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Abstract  
 

Biological materials such as wood show outstanding properties due to the self 

assembly of components from molecular to macroscopic size. An emerging 

nanotechnology-based strategy consists of the isolation of biological components 

with size in the range from nanometers to micrometers and of the design of human-

driven assembly processes to obtain multifunctional materials. 

The aim of this thesis was to isolate cellulose nanocrystals, with dimensions of 

around 4-5 nm in width and some hundred nanometers in length, and investigate 

their assembly processes through weak interactions among them and with small 

molecules, like water or ions. Knowing their interaction properties and self-

assembly is indeed fundamental in order to fully exploit the potential of 

nanocellulose in its recently emerging applications. In particular, I focused on 

cellulose nanocrystals supramolecular self-organization both in absence and 

presence  of water,  studying cellulose nanocrystals-based films and hydrogels.  

In dry conditions, the self-assembly of cellulose nanocrystals on a polylactic support 

was demonstrated to form few micrometers thick films, characterized by a densely 

packed arrangement of the crystals leaving elongated cavities of about 0.31 nm 

cross section between them. These cavities provide the pathway for gaseous 2H2 

diffusion. Conversely, these films are impermeable barriers for the transport of 

gaseous molecules such as O2 and CO2.  

In aqueous solution, instead, cellulose nanocrystals undergo sonication- or cation-

assisted entanglement, forming soft hydrogels. Na+, Ca2+ and Al3+ crosslink the 

nanocrystals and produce stable hydrogels with structurally ordered domains in 

which water is confined. Since the gelation process is diffusion controlled, small 

hydrogel objects with different size and shape have been designed by the 

coordination-driven assembly of supramolecular rod-like cellulose crystallites, using 

ionotropic gelation as a methodological approach and Ca2+ as a gelling agent.  

In parallel to material characterization, particular attention was devoted to 

the possible exploitation of cellulose nanocrystals-based materials in the biomedical 

field. In this regard, toxicity studies were performed both on the individual 

nanocrystals and on the films and hydrogels resulting from their assembly. 

Moreover, a hybrid cellulose-nanocrystals/chitosan material was developed and 

characterized, which shows some potential to be used as therapeutic delivery 

system in the gastrointestinal tract. Indeed, though a mould assisted gelation 

process, composite hydrogels can be produced, which are degraded by human 

digestive enzymes and release a model protein according to a biphasic kinetic 

profile.  
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Thesis Organization and 
Contribution 
 

In this PhD thesis I reported my three years of work on cellulose-based 

bionanomaterials. During these years, I started from the production and 

characterization of nanocellulose crystallites and then turned to investigate the 

progressively more complex structures created by them in dry conditions (films),  in 

presence of water (hydrogels) and finally in combination with another 

polysaccharide material (hybrid hydrogels). Following the time-course of my 

research, I decided to organize the thesis in three blocks (Part 1, Part 2 and Part 3), 

each one corresponding to a different cellulose-based material (Films, Hydrogels 

and Hybrid Hydrogels). Even if all the parts are interconnected and contribute to the 

aim of understanding the interaction and assembly processes of nanocellulose 

crystallites, each block will be organized independently from the others, with its 

own experimental section, results and conclusions. The three blocks will be 

preceded by a general introduction on nanocellulose and nanocellulose-based 

materials in order to understand the aim of the thesis (Chapter 1) and by a chapter 

describing the preparation and characterization of nanocellulose crystallites, 

building blocks of the structures discussed in the subsequent parts (Chapter 2). 

Chapter 1: Chapter 1 is a general introduction on nanocellulose. As the interest in 

the field and the number of publications are increasing in an astonishing manner in 

the last years, a detailed and exhaustive description of the topic is almost 

impossible in this context. For simplicity, I decided not to go into details, reporting 

only the essential to understand the thesis aim, and refer to recent reviews and 

books for insights.  

Chapter 2: Chapter 2 is focused on the experimental procedure followed to obtain 

TEMPO-oxidized cellulose nanocrystals (TOCNs) and on their characterization. All 

the experiments were performed by me at the Nanolab laboratories, under the 

supervision of Prof. M. Scarpa, apart from TEM images, which were acquired by 

prof. Paolo Bettotti and prof. Yval Golan at the Department of Materials Engineering 

of the Ben Gurion University of the Negev (Israel). 

PART 1 (Chapter 3-4): This first block concerns the study of TOCNs in the form of 

dry films.  All the samples were prepared and optically characterized by me at the 

Nanolab laboratories, under the supervision of Prof. M. Scarpa. The gas 

permeability studies were conducted in collaboration with the IdeA team 

coordinated by prof. Checchetto of the Department of Physics (University of Trento) 
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and performed by Dr. D. Roilo. PALS analysis was performed by prof. W. Egger and 

prof. T. Koschine from the ''Institut fur Angewandte Physik und Messtechnik'' 

(Munich University). SEM images of the samples were acquired by the team of prof. 

Y. Golan at the Ben Gurion University of the Negev (Israel) or by Dr. N. Bazzanella at 

the IdEA Laboratory (University of Trento, Department of Physics). Part of the 

reported results are based on publications III and IV.   

PART 2 (Chapter 5-8): Part 2 focuses on the investigation of TOCN hydrogels.  

In particular, Chapter 6 is based on the measurements performed in collaboration 

with the team coordinated by prof. M. Grassi at Department of Engineering and 

Architecture (University of Trieste) and the Department of Materials Engineering of 

the Ben Gurion University of the Negev (Israel), in order to study the individual role 

of sonication and salt addition to promote the sol-gel transition in TOCN solutions. 

My personal experimental work involved samples planning, preparation and optical 

characterization, while NMR and rheological measurements were performed by Dr. 

M. Abrami from prof. M. Grassi team in Trieste. However, I had the opportunity to 

make a two-days visit to their laboratories and get in contact with the 

instrumentation and experimental techniques. SAXS measurements were 

performed by Prof. Y. Golan and Prof. S. Hazan from the Department of Materials 

Engineering (Israel). The results of Chapter 6 are published in paper I. 

Chapter 7 deals instead with the study of the diffusion and coordination processes 

at the basis of TOCN gelation, trying to exploit a ionotropic gelation approach to 

fabricate hydrogel objects with tunable sizes and dimensions. My work comprised 

the individualization of the experimental techniques enabling to get insight on the 

gelation process and the realization of all the reported measurements. Chapter 7 

was published with minor changes in paper II.  

Finally, Chapter 8 arises from the studies performed in collaboration with the team 

of prof. S. Meschini from the National Center for Drug Research and Evaluation 

(Istituto Superiore di Sanità, Roma) to investigate the toxicity of TOCN hydrogels 

and their precursors. The biological part was followed by Dr. E. Pellegrini, Prof. S. 

Meschini and A. Condello in Rome, while samples preparation, optical and 

mechanical characterization was performed by me at the Nanoscience Laboratories. 

However, also in this case I had the opportunity to perform a two-days visit at the 

Istituto Superiore di Sanità (Roma) and observe MTT assay experiments. The results 

of this Chapter were used to write paper V, currently under review. 

PART 3 (Chapter 9-10): Part 3 finally concerns some preliminary, still un-published, 

attempts performed to combine nanocellulose crystallites with chitosan to obtain 

an hybrid hydrogel material which combines the properties of both nanocellulose 

and chitosan. The aim was to  understand the different but synergistic roles of 
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TOCN and Chitosan as components of a potential hydrogel delivery system, which 

can be digested by human enzymes and used as protein therapeutics delivery 

system in the gastrointestinal tract. All the experiments reported in this part 3 were 

planned and performed by me, under the supervision of Prof. M. Scarpa, with the 

exception of SEM images, which were acquired by Dr. L. Moschini at the Biotech 

Laboratories (Department of Materials Engineering and Industrial Technologies of 

the University of Trento). In particular, I performed the mechanical characterization 

of the hydrogels (rheological tests, compression tests, mucoadhesion 

measurements)  during my period abroad  the at the Institute of Pharmacy of the 

Innsbruck University in the Drug delivery and Powder Technology research Group, 

headed by Prof. A. Bernkop-Schnürch. Release and degradation measurements, 

instead, were performed at the Nanoscience Laboratories. 
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Chapter 1 

An Introduction to Nanocellulose 
 

 

 

 

 

1.1 Introduction 
 

Cellulose represents the most abundant renewable polymer on Earth. Raw cellulose 

has been used for millennia as building material, energy source and component of 

clothing, and is still used nowadays for a wide spectrum of products and materials. 

Only in the last decades however, in concomitance with the explosion of 

nanotechnologies, a new form of cellulose emerged and gained a tremendous level 

of attention in both scientific and industry community. This new bio-nano-material 

is generally referred to as Nanocellulose (NC) and is the result of the isolation, by 

chemical and/or mechanical processes, of the nanoconstituents on which the 

hierarchical architecture of natural cellulose is based. 

The awareness that nanocellulose is a building block with unique combination of 

properties has led to an extraordinary growth of research development and 

patenting.  Moreover, the interest is now moving beyond scientific curiosity and the 

first commercial products are starting to reach the marketplace. Such a fast and 

continuously increasing interest makes sometimes difficult to keep track of all the 

new developments, and an exhaustive description of all the research fronts and 

applications concerning nanocellulose is beyond what I could achieve during my 

PhD and is out of the aims of this thesis.  

For these reasons, in this introductory chapter, I will only provide some basic 

information on nanocellulose research topic, focusing on the aspects which are 

more relevant to understand the aim of my work.  For more exhaustive descriptions 

it is possible to refer to the numerous existing reviews and books which supply up-

to-date overviews of the fundamentals in nanocellulose materials and their 

utilization (Dufresne, 2012; Kargarzadeh et al., 2017; Lee, 2018). 
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Fig. 1.1: Number of publications with respect to the publication year, obtained from Web of 

Science using nanocellulose, cellulose nanocrystals and cellulose nanocomposites as key 

words present in the publication title. 

