanoparticles encapsulating bioactive molecules (e.g. 

anti-inflammatory drugs) and a tridimensional network, with the final aim of finely tuning the release 

of these molecules. In this context, the present thesis has addressed the development of a 

nanocomposite biomimetic network showing the viscoelastic properties of native tissues, e.g. 

cartilage. 

More in detail, the main goals reached in this thesis are summarized below. 

(I) Boric acid fosters lactose-modified chitosan (CTL) structuring in physiological conditions 

of pH and osmolarity. Macromolecular association in dilute polymer solutions is dependent on 

crosslinker concentration: (i) for early cross-linking ion additions polymer chains form soluble 

aggregates, (ii) when further cross-linking agent is added to CTL solutions, a disruption of the 

chain−chain association occurs. Switching from dilute to concentrated solutions, rheological analyses 

have proved a strain-hardening behavior as a consequence of the formation of chain−chain 

cross−links. The present behavior observed for CTL−boric acid system, closely paralleled what 

already known for natural occurring biopolymers, e.g. collagen and neurofilaments. The inorganic 

component can act like a motor for the formation of the network, thus providing nucleation, 

reorganization and disassembly depending on curing and concentration. In this sense, the CTL-boric 

acid network can be seen as a synthetic chimera of natural occurring molecular motors.  

(II) Two approaches, i.e. a pH- and a competitor-assisted gelation, have been developed for 

finely controlling gelation of CTL in the presence of boric acid as a cross-linker. Both approaches 

enable homogeneous networks. Notably, hydrogels display a strain-hardening behavior at large 

deformation, confirming their potential role as biomimetics of extracellular matrix. Resulting 

networks are multi-responsive toward different stimuli such as temperature or the presence of glucose 

and self-heal after breakage. Furthermore, different cells types, i.e. primary chondrocytes, and human 
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stem cells, are able to proliferate in contact and after embedding in CTL-boric acid gels. These 

gelation mechanisms may be easily translated to other diol-rich polymers for which boronic acids are 

used as a cross-linker. 

(III) Genipin was used as alternative or combined crosslinker for CTL. Genipin, also at 

extremely low concentrations, boosts hydrogel formation in physiological conditions of pH and 

osmolarity. Surprisingly, a strain-hardening behavior was detected (also without boric acid). This 

behavior can be tentatively attributed - based on our preliminary data - to the formation and 

reorganization of intermolecular low-energy bounds (e.g. hydrogen bonding and hydrophobic 

interactions). 

(IV) Special attention was paid on the role played by chitosan molecular properties, i.e. 

molecular weight and FA, in affecting nanoparticles dissolution/aggregation stability when dispersed 

in physiological media. A systematic investigation revealed that partial acetylation (FA = 0.16) as 

well as medium molecular weight (𝑀𝑣
̅̅ ̅̅  = 220 000) of chitosans are essential features to limit dissolution 

or severe aggregation of resulting colloids. On the other side, in physiological media, osmotic 

swelling promotes an almost immediate macromolecular rearrangement with increase of porosity. 

The resulting NPs were analyzed in terms of activation of innate immune system cells, namely, 

macrophages and neutrophils. Strikingly, a structure-function relationship emerged, showing that 

instable NPs manifest a proinflammatory activity, linked to the instability (inhomogeneity) of the 

system. Conversely, stable homogeneous NPs neither modify the functional response of macrophages 

nor that of neutrophils. Of note, such NPs were found to possess additional properties potentially 

advantageous in applications such as delivery of therapeutics to target inflamed sites: (i) they are 

devoid of cytotoxic effects, (ii) they avoid engulfment during the early stage of interaction with 

macrophages, (iii) they are muco-adhesive, and (iv) they are able to host different payloads. 

Furthermore, nanocomposite networks consisting of NPs embedding drugs and CTL-based networks 

are able to promote a sustained release of drugs. The overall outcomes allow considering the present 

system as possible biomaterial suitable for tissue engineering and regenerative medicine, especially 

for cartilage regeneration. 
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