1.2 From Cellulose to Nanocellulose 
 

Cellulose is a structural polysaccharide, composed of anhydroglucose units (AGUs) 

linked by chemical β(1→4) glycosidic bonds. Two repeating AGUs, having a ''chair'' 

conformation like that shown in Fig. 1.2 (Moon et al., 2011), represent the single 

cellulose repeat unit, the number of which depends on the cellulose source material 

and is of the order 10000-15000. Each unit comprises three hydroxyl functional 

groups: one primary and two secondary groups, which can form hydrogen bonds 

either with other cellulose units or cellulose molecules.  

 

 
Fig.1.2: Single cellulose repeat unit composed of two anhydroglucose units (AGUs) linked by 

chemical β(1→4) glycosidic bonds in a ''chair'' conformation stabilized by hydrogen bonds 

(dotted lines).  

 

Cellulose is synthesized through a complex pathway taking place in plants, animals 

and bacteria (Jr, 1996; Saxena and Brown, 2005). During cellulose biosynthesis, 

multiple cellulose chains are stacked via Van Der Waals and hydrogen bonds (Moon 

et al., 2011) forming cellulose microfibrils, like those schematically shown in Fig. 1.3.  

These microfibrils have diameters around 5-10 nm, lengths of several microns and 
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are characterized by alternating crystalline regions and amorphous domains. In 

nature, elementary cellulose microfibrils are further arranged in larger fibrils and 

fibers and represent the structural polymer that confers their mechanical properties 

to plants cells and other natural cellulose-based systems. 

 

 
 

Fig. 1.3: Schematics of elementary cellulose microfibrils, showing one of the possible 

configurations of crystalline and amorphous domains. 

 

Indeed, wood and plants, which represent the main source of cellulose, are basically 

hierarchical biocomposites formed by amorphous matrices (made by hemicellulose, 

lignin, waxes and trace elements) reinforced by cellulose microfibrils. A graphical 

representation of the hierarchical structure of wood, which spans many length 

scales, is shown in Fig. 1.4. Like in many other biological tissue, the hierarchical 

organization allows to provide maximum strength with a minimum material 

(Dufresne, 2012).  

 

 
 

Fig. 1.4: Graphical description of the hierarchical structure of wood, from macroscopic 

plants down to micrometric fibrils and individual cellulose molecules. Image reproduced 

from (Lavoine et al., 2012) with permission of Elsevier. 
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The use and transformation as well as the ultimate properties of cellulose-based 

materials are dictated at molecular level by the presence, the topological 

distribution and strength of molecular interactions. Among them the most 

important are hydrogen bonds and London dispersion forces (Nishiyama, 2018). In 

particular, the processing of cellulose-based structures consists in loosening or 

overcoming the cohesive interactions in order to reshape and rearrange them. 

 

With the general term Nanocellulose (NC), we define various types of cellulosic 

nanomaterials with at least one of its dimensions less than or equal to 100 nm, 

according to the definition of nanomaterials (Espino-Pérez et al., 2014). 

Nanocellulose is the result of the top-down deconstruction of the hierarchical 

structure of natural cellulose fibers performed in order to isolate the individual 

microfibrils sub-elements.  

NC can be extracted from wood pulp in several ways, by using mechanical, chemical 

or enzymatic methods, and resulting in nanocelluloses with different crystallinities, 

dimensions, surface chemistry and properties (Mondal, 2017). The two most 

exploited techniques to obtain nanocellulose are represented by acid hydrolysis and 

mechanical processes eventually combined with a chemical treatment (Abitbol et 

al., 2016; Klemm et al., 2011).  

By acid hydrolysis with sulfuric acid, cellulose fibrils are cut in correspondence of 

the amorphous domains obtaining highly crystalline particles usually named 

cellulose nanocrystals (CNC), with source dependent dimensions (5-20 nm in 

diameter and 100-500 nm in length for plant sources (Abitbol et al., 2016)) and 

negatively charged sulfate half-ester groups on particles surface.  

Mechanical treatments, such as homogenization, grinding and milling, instead, 

enable to obtain micrometer-long entangled fibrils, known as microfibrillated 

cellulose (MFC), cellulose microfibrils (CMF) or cellulose nanofibrils (CNF), 

containing both amorphous and crystalline regions and having diameters in the 

range 5-60 nm and lengths of more than 1 m (Klemm et al., 2011; Lavoine et al., 

2012). The main obstacle in the individualization of MFC is the high energy required 

for the mechanical disintegration of the initial macrofibers. For this reason, 

mechanical processes are often combined with preliminary chemical treatments 

such as oxidation in presence of catalytic amounts of sodium bromide and 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO). This procedure, known as TEMPO-

mediated oxidation,  allows to convert the primary hydroxyls on microfibrils' surface 

in carboxylate groups (negatively charged at neutral pH), decreasing in such a way 

the energy necessary to overcome the bonds among microfibrils. 

 

It is important to underline that not all nanocellulose materials behave the same, as 

both cellulose source and production process strongly affect particles morphology 

and surface chemistry, resulting in materials with different structures and 
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properties. For this reason, and considering also the increasing number of 

publications in the field of NC observed in the recent years, it is often difficult to 

univocally address all the various kinds of nanocelluloses obtainable and the 

nomenclature used in the past years was not always completely uniform. Fig. 1.5 

reports a recent classification of NC types with the relative standard nomenclature, 

as proposed by the Technical Association of the Pulp and Paper Industry (TAPPI) and 

based on nanocellulose dimensions (Mariano et al., 2014). 

 

 
 

Fig. 1.5: Scheme of the standard terms for cellulose nanomaterials (with length L and 

diameter D), as defined by the Technical Association of the Pulp and Paper Industry (TAPPI).   

Image adapted from (Kargarzadeh et al., 2017).  

 

As will be described in details in Chapter 2, the nanocellulose studied in this thesis is 

obtained by TEMPO-mediated oxidation followed by a mechanical sonication 

treatment.  Considering its production process and the dimensions and morphology 

of the resulting nanocrystallites, it will be denoted in this thesis as TEMPO-mediated 

cellulose nanocrystals (TOCNs). 

1.3 Why Nanocellulose 
 

The higher and higher attention earned by nanocellulose is justified by its  

properties, such as special morphology, high specific surface area,  mechanical 

reinforcement and barrier properties, low weight, alignment and orientation, 

biodegradability, which differentiate it from traditional materials. These properties 

can be generally divided in three classes (Lin and Dufresne, 2014): 
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I. Physical and mechanical properties,  mainly related to nanocellulose 

morphology and degree of crystallinity; 

II. Surface chemical reactivity, due to the ability of hydroxyl groups to form 

hydrogen bonds and to the eventual presence of charged groups. This 

characteristics plays a fundamental role in the interaction properties of NC 

both among itself and with other small molecules determining the 

formation of supramolecular structures and controlling their properties (Lin 

and Dufresne, 2014); 

III. Biological properties, such as broadly biocompatibility and 

hemocompatibility, which makes NC-based materials good candidates for 

biomedical applications (Endes et al., 2016; Halib et al., 2017; Jorfi and 

Foster, 2015; Plackett, 2014). It is however important to underline that 

different results were reported for different forms of NC and further studies 

are required to have a comprehensive and coherent view of the biological 

effect of the different NC materials (Endes et al., 2016).    

In addition to low cost and large availability, nanocellulose possesses the same 

advantages of cellulose in terms of renewability, biodegradability and 

environmental friendship too. Therefore, it is a suitable and promising candidate for 

the replacement of petroleum-based materials as a means of overcoming 

environmental problems.  

 

All these properties make NC a promising material with huge potential in a wide 

range of applications especially in the fields of material sciences and biomedicine 

(Abdul Khalil et al., 2016; Abitbol et al., 2016; Almeida et al., 2018; Habibi et al., 

2010; Halib et al., 2017; Lavoine et al., 2012; Lin and Dufresne, 2014; Mondal, 2017; 

Zheng et al., 2013). 

Moreover, thanks to its nanometric dimensions, high surface area, unique 

morphology, low density, easiness of chemical modification and mechanical 

strength, NC has attracted a great interest in the field of nanocomposites. Indeed, It 

has already been successfully incorporated into a wide range of polymeric matrices 

and used to form ''smart'' hybrid materials with ad hoc properties for specific 

applications (Habibi et al., 2010; Mariano et al., 2014; Moon et al., 2011; Qiu and 

Hu, 2013; Salas et al., 2014).  

1.4 Nanocellulose Self-assembly 

 

With the term self-assembly we refer to the spontaneous formation of structures 

due to competing attractive and repulsive interactions at different length scales 

(Whitesides and Boncheva, 2002). The control of the molecular and supramolecular 

forces and the understanding of the physicochemical phenomena involved in three-
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dimensional self-assembly processes is one of the goals of materials science, as it 

would enable to improve the performance of already existing materials and the 

design of novel functionalities (Kargarzadeh et al., 2017). 

 

The self-assembly of polysaccharide chains and the hierarchical organization from 

the molecular to the macroscopic scale are intrinsic and striking properties of 

cellulose. As already said, cellulose structure is based on extensive non-covalent 

interactions, in particular hydrogen bonding between hydroxyl groups and their 

counterparts and London dispersion forces, related to temporary polarization 

phenomena (Klemm et al., 2005; Nishiyama et al., 2003, 2002). One of the major 

challenges in the processability of cellulose and its conversion to nanocellulose is 

overcoming these non-covalent interactions, typical of polysaccharides (Bechtold et 

al., 2013). Despite the numerous studies on cellulose, few quantitative information 

can be found on the role of the individual types of interactions to the overall 

properties. In a recent work (Nishiyama, 2018), the contribution of intermolecular 

hydroxyl hydrogen bonding to the cohesion of cellulose was estimated from the 

empirical correlation between heat of formation and shifts of hydroxyl groups IR 

stretching bands relative to the isolated molecule and reported to be approx. 20 kJ 

mol-1. At the same time, however, molecular modeling showed that the main 

contribute (50-70%)  for cellulose overall stabilization comes from the short-range 

component of additive London dispersion forces, globally estimated to correspond 

to an equivalent compression pressure of around 3-4 GPa (Nishiyama, 2018). 

Finally, also the notions of hydrophobicity and amphiphilicity of cellulose have 

recently been considered as important factors to explain the molecular interactions 

and properties of cellulose (Medronho et al., 2015; Medronho and Lindman, 2015). 

 

Once the original cellulose interactions have been overcome and NC has been 

isolated from cellulose sources, NC tries to self-arrange in new structures, 

depending on the chemical surroundings. Also in this case, the formed structures 

and their properties are mainly governed by the formation of new strong 

interactions through London dispersion forces and hydrogen bonding, which are 

now exacerbated by nano-scale dimensions and high aspect ratio of nanocellulose 

(Mariano et al., 2014). Moreover, the eventual introduction of charged groups on 

cellulose microfibrils during the production of NC further increases the surface 

reactivity of the material.  

As a consequence, the knowledge of NC molecular interactions and structural 

organization is fundamental in order to fully exploit the potential of NC materials in 

practical applications. In this sense, among the general strategic recommendations 

proposed by the European Polysaccharide Network of Excellence (EPNOE) for 

research in the field of polysaccharides, there is the theme of bio-assembly, that is 
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the investigation of the structures formed by polysaccharide in complex biological 

systems (Persin et al., 2011).  

Therefore, the challenge consists in understanding the interaction occurring 

between NC and chemical surrounding, which can for example be represented by 

other NC or low molecular weight components present in the solid phase, water or 

other chemicals (in particular gas molecules) adsorbed from the surrounding 

atmosphere or aqueous solutions containing dispersed polymers, proteins, low 

molecular weight compounds or salts (Bechtold et al., 2013). 

 

Many literature works and some reviews can be found in literature on the self-

assembly of NC (Habibi et al., 2010; Lagerwall et al., 2014; Mariano et al., 2014), but 

most of them are focused on cellulose nanocrystals (CNC) obtained by acid 

hydrolysis and on their arrangement in lyotropic liquid crystallite assembly and 

chiral nematic films (Chen et al., 2014; Dumanli et al., 2014; Liu et al., 2014; Picard 

et al., 2012). However, the TOCN crystallites investigated in this thesis were not 

observed to form such regular and periodic structures. This fact can be ascribed to  

the particular preparation procedure of TOCN crystallites, which will be described in 

Chapter 2. As already said, nanocelluloses are objects with nanometer-scale lateral 

dimensions but variable lengths, morphology and surface charge, depending on the 

production method and cellulose source. These differences are reflected in 

different interaction properties and assembly structures. Also the extraction 

processes often result in a broad size distribution, especially in the case of NC not 

obtained by acid hydrolysis, which does not allow the formation of well-defined or 

even periodic three-dimensional structures (Kargarzadeh et al., 2017).  

Apart from liquid crystals, other self-assembly processes reported for NC are the 

formation of layered structures (films) by coalescence processes and the 

arrangement in networks (solvent swollen hydrogels or dried areogels). It is well 

known that both cellulose and nanocellulose have a strong affinity to materials like 

water which contain hydroxyls and are thus excellent competitors for inter-

crystallites hydrogen bonds. Moreover, as already seen, also London dispersion 

forces are known to play an important role for the stabilization of the structures 

formed between the two reactive entities (Chami Khazraji and Robert, 2013). As a 

consequence,  it is expected that NC self-assembly strongly depend on the presence 

of water and on the formation of molecular associations with it (Kamida et al., 1984; 

Li et al., 2012; Liu et al., 2011).  Important advances have been recently achieved in 

the understanding of NC aggregation behavior (Nyström, 2018) and in the control of 

NC assembly by different methods like flow assisted techniques (Mittal et al., 2018) 

or interfacial complexation (Zhang and Liimatainen, 2018). Different scaled-up 

processing strategies have been developed too, for the application of NC in the 

fields of biomedicine (Yang and Li, 2018), energy (Chen et al., 2018; Wang et al., 

2017), printed electronics (Hoeng et al., 2016) and infrastructures (Vo and Navard, 
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2016). Moreover, experimental measurements are being recently combined with 

multiscale models and atomistic simulations to better understand the mechanisms 

that determine NC structure and behavior at different length scales (Martin-

Martinez, 2018). Nevertheless, many questions about NC interaction-driven 

structural organization are still open. For example details about the structures 

created in terms of porosity, crosslinking and voids among NC are often missing. 

 

 

1.5 Aim of the Thesis 

 

The aim of this thesis was to isolate cellulose nanocrystals exploiting TEMPO-

mediated oxidation followed by a mechanical sonication treatment and investigate 

their assembly processes through weak interactions among them and with small 

molecules, like water or ions.  

With the purpose of getting more information on the structures formed by TEMPO-

oxidized cellulose nanocrystals both in dry conditions and in presence of water, I 

focused, after a preliminary characterization of TOCNs, on the study of TOCN films 

(PART 1) and TOCN hydrogels (PART 2). Finally, the last part of my work (PART 3) 

was devoted to the investigation of the hybrid hydrogel structures resulting from 

the combination of nanocellulose with low molecular weight chitosan.  

 

 
 

Fig. 1.6: Scheme showing the rational under both my research and this thesis organization. I 

started from the isolation and characterization of TOCNs (showed in the TEM image in 

figure)  and then turned to investigate their assembly processes through weak interactions 

to produce films, hydrogels and hybrid materials (which will be treated in three separate 

parts of this thesis). 
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In parallel to material characterization, I focused my attention also to the possible 

exploitation of TOCNs-based materials in the biomedical field. In this regard, a 

specific chapter (Chapter 8)  was dedicated to the investigation of TOCN crystallites 

and hydrogels toxicity and all the investigations reported in PART 3 were performed 

in view of a possible exploitation of hybrid nanocellulose hydrogels as therapeutics 

delivery system in the gastrointestinal tract.   

 

In the following subsections I will briefly provide the state of the art of 

nanocellulose research on the specific topics of nanocellulose films, hydrogels and 

hybrid hydrogels and introduce more into details my specific research work on 

these topics. 

 

1.5.1 Nanocellulose Films  

 

Transparent, self-standing nanocellulose films can be obtained starting from 

nanocellulose solutions by vacuum assisted drying or simply casting evaporation 

techniques. Nanocellulose-based films have caught much attention in the recent 

years, thanks to their peculiar properties. The large aspect ratio of nanocellulose 

fibrils/crystallites and their ability to form intra- and inter- fibrillar hydrogen bonds 

permit them to assemble in dense films exhibiting high optical transparency and 

low gas permeability (Moon et al., 2011). Beyond transparency and barrier 

properties, also their thermal, mechanical and swelling properties have being 

largely investigated (Fukuzumi et al., 2013a; Klemm et al., 2011) and make NC films 

a promising material for disparate applications, among which printed electronics 

(Hoeng et al., 2016), packaging (Abdul Khalil et al., 2016; F. Li et al., 2015b), and 

photonics (Abitbol et al., 2016).  

In a previous work, I collaborated to an investigation concerning the actuation 

mechanism induced in TOCN films by their exposure to water gradients: these films 

are able quantitatively convert the intensity of the gaseous water flux into a fast, 

reversible bending movement. The actuation is due to the interaction between 

TOCN crystallites and adsorbed water molecules, which induces a structural 

rearrangement of the of TOCNs on the exposed surface layers of the film (Bettotti 

et al., 2016). The ability of cellulose-based films to interact with water at molecular 

level and consequently change shape or dimensions has been recently exploited to 

design moisture-responsive cellulose-based materials, miming the humidity-driven 

bending, unbending, curling and twisting movements observed in plants (Almeida et 

al., 2018). 

 

Considering the structure investigation of nanocellulose-based films, many efforts 

were devoted to understand the liquid-crystalline self-assembly of CNC in ordered 
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helical structures, which enables to obtain iridescent films with unique and tunable 

optical properties (Giese et al., 2015; Lagerwall et al., 2014; Majoinen et al., 2012; 

Usov et al., 2015). At the same time, it is known that both the morphology and 

dimensions of nanocellulose fibers/crystals  (Fukuzumi et al., 2013b) and the 

process leading to films formation, that is the drying process (Klemm et al., 2011; 

Müller et al., 2014; Ul-Islam et al., 2013), heavily affects the structure and 

properties of the resulting material. Indeed, the coalescence of nanocellulose 

fibers/crystals is a not fully understood phenomenon, as a number of different 

interactions can occur during the drying (such as cross-linking between adjacent 

nanofibers/crystals) and many processes can contribute to it (Pönni et al., 2012). 

The first part of my research on nanocellulose films was devoted to the 

investigation of the self-organization of TOCNs in absence of water, with the 

purpose of better understanding the specific arrangement of TOCNs and the 

structures created as a consequence of the casting and drying process. 

 

Among the possible applications, nanocellulose films are being much studied 

nowadays as green alternatives to petroleum-derived polymer materials in the 

packaging technology, thanks to their gas barrier properties. Indeed, different 

literature works (Aulin et al., 2010; Rodionova et al., 2011; Syverud and Stenius, 

2009) report O2 permeability values for nanocellulose films with thicknesses in the 

micrometer range similar to those achievable with the synthetic polymers 

commonly used in packaging applications (ethylene vinyl alcohol EVOH, poly(vinyl 

alcohol) PVA). Moreover, CNF have been demonstrated also to act as gas 

permeation barrier when deposited as sub-micrometer thick coating on commercial 

polymers (Fukuzumi et al., 2009). The performance of nanocellulose films as gas 

barrier was reported to depend on a series of factors, among which not only the 

temperature (Bayer et al., 2016) and nature of penetrant molecules (Fukuzumi et 

al., 2011) but also nanocellulose structure and chemical properties such as 

entanglement (Belbekhouche et al., 2011), length (Fukuzumi et al., 2013b) and 

surface functionalization (Fukuzumi et al., 2013a). The second part of my research 

on nanocellulose films was thus focused on the study of the permeation properties 

of hybrid TOCN/ polylactic acid (PLA) films, where PLA was used as a substrate to 

enable gas permeation studies. Also in this case, my aim was the extrapolation of 

important structural information from permeation studies as well as the practical 

possible exploitation of TOCN/PLA films as gas barrier films. 

 

1.5.2 Nanocellulose Hydrogels 

 

A hydrogel can be defined as a three-dimensional matrix, produced by chemical or 

physical crosslinking of soluble building blocks (usually polymers), able to retain 
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large amounts of water in a swollen state. Thanks to their simplicity of fabrication, 

tunable 3D structure, versatile physical characteristics and wide range of 

applications, hydrogels are considered nowadays among the materials of the future 

(Buwalda et al., 2017; Kopeček, 2007; Milroy and Manthiram, 2016). In particular, 

their hydrophilic nature, adequate flexibility and viscoelastic properties similar to 

those of native tissues suggest them as promising candidates for biomedical 

applications (Khademhosseini et al., 2009.; Gauvin et al., 2012). 

Polysaccharides are important hydrogel precursors (Pasqui et al., 2012): indeed gel 

formation is facilitated by their high hydrophilicity and by the presence or 

introduction by chemical modification of different charged functional groups on the 

native polymer chains, which are involved in the gelation process (d’Ayala et al., 

2008; Nie et al., 2016). In particular, nanocellulose, thanks to its surface properties, 

can easily form hydrogel structures, even at low concentrations and many literature 

studies report the self-assembly of NC or NC-composites into soft hydrogels (McKee 

et al., 2014; Pääkkö et al., 2007), characterizing them in terms of macroscopic 

parameters such as mesh size, charge density, gelation rate, mechanical 

performances, or stability (Bonilla et al., 2016; Lasseuguette et al., 2008; Li et al., 

2016; Yang et al., 2017). However, differently from common polysaccharides, NC 

fibers and crystallites cannot be considered as ''conventional polymers'' (de Greef 

and Meijer, 2008) as they belong to the class of supramolecular structures, able to 

self organize and generate macroscopic objects stabilized by networks of weak 

bonds (Ikkala and ten Brinke, 2002). Moreover, while flexible NC fibers containing 

amorphous regions are described as excellent hydrogel precursors, NC rod-like 

crystallites are often considered ill-suited as single components of gels, due to their 

intrinsic rigidity and reduced ability to entangle into a network (De France et al., 

2017). In this context, rheology experiments show that the behavior of NC 

suspensions is strongly dependent on NC production: mechanical fibrillation 

without chemical modification produces suspensions with flocculated structure, 

while NC which underwent chemical processes produces suspensions with better 

colloidal stability (Nechyporchuk et al., 2016b).  Static and dynamic rheological 

experiments on rod-like TOCNs hydrogels suggest that liquid crystal domains 

consisting of self-organized ordered structures are present in TOCNs (Wu et al., 

2014). It is also known that divalent or trivalent cations (Ca2+, Zn2+, Cu2+, Al3+, and 

Fe3+) induce gelation of negatively charged TOCNs and form interconnected porous 

nanofibril networks (Dong et al., 2013b). Dynamic viscoelastic measurements 

performed on these gels and SEM images measured on dried samples (Zander et al., 

2014) reveal storage moduli and mesh sizes strongly related to the valence of the 

metal cations and their binding strength with carboxylate groups.  Despite the large 

interest on NC hydrogels and their applications, several basic aspects regulating NC 

properties and its interaction with the environment are still unclear. In particular, 

little is known about its interaction with water molecules and the contribution of 
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hydrogen bonds. Moreover, as the number of hydrogels potential applications 

increases, it is important to be able to control the local structure of the hydrogels 

and develop strategies to tune their sizes and shapes in a precise and reproducible 

manner. In this general context are located my investigations of TOCN hydrogels, 

which will be reported in Chapter 6 and Chapter 7.  

 

More into details, the aim of the studies reported in Chapter 6 is the better 

understanding of the mechanical and chemical sol-gel transition process from TOCN 

solutions to TOCN hydrogels induced by sonication and salt addition. As already 

said, hydrogels are materials which contain huge amounts of water and water is an 

excellent competitor for intra- and inter- fibril hydrogen bonds. Different dynamic 

regimes of the water molecules have been observed within and on the surface of 

polysaccharide-based or synthetic hydrogels: free interstitial water which does not 

take part in hydrogen bonds with hydrogel molecules; bound water, which is 

directly bound to the chains and semi-bound water, with intermediate properties 

(Jhon and Andrade, 1973; Pasqui et al., 2012). In this regard, TOCNs behave as a 

typical polysaccharide and their structure and dynamics in solution are expected to 

strongly depend on electrostatic bonds and on the surface available for their 

occurrence. However, being TOCN hydrogels formed by the assembly of rigid 

nanostructures rather than polymer chains, the behavior of water molecules inside 

them could substantially differ from that in more traditional hydrogels. For this 

reason, during our investigations, particular attention was given to the presence 

and the dynamic behavior of water molecules inside TOCN hydrogels.  

 

The studies reported in Chapter 7 are focused on the dynamics of the gelation 

process. It is based on the coordination-driven assembly of TOCN crystallites in 

aqueous solutions and on the use of ionotropic gelation as methodological 

approach to fabricate small hydrogel objects, in an easy, fast and reproducible 

manner. Ca2+ was chosen as gelling agent for the possibility to monitor its 

concentration and presence by colorimetric methods. The control of the local 

structure of the hydrogels and the development of strategies to tune their sizes and 

shapes in a precise and reproducible manner are indeed fundamental in order to 

increase the possibilities of TOCN hydrogels applications.  

Ionotropic gelation is a commonly used method to form polyelectrolytes hydrogels, 

and in particular polysaccharides hydrogels, exploiting the diffusion of multivalent 

counter ions (Patil et al., 2010). Two main different types of ionotropic gelation 

processes exist: external ionotropic gelation and inverse ionotropic gelation. In the 

first case, a polyelectrolyte suspension is dropped in a solution containing the 

counter ion, which gradually moves inward from the outer counter ion reservoir to 

the inner hydrogel meanwhile it is formed. Instead, in inverse ionotropic gelation 

the counter ions diffuse outward from an inner discrete core into an external 
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polyelectrolyte pool (Patil et al., 2012). Despite being a largely used technique, 

especially for pharmaceutical preparations, the dynamics underlying the gelation 

process is still poorly understood, since diffusion, osmotic swelling, electrostatic 

interactions, coordination complexes and polyvalent hydrogen bonding networks 

contribute to the gel formation (Leong et al., 2016; Pasqui et al., 2012). As a 

consequence, the understanding of mechanism and kinetic of gelation are 

fundamental if complex hydrogel microstructures such as fibres, hollow beads, 

scaffolds or anisotropic and compartmentalized particles are required.  

 

Finally, the last part of my researches on TOCN hydrogels (Chapter 8) was devoted 

to study the toxicity of TOCN hydrogel membranes in view of their possible 

application as skin patches, in particular for the photodynamic therapy of 

melanoma. Indeed, hydrogels are good candidate materials for patches production, 

because their high water content, softness and flexibility properties preserve skin 

hydration, avoiding dryness and depletion of epidermal barrier properties, which 

are often associated to skin diseases or are side effects of the therapy. NC offers 

several advantages with respect to other hydrogel precursors of natural origin, such 

as the easy production process and the quite low cost (De France et al., 2017; 

García et al., 2016).  

However, the toxicity topic still remains an open question. Hazard assessment 

studies have been performed mainly for nanocellulose fibers (NCF) (Catalan et al., 

2017) and NCF hydrogels (Basu et al., 2017),  reporting low cytotoxicity and no DNA 

or chromosome damage in the first case and good cell viability and no adverse 

immunological response in the second. Conversely, considering nanocellulose in the 

form of nanocrystals (CNC), only few cell cultivation experiments consisting in the 

monitoring of growth propagation and activity of cells in CNC hydrogel scaffolds 

have been reported (Lin and Dufresne, 2014).  In the context of toxicity studies, the 

correctness of the methodologies used to probe the safety of a medical device is an 

important concern, as opposite results can be obtained using two different assays 

(Hua et al., 2014). In this regard, the International Standard protocol ISO 10993-1 

and DIN EN ISO 10993-5:2009 (STANDARD, 2009), which was originally developed 

for the biological evaluation of non-degradable materials in medical devices, 

suggests to test each component material, including impurities, and constituents 

associated with processing together with the device, both in direct and indirect 

contact. Following these suggestions, we evaluated the biosafety not only of the 

hydrogel device (produced by crosslinking TOCNs with mono and divalent cations) 

but also of each component material (in particular, TOCN solutions and salt 

solutions) in cultures of malignant melanoma cells A375. 
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1.5.3 Hybrid Nanocellulose-chitosan hydrogels 

 

As already said, NC hydrogels possess unique and interesting properties which make 

them promising materials in several fields. However, while these properties well 

meet the requirements of some applications, they are not optimal (or not enough) 

for others. As an example, the high stability of NC hydrogels in common solvents 

can become an obstacle if materials that degrade in time are required. Recently, 

many attempts have been done to produce hybrid materials, made of NC and other 

precursors (natural or synthetic polymers or particles) in such a way to take 

advantage from the characteristic properties of both of them and obtain materials 

with ad-hoc properties for specific applications (Chang and Zhang, 2011; De France 

et al., 2017; Salas et al., 2014).  

 

In order to obtain a hydrogel material which can be digested by human enzymes 

and used as protein therapeutics delivery system in the gastrointestinal tract, we 

combined TOCN with low molecular weight Chitosan. Chitosan is a linear 

polysaccharide derived by deacetylation of chitin and composed of randomly 

distributed N-acetyl-D-glucosamine and D-glucosamine units, the latter containing 

primary amines, which are positively charged at acidic-neutral pH (pKa 6.4). 

Chitosan is a biocompatible, biodegradable material much used in the biomedical 

field (Anjum et al., 2016; Kong et al., 2010; Kumar et al., 2004; Shahidi et al., 1999), 

however its poor mechanical stability and low mechanical strength limit its fields of 

applications as pure material (Zhou et al., 2014). The combination of chitosan and 

TOCNs allows the development of a new biomaterial, which could exhibit properties 

not achievable by the two individual components. In our case, TOCN/Cht 

nanocomposite hydrogels are expected to be mechanically strong and stable in 

Phosphate Buffered Saline (PBS), but at the same time undergo digestion by human 

enzymes such as lysozyme (Muzzarelli, 1997).  

Moreover, chitosan could eventually confer interesting mucoadhesive properties to 

the hybrid hydrogel material. Indeed, chitosan mucoadhesion properties have been 

widely studied and documented (Bonferoni et al., 2009; Ganguly and Dash, 2004). 

Mucoadhesive materials, that is synthetic or natural macromolecules capable of 

attaching to mucosal surfaces, are nowadays gaining more and more attention as 

promising drug delivery strategies for various administration routes, such as nasal, 

ocular, vaginal and oral (Boddupalli et al., 2010; Peppas et al., 2006; Peppas and 

Sahlin, 1996). This interest is due to the fact that they are able to prolong the 

residence time of the material and to improve the specific localization of drug 

delivery systems on various membranes (Grabovac et al., 2005; Lee et al., 2016). In 

particular, the use of mucoadhesive intestinal devices appears as a novel delivery 

technique for the effective administration of peptide/protein-based therapeutics, 

whose instability in the gastrointestinal tract and poor permeability across 
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biological membranes would otherwise necessitate their parental administration 

(Banerjee et al., 2016).  

Even though several recent literature works report the use of chitosan and 

cellulose-based materials to produce hybrid composites (Borysiak and Grząbka-

Zasadzińska, 2016; Grande et al., 2017; Riva et al., 2015), most of them are focused 

on the formation of films (Poonguzhali et al., 2017; Toivonen et al., 2015), or 

hydrogels produced from commercial cellulose acetate or carboxymethyl cellulose 

(Duan et al., 2015; Singh et al., 2017) or CNC obtained through acid hydrolysis 

(Sampath et al., 2017; Udeni Gunathilake et al., 2017). Very little can be found 

instead on the combination between TOCNs and chitosan (Toivonen et al., 2015; 

Zhou et al., 2014).  

 

With the aim of understanding the different but synergistic role of TOCN and Cht as 

components of a potential hydrogel delivery system, the last part of my PhD studies 

was devoted to set up a procedure to obtain TOCN/Cht hydrogels with cylindrical 

shape, characterize their structural and mechanical properties and investigate the 

drug release and hydrogel matrix degradation in vitro.  A medium-sized protein such 

as bovine serum albumin (BSA) was chosen as protein drug model, while lysozyme 

was utilized as a representative example of human digestive enzymes, since 

chitosan is thought to be degraded in vertebrates predominantly by lysozyme and 

by bacterial enzymes in the colon (Kean and Thanou, 2010). As in the previous parts 

of the thesis, particular attention was devoted to the characterization of the 

material itself, envisaged as the starting point to understand the properties of the 

final product.  

 

1.6 Characterization techniques 
 

The study of TOCN interaction and assembly processes required the combination of 

a wide number of techniques, which investigated and characterized the resulting 

materials from different perspectives: structurally, chemically, mechanically and 

biologically. Here I briefly report the main experimental methodologies exploited, 

with particular focus on the structural characterization techniques. 

 

1.6.1 Structural characterization 
 

A first category of techniques traditionally used to characterize the structure of 

materials is represented by microscopy. Apart from more traditional methods like 

optical microscopy, in these thesis electron microscopy (scanning electron 

microscopy SEM and transmission electron microscopy TEM) and atomic force 
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microscopy (AFM) were used to investigate TOCN-based structures. By these 

techniques, high resolution images can be obtained, whose analysis allowed to get 

information about crystals morphology, their arrangement and the porosity and 

surface properties of the structures created.  However, SEM and TEM require a 

significant sample manipulation. While this is not a problem in the case of dried 

samples like fibrils or films, the drying procedure can cause a partial shrinkage or 

collapse of 3D aqueous structures, like hydrogels, hindering a quantitative analysis. 

On the other hand, AFM does not require complex samples preparation procedures 

but enables the mechanical characterization and imaging only of surfaces. 

Moreover, the structural and morphological information supplied by all these 

microscopy techniques is restricted to the local area/volume where the analysis is 

performed. 

For these reasons, in parallel to structural characterization by electron and atomic 

force microscopy, other techniques were used to indirectly get information about 

the assembly of nanocellulose crystallites.  

The structural investigation of the compact assembly of TOCNs in films required 

techniques which enable to get information about the low porosity of the material. 

Positron annihilation lifetime spectroscopy (PALS) analysis and gas permeation tests 

were performed to indirectly get insight on the voids present in the films, through 

the behavior of positrons and gas molecules inside them.  

Turning instead to consider hydrogels, the main problem encountered in the study 

of their structures was their high water content. Indeed, the presence of water is 

strongly related to the properties of the material but, at the same time, is 

incompatible with many instrumental techniques that require vacuum conditions 

and/or absence of water. The methods here exploited to investigate the nanometric 

structure of the hydrogels networks and get information about their porous 

assembly were rheology, low-field nuclear magnetic resonance (LF-NMR) and small 

angle x-ray scattering (SAXS).  

 

1.6.2 Other characterization techniques 

 

Among the other experimental approaches utilized in this thesis work, there were 

optical and spectroscopic techniques like UV-Vis spectroscopy (to evaluate the 

transparency and homogeneity of the materials), Fourier-Transform Infrared 

Spectroscopy (FTIR) (to monitor the presence and coordination of functional 

groups) and Fluorescence Spectroscopy (to follow release kinetics from hydrogels). 

Moreover, the mechanical characterization of hydrogel samples was performed by 

compression tests and mucoadhesion experiments (in addition to the already cited 

rheological measurements) and colorimetric methods were used to study the 

diffusion processes inside hydrogel structures.  
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Finally, the bio-compatibility and toxicity properties of TOCNs and TOCN based 

materials were evaluated studying their influence on cell viability in vitro through 

MTT assays,  phase contrast microscopy and confocal laser scanning microscopy. 

1.7 Conclusions 
 

As briefly introduced in this chapter, NC appears nowadays as a promising material 

with possible applications in a wide range of fields. Despite the increasing interest 

on the topic, many aspects regulating NC self-assembly and interaction properties 

are still unclear. The knowledge of these properties is however fundamental as they 

determine the final structure and behavior of NC-based materials. 

The aim of my work was therefore the investigation of the assembly processes of 

cellulose nanocrystals,  obtained from TEMPO-mediated oxidation of cellulose pulp 

followed by sonication, in  different environments. In particular, I considered TOCNs 

assembly: 

 in absence of water, with the purpose of getting information about the 

dense structure of TOCN films,  

 in presence of water, in order to better understand TOCNs-water 

supramolecular interaction through hydrogen bonds and weak forces and 

be able to control the properties, size and shape of the resulting hydrogels, 

 in combination with chitosan, obtaining a hybrid polysaccharide material. 

 

The influence of assembly/interactions processes on the final properties of TOCN-

based structures was exploited to evaluate some possible applications of TOCN-

based materials. In particular, I focused on: 

 permeation studies of TOCN films, envisaged as possible gas barrier 

materials, 

 toxicity studies on TOCN hydrogel membranes and precursors, in view of 

their possible usage as skin patches, 

 development of hybrid TOCN-chitosan hydrogels, which could be used as 

delivery system in the gastrointestinal tract. 
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CHAPTER 2: 

TEMPO-oxidized cellulose 

Nanocrystals 

 

 

 

The aim of this Chapter 2 is to describe the methods used in this thesis work to 

produce TEMPO-oxidized cellulose nanocrystals (TOCNs) and provide a basis 

characterization of them, in terms of morphology, dimensions and chemical 

composition. It is important to underline here that TOCNs are the fundamental 

building block from which both films and hydrogels are assembled. In this sense, 

their characterization is the starting point from which all the subsequent 

investigations can move on and differentiate. 

The procedure exploited to obtain cellulose nanocrystals is a slightly modified 

version of the method developed by Saito et al. in 2006 (Saito et al., 2007, 2006). It 

consists of two-steps: the first one is the oxidation of cellulose soft pulp, while the 

second one is a sonication process, which enables the individualization of the 

TOCNs.  

Considering the Chapter organization, in Section 2.1 a general description of the 

oxidation process, known as TEMPO-mediated oxidiation, will be reported. Section 

2.2 will be focused on the details of the experimental procedure exploited to obtain 

TOCNs and on the techniques used to characterize them. Finally,  in Section 2.3 the 

results of TOCNs preparation and characterization will be presented.  

 

2.1 Generalities on TEMPO-mediated oxidation of cellulose 
 

Different top-down strategies exist to deconstruct the hierarchical structure of 

cellulose natural fibers and extract its structural micro-nano sub-elements (Jonoobi 

et al., 2015; Mondal, 2017; Nechyporchuk et al., 2016a). The main obstacle in the 

conversion from pure cellulose to its constituting micro-nano elements is 

represented by the presence of numerous hydrogen bonds between microfibrils, 

which hinder the isolation of nano-sized structures. Among the different 

approaches, there are preprocessing tricks which facilitate the separation by 

weakening the interfibrillar hydrogen bonds. An efficient and increasingly used 

strategy is the oxidation of cellulose with 2,2,6,6-tetramethyl piperidine -1-oxyl 
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(TEMPO) in aqueous solution (Isogai et al., 2018). The main advantage of TEMPO-

mediated oxidation with respect to other methods of microfibrils separation is that 

it introduces carboxylic groups negatively charged at pH > 4. In this way, an 

electrostatic repulsion between microfibrils is created. This repulsion overcomes 

the interfibrillar hydrogen bonds that otherwise held the microfibrils together, 

decreases the energy consumption otherwise required to defibrillate cellulose 

(Lavoine et al., 2012) and guarantees high weight recovery ratios (higher than 80%). 

More into details, by the TEMPO-mediated oxidation process catalytic amounts of 

TEMPO and sodium bromide (NaBr) are dissolved in cellulose solution at pH 10.5-11 

and oxidation starts by the addition of sodium hypochlorite (NaClO) as a primary 

oxidant. The primary oxidant is required because TEMPO radical, although its not 

negligible oxidation potential, needs to be converted into the more powerful 

nitrosonium salt in order to function as an efficient oxidant of organic substances. 

As long as the reaction goes on, carboxylic groups are generated and are in 

equilibrium with their anionic form (carboxylates) depending on the pH of the 

solution. A scheme of the oxidation process of the C6 primary hydroxyl groups of 

cellulose by TEMPO/NaBr/NaClO in water is reported in fig 2.1. Only the C6 primary 

hydroxyls exposed on the surface of crystalline cellulose microfibrils are expected to 

be converted to sodium carboxylates groups (Moon et al., 2011).  

 

 
 

Fig. 2.1: Scheme of TEMPO/NaBr/NaClO oxidation of the C6 primary hydroxyls of cellulose 

in water at pH 10.5-11. The nitrosonium ion is continuously regenerated in situ by the 

primary oxidant, as shown in the central part. Image taken from (Isogai et al., 2018) with 

permission of Elsevier. 
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2.2 Materials and Methods for TOCNs preparation and 

characterization 
 

2.1.1 TOCNs preparation  

 

The starting material from which the cellulose nanocrystals produced and studied in 

this work were prepared is never dried soft bleach pulp (Celeste90), which we 

received from SCA-Ostrand (Sweden).  

As already introduced, TOCNs were obtained following a two-steps procedure 

consisting firstly in the TEMPO-mediated oxidation of cellulose soft pulp and then in 

a sonication process. 

Going more into details and starting from the first step, 1 g of cellulose was 

suspended in 100 mL distilled water, stirred with a magnetic stirrer at room 

temperature for 1 hour and then sonicated for 30 min in a 350 Watt ultrasonic bath 

in order to obtain a more homogeneous suspension of cellulose. After that, 0.016 g 

of TEMPO, 0.1 g of NaBr  and 1.75 mL of NaClO (6-14% active basis) were added to 

the slurry under vigorous stirring.  1 M NaOH was continuously added to the 

reaction mixture to maintain the pH between 10.5 and 11 during the reaction. 

Oxidation ended when no more NaOH was consumed and the pH of the solution did 

not change anymore, meaning that no further consumption of alkali was taking 

place. At this point the pH was lowered to 7.0 by washing the slurry with distilled 

water (400 mL) for at least 10 times, ending up with an aqueous  suspension of 

cellulose oxidized nanofibers with concentration around 3 mg mL-1. 

Once TEMPO-mediated oxidation has taken place, the second step consisted in the 

mechanical disintegration of the oxidized cellulose through an ultrasonic treatment, 

by which transparent TOCN aqueous solutions were obtained. For this purpose, a 

Bandelin Sonopuls HD 2200 ultrasonic homogenizer with a 13 mm diameter 

ultrasonic tip was used. The oxidized cellulose slurries were divided in 50 mL 

aliquots and sonicated for 4 min at 20 kHz frequency and 100 W output power. The 

sonicated solution was then vacuum filtered over a 1.2 m cellulose ester Millipore 

filter to remove residual coarse fibrils. To obtain the desired concentrations, TOCN 

solutions were concentrated by a rotary evaporator (Laborota 4000 efficient,  

Heidolph) connected to a vacuum pump. 

 

2.1.2 TOCNs characterization  
 

Fourier Transform Infrared (FTIR) spectra of TOCNs were acquired using a micro-

FTIR Nicolet iN10 spectrophotometer equipped with a liquid nitrogen cooled 

detector.  Samples were prepared by casting TOCN solutions on Petri dishes and 
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drying them at 60°C in an oven obtaining, after water evaporation, free standing 

films (whose preparation and properties will be described in detail in Part 1 of this 

thesis),  which were placed on a perforated metal disk and scanned in transmittance 

mode in the range 750-4000 cm-1 with a 4 cm-1 resolution. 

The carboxylic content of TOCNs was evaluated by conductometric titration using a 

HD 2256.2 (Delta Ohm) conductimeter. Procedure parameters and data analysis  

were chosen and done according to Saito et al. (Saito and Isogai, 2004) and Fras et 

al. (Fras et al., 2004). The conductance of 100 mL of TOCN aqueous solution ( 1 mg 

mL-1) was measured as a function of the volume of 0.1 M NaOH added solution, 

considering that an increase or decrease of conductance is primarily due to the 

concentration of H+ and OH- ions.  50 L of 1 M NaCl were added to the TOCN 

solution in order to have an equal distribution of mobile ions between the fibers 

and in the bulk solution and have a better accuracy in the determination of the 

number of carboxylic groups. The TOCN solution was initially brought to pH 2.7 by 

addition of 1 M HCl to neutralize all the carboxylic groups. After that, the pH was 

gradually raised adding 0.1 M NaOH and the values of conductance registered. 

The morphology and dimensions of TOCNs were investigated by microscopy 

techniques. In particular, we used both atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). AFM images were acquired using an AFM 

NT-MDT P47H scanning probe microscope operated in semi-contact mode and 

elaborated with the software Gwyddion (Nečas and Klapetek, 2012). For the sample 

preparation, two different techniques were used. In one case, a drop of diluted 

TOCN solution was deposited on a silicon substrate and dried in oven at 60°C. In 

alternative, TOCNs were deposited on glass slides (previously treated in an ozone 

cleaner) by a dip coating procedure. By this technique, the cleaned and vertically 

aligned slides were immersed in a diluted TOCN solution (0.25 mg mL-1) and then 

raised up  at a constant speed (27 mm min-1). Also in this case, samples were dried 

in oven at 60°C before measurements. TEM images were acquired by a FEI Tecnai 

12 G2 TEM operated at 120 kV. For this purpose, 5 L of an aqueous TOCN solution 

were placed on a 300-mesh copper grid coated by a support carbon film (Ted Pella 

Inc.). After 1 min the excess fluid was removed and the grids were negatively 

stained with 2% uranyl acetate in water for 1 min. TEM images were then analyzed 

with the software ImageJ to determine TOCNs dimensions. 

Transmission Electron Measurements were performed at the Ben Gurion University 

of the Negev (Israel). 
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2.3  TEMPO-oxidized  cellulose nanocrystals (TOCNs) 

characterization 
 

Fig. 2.2 schematically summarizes the process used to prepare TOCNs starting from 

cellulose pulp. A detailed description of the procedure is reported in Subsection 

2.1.1, here we just recall that it consisted of two steps, the first being a chemical 

oxidation reaction by which carboxylic groups are introduced on fibrils surface, the 

second consisting in a mechanical treatment that exploits the energy supplied by 

ultrasounds to individualize TOCNs.  

 

 
 

Fig. 2.2: Sketch of the two steps process, which leads to the individualization of TOCNs 

starting from soft cellulose pulp. The two steps consist respectively of an oxidation 

reaction, which introduces carboxylic groups on cellulose fibrils surface, and an 

ultrasonication treatment which breaks the fibrils and separate TOCNs.  

 

In Fig. 2.3, instead, some pictures showing the visual appearance of the starting 

cellulose pulp material (Fig. 2.3a), of the microfibrils suspension after TEMPO-

mediated oxidation and subsequent extensive washing (Fig. 2.3b) and of the 

transparent TOCN solutions finally obtained after sonication (Fig. 2.3c) are reported. 

 

 

Fig. 2.3: Pictures of cellulose-based materials at the different stages of the process leading 

to TOCNs: a) starting cellulose bleached pulp; b) 3 mg mL-1 aqueous suspension of cellulose 

microfibrils after TEMPO-mediated oxidation and subsequent extensive washing; c) 3 mg 

mL-1 transparent TOCN solutions obtained after sonication. 
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2.3.1 TOCNs morphology 

 

The structure and dimensions of TOCNs were evaluated by microscopy techniques, 

in particular AFM and TEM. Fig. 2.4 shows two representative TEM images of 

TOCNs, while an AFM image is reported in Fig. 2.5: 

 

 

 Fig. 2.4: TEM images of TOCNs, showing the straight crystalline regions connected by less 

frequent flexible amorphous domains. Samples were prepared by depositing 5 L of TOCN 

solution on a copper grid coated by a support carbon film,  removing the excess fluid and 

negatively staining the grids with 2% uranyl acetate in water for 1 min. 

 

 
 

Fig. 2.5: AFM image to TOCNs, from which the rod-like nature of TOCNs can be observed. 

Samples were prepared by a dip coating procedure, immersing cleaned and vertically 

aligned glass slides in a diluted TOCN solution, raising them up at a constant speed and then 

drying them at 60°C.  
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Both TEM and AFM images show that the nanometric structures obtained by 

TEMPO-mediated oxidation and subsequent sonication process consist of crystalline 

domains (straight tracts in the images) bound by rare, flexible amorphous domains. 

These latter are less frequent because they are more reactive than crystalline 

regions toward oxidation and more easily broken by sonication. Because of this 

observed crystalline, rod-like nature, we decided to denote the obtained 

nanometric material as TEMPO-oxidized cellulose nanocrystals (TOCNs) to 

distinguish it both from cellulose nanocrystals (CNC), usually obtained by acid 

hydrolysis, and from microfibrillated cellulose (MFC), a less crystalline material 

which can be obtained by TEMPO-mediated oxidation without a subsequent 

extensive mechanical disintegration (See Section 1.2 for nanocellulose 

nomenclature). 

The dimensions of the TOCNs were evaluated by statistical analysis on several TEM 

images. As visible in Fig. 2.6, TOCNs width is centered at about 4 nm, while TOCNs 

length is of the order of some hundred nanometers (100-200 nm). Interestingly, the 

TOCNs diameter is compatible with that of an elementary fibril of wood cellulose 

nanocrystal  (Moon et al., 2011). 

 
 

Fig. 2.6: Statistical distribution of TOCNs width and length, measured from several TEM 

images by using the software ImageJ. Published figure (Bettotti et al., 2016)  

 

2.3.2 TOCNs carboxylic content 

 

As already pointed out, a characteristic feature of TOCNs is the presence of 

carboxylic groups, introduced on the surface of cellulose fibrils by the TEMPO-

mediated oxidation process. These groups are fundamental not only for the 

individualization of the TOCNs during the sonication treatment but also in the 
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determination of their reactivity and assembling properties. Fig. 2.7 shows the 

typical FTIR spectrum of TOCNs: the sharp peak at around 1605 cm-1 is related to 

the stretching vibration of carboxylate functional groups. The assignations of the 

other main vibrational bands present in the spectrum are summarized in Table 3.1 

(Li et al., 2015a).  

 
Fig. 2.7: FTIR spectrum of TOCNs, in the form of  film obtained by casting a solution of 

TOCNs in a Petri dish and peeling-off the resulting self standing film after incubation at 60 

°C. Spectra were acquired in transmission mode with a 4 cm-1 spectral resolution.  The 

stretching vibrational band  of carboxylic groups introduced on cellulose fibrils by the 

TEMPO-mediated oxidation process is well visible at 1605 cm-1. 

 

Table 2.1: Assignments of the main vibrational bands characterizing TOCNs spectra and 

visible in Fig. 2.7. 

Vibrational band assignation peak position 

O-H stretching 3300-3400 cm-1 

C-H stretching (CH2) 2900 cm-1 

O-H bending of adsorbed water 1640 cm-1 

COO- asymmetric stretching 1600-1610 cm-1 

HCH and OCH in-plane bending 1425 cm-1 

COO- symmetric stretching 1410-1420 cm-1 

CH in-plane bending 1370 cm-1 

CH2 rocking at C6 1317 cm-1 

C-O-C stretching 1161 cm-1 

C-C stretching 1112 cm-1 
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A quantitative evaluation of the TOCNs carboxylate content was performed by the 

conductometric titration method, as explained in Section 2.1.2. Fig. 2.8 shows on 

example of the obtained conductivity versus added NaOH curve, from which the 

number of carboxyls can be determined (Fras et al., 2004; Saito and Isogai, 2004). 

 
Fig. 2.8: Titration curve showing the conductivity of TOCN solution as a function of NaOH 

volume added. Measurements were performed using a HD 2256.2 (Delta Ohm) 

conductimeter, starting from 100 mL of TOCN aqueous solution (1 mg mL-1) to which 50 L  

1 M NaCl were added in order to have a better accuracy. The pH of the solution was initially 

brought to 2.7 by addition of 1 M HCl to neutralize all the carboxylic groups. After that, the 

pH was gradually raised adding 0.1 M NaOH and the values of conductance registered. The 

reported points are the experimental values measured, while the dashed lines are linear fits 

performed on the different curve parts. 

 

The curve can be divided into three parts: in the first part the conductivity 

decreases because of the neutralization of free protons by OH- . In the second part, 

Na+ ions are absorbed by the carboxylic groups and H+ are neutralized by OH-: the 

carboxylic groups are titrated and the conductivity is constant. In the third part, 

there is an excess of OH- and the conductivity increases. Red, blue and green 

dashed lines in Fig. 2.8 are linear fits of the three parts respectively, while V1 and V2 

are the intersection points between the lines. Knowing the V1 and V2 values the 

TOCNs carboxylic content X can be estimated through the following formula (Fras et 

al., 2004): 

   
   

 
                                                    (Eq. 2.1) 
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where m is the dry mass of the sample, c the concentration of NaOH solution used 

and v the NaOH volume necessary for the titration of the carboxylic groups, 

calculated from the plot as V=V2-V1. By this procedure, the carboxylic content of 

TOCNs was estimated to be 0.9 ± 0.2 mmol/g corresponding to 0.30 ± 0.07 

carboxylate groups per cellobiose unit. 

2.4 Conclusions 
 

TEMPO-mediated cellulose nanocrystals were obtained  by a two-steps procedure,  

the first being a chemical oxidation reaction by which carboxylic groups are 

introduced on fibrils surface, the second consisting in a mechanical treatment that 

exploits the energy supplied by ultrasounds to individualize TOCNs. 

The resulting nanocrystals were observed by microscopy techniques and show a 

rod-like shape with dimensions around 3-5 nm in diameter and some hundred 

nanometers in length. Their carboxylic content, determined by conductimetric 

titration, was estimated to be around 0.30 ± 0.07 carboxylate groups per cellobiose 

unit. 

 

In the next chapters, I will use the term TOCN ''solutions'' to denote the 

homogeneous  aqueous  suspensions of TOCN crystallites after the two-steps 

procedure. I will use instead the term ''suspensions'' to denote the turbid, non 

homogeneous suspensions of cellulose fibrils after oxidation but before extensive 

sonication, that is before complete individualization and separation of the 

nanometric constituents. 
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CHAPTER 3 
Materials and Methods for TOCN 
films 
 

 

In this Chapter I will describe the methods used to prepare TOCN films starting from 

TOCN solutions and the techniques used to characterize them. Both pure TOCN 

films and bilayered TOCN/polylactic acid (PLA) films were studied. Moreover, hybrid 

nanocomposite films formed by TiO2 nanoparticles dispersed among TOCN 

crystallites were considered too. 

The starting material, from which TOCN films were prepared, was represented by 

aqueous solutions of TOCN crystallites prepared and characterized as reported in 

Chapter 2. 

 

3.1  TOCN films preparation 
 

TOCN films were obtained casting sonicated TOCN solutions on Petri dishes and 

drying them at 60°C in an oven, over a flat copper foil to maintain homogeneous 

temperature over the whole film surface. The thickness of the films was controlled 

by casting variable amounts of the starting TOCN solution and/or by changing its 

concentration. After water evaporation, the resulting free standing films could be 

easily peeled off from the Petri dishes and were conserved at Room Temperature 

(RT) in a desiccator until use. 

TOCN/PLA double layer films were prepared by depositing TOCN solutions on 6.2 

cm2 PLA disks, which in turn were laid on a hydrophobic polydimethylsiloxane 

(PDMS) substrate to confine the aqueous TOCN solution. The films were then dried 

at 60°C for 24 h in oven. Also in this case, the thickness of the TOCN layer was 

changed by casting different amounts of TOCN solution. 

Finally, nanocomposite hybrid TOCN-TiO2 films were obtained casting in Petri dishes 

or on PLA disks TOCN solutions in which TiO2 nanoparticles were previously 

dispersed.  To get an homogeneous distribution, TiO2 nanoparticles were added to 

diluted TOCN solutions obtaining a weight ratio between TiO2 and TOCNs equal to 

1:20 and the resulting TOCN-TiO2 suspensions were sonicated and vortexed 

previously to casting. Also in this case the films were dried at 60°C. Degussa 

Aeroxide® TiO2 p25 nanoparticles were purchased from Evonik (Germany). These 

nanoparticles have a average diameter of  25 nm and are made by a combination of 

rutile and anatase crystal structure.  
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The thickness of self supporting TOCN films was measured analyzing their UV-Vis 

spectra (Poelman and Smet, 2003), as will be explained in Section 3.2, to obtain a 

calibration curve between the TOCN amount (in mg cm-2) and the film thickness. 

Thicknesses in the range 2-20 m were obtained for TOCN films/ TOCN layers, while 

the PLA substrate thickness was fixed and equal to 23 ± 1 m. 

The density of TOCN films was estimated from 7 films with surface (4.0 ± 0.2)cm2. 

The thickness of each film was measured in three different areas and a mean value 

was considered for each film. Knowing the volume of each film and measuring its 

weight, the density of TOCN films was estimated to be (1.57 ± 0.06) g cm-3. 

 

3.2  Films optical characterization 
 

Transmittance spectra of TOCN self-standing films in the UV-VIS region were 

acquired by a Varian Cary 5000 UV-Vis-NIR spectrophotometer operated in %T 

mode. For this purpose, film fragments were vertically fixed in the 

spectrophotometer cell compartment, perpendicularly to the beam path, and 

scanned in the range 190-900 nm with a 1 nm resolution.  

The interference pattern created by light impinging and being reflected from the 

two faces of TOCN films was used to estimate the thickness of the film through the 

following formula (Poelman et al., 2003; Padera, 2013):  

 

   
       

        

 

           
                                              (Eq. 3.1) 

 

where d is the film thickness in nm, λ1 and λ2 the maximum and minimum 

wavelengths considered, N the number of fringes in the considered wavelength 

range, θ the light incident angle (equal to zero in our geometry) and n the film 

material refractive index (assumed to be constant in the examined wavelength 

range and equal to 1.58 (Nogi et al., 2005)).  

 

3.3  Films structural characterization 
 

The morphology of TOCN films and bilayered TOCN/PLA films was investigated by 

scanning electron microscopy (SEM). A first set of images was acquired using a FEI 

Quanta 200 scanning electron microscope operating at 2.5 kV accelerating voltage 

by the team of prof. Y. Golan at the Ben Gurion University of the Negev (Israel). Film 

fragments were sputter coated with an ultrathin layer of gold before measurements 

and cross sectional images were acquired by embedding the film fragments in a 

resin. A second set of samples were instead imaged using a JEOL JSM-7001F 

microscope operating at 2 kV by dr. N. Bazzanella at the IdEA Laboratory (University 

of Trento, Department of Physics). Also in this case, film samples were metalized. 
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3.4 Positron Annihilation Lifetime Spectroscopy measurements   

 

Depth-profiled positron annihilation lifetime spectroscopy (PALS) measurements 

were performed with a pulsed low energy positron system apparatus at the high 

intensity positron source NEPOMUC (Hugenschmidt et al., 2008; Sperr et al., 2008) 

by prof. W. Egger and prof. T. Koschine from the ''Institut fur Angewandte Physik 

und Messtechnik'' (Munich University). The energy of the accelerated positrons was 

between 4 and 12 keV, corresponding to mean implantation depth values  

   between 27 and 1.4 × 103 nm as shown by the relation (Mills and Wilson, 1982): 

 

    
  

 
                                                           (Eq. 3.2) 

 

where E is the positron implantation energy in keV and ρ TOCNs density, assumed 

equal to 1.5 g cm-3 (Sehaqui et al., 2011). The overall time resolution of the 

apparatus was 230-240 ps and the beam diameter was < 1 mm at all energies. 

Lifetime spectra containing 4 × 106 counts were acquired, deconvolved and the 

resulting curves were decomposed in the sum of three exponential decay functions 

using the PATFIT package (Kirkegaard et al., 1989) (fit chi square around 1). The 

obtained lifetimes τi and intensities Ii  give information about the positrons 

annihilation processes in the material. In particular, the longer relaxation time τ3 

and its relative intensity I3 are related to the annihilation of ortho-positronium  o-Ps 

(triplet state of the electron-positron bound state) entrapped in nanometric-sized 

regions of low electron density, such as voids, with surrounding electrons having 

opposite spin. This process, known as pick-off process, reduces o-Ps vacuum lifetime 

from around 125 ps to few nanoseconds and can be related to the size of the 

cavities where annihilation takes place (Eldrup et al., 1981; Tao, 1972). More into 

details, the intensities I3 of the signal are proportional to the cavity number density, 

while the τ3 values allow to evaluate their average size (Mallon, 2003; Consolati et 

al., 2010) 

In the case of TOCNs, we assume the film voids to be formed by elongated cavities 

having TOCNs as walls and geometrically described as prisms with square cross 

section of size dp and length L=mdp.   

In this particular geometry, the τ3 and dp values are related by the following 

equation (Jasińska et al., 1996):  

 

  
         

  

      
 

 

 
   

   

      
 

 

  
   

       
 

 

 
   

    

       
         (Eq. 3.3) 

 

where λ0 ≈ 0.5 ns-1 is the o-Ps annihilation rate in the bulk state and ∆R = 0.166 nm 

the empirical electron layer thickness. 
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3.5  Gas Transport Measurements 
 

To evaluate the transport of gas molecules through TOCN films, gas phase 

permeation tests were performed, using gases with different molecular sizes and 

condensation properties. In particular, dry nitrogen (N2), carbon dioxyde (CO2), 

helium (He) and deuterium (2H2) were considered. Measurements were performed 

also using ambient air at relative humidity values ranging from 20 to 50% (humidity 

was measured using a Delta Ohm HD2301 thermo-hygrometer). The tests were 

carried out on disc-shaped TOCN/PLA films (diameter around 1.3 cm) with different 

TOCN thicknesses in the range 2-12 μm and at sample temperature in the range 

293-324 K.  Before measurements, the films were outgassed by keeping them in 

high vacuum conditions for 12 hours. 

Measurements were performed by colleagues from the IdeA team coordinated by 

prof. R. Checchetto of the Department of Physics (University of Trento) using a 

home-made apparatus (Checchetto et al., 1995). Briefly, at time t = 0 one side of the 

film (high pressure side: HPS) was exposed to the gas kept at fixed pressure and 

temperature. During the permeation process, gas molecules are absorbed by the 

film surface layers, diffuse through the film and are desorbed by the opposite side 

(low pressure side: LPS) in a high vacuum chamber (continuously pumped and with 

background pressure in the low 10-6 Pa order). 

The partial pressure of the permeating gas PLPS(t) in the analysis chamber was 

measured as a function of time by a calibrated quadrupole mass spectrometer 

(QMS: Balzers QMG 420). In the considered experimental conditions,  the 

permeation flux JPERM(t) can be calculated from pressure measurements through the 

following formula (Checchetto et al., 1995): 

 

         
 

 
                                                  (Eq. 3.4) 

 

where A is the surface area of the film and Sp is the pumping speed of the vacuum 

sysytem (in the 10-2 m3 s-1 range, depending on the permeant gas). 

The background pressure present in the analysis chamber, due to small leaks or 

outgassing effects from the chamber walls, was measured before each test (setting 

PHPS=0) and then subtracted from the measured signal PLPS(t). The detection limit of 

the apparatus was related to the fluctuations of background partial pressure in the 

chamber and estimated to be                     . 

Fig. 2.3 shows an example of the permeation curves obtained for PLA films (without 

TOCN coating) at T= 293 ± 1 K and PHPS = (3.5 ± 0.1) × 104 Pa for different gases.  As 

visible, the curves show an initial transient state, during which the permeation flux 

Jperm(t) increases with time,  and a subsequent stationary state, for which the flux is 

constant meaning that stationary transport conditions have been reached.   
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Fig.3.1 : Permeation curves for 23 ± 1 m PLA films at T = 293 ± 1 °C and PHPS = (3.5 ± 0.1) × 

104 Pa using CO2 and N2 as testing gases. In the inset the permeation curves obtained using 

ambient air at RH = 37%, T = 293 ± 1 °C and PHPS = (3.5 ± 0.1) × 104 Pa are reported. Points 

refer to experimental values, while the lines are numerical fits performed using Eq. 3.4. 

 

The process of gas transport in polymers is controlled by the solution-diffusion 

mechanism (Yampolskii and Shantarovich, 2006) according to which the gas 

permeability φ can be expressed by the product of solubility S and diffusivity D in 

the film layers: φ= S*D. From the experimental permeation curves it is possible to 

determine the main gas transport parameters of the materials. In particular, the 

permeability value φ can be obtained from the permeation flux in stationary 

conditions (stc) using the following relation: 

 

            
            

 
   

    

 
                          (Eq. 3.5) 

 

where d is the film thickness and SPHPS and SPLPS the concentrations of gas 

molecules dissolved in the high pressure side (HPS) and low pressure side (LPS) film 

layers respectively. We can assume               because the analysis chamber is 

continuously pumped in our experimental conditions. 

The gas diffusivity D can be instead determined from the temporal evolution of the 

permeation flux by fitting it  with the following Eq 3.6, which is valid for planar 

geometry films with thickness d much smaller than the lateral size (Crank and 

Crank, 1979): 

                                   
      

    
                (Eq. 3.6)  



 
 

35 
 

CHAPTER 4 

Results and Discussion 
 

 

 

 

TOCNs films were obtained by a casting procedure, by which the crystallites self-arrange 

originating thin, transparent and flexible films. A first qualitative evaluation of our TOCN 

films showed an amazing stability: once formed, they are stable in water for months 

without losing their compact structure. Not even the energy supplied by ultrasonication 

(using an ultrasonic tip delivering 100 W output power at 20 kHz frequency in a 30-50 mL 

aqueous solution containing the TOCN film) enables to disrupt the densely packed TOCNs 

and re-disperse the crystallites, suggesting the presence of a strong network of weak 

interactions between TOCNs.  

It is known that nanocellulose is able to assemble in films exhibiting high optical 

transparency and low gas permeability, thanks to their large aspect ratio and their ability to 

form intra- and inter- fibrillar hydrogen bonds (Moon et al., 2011). The results reported in 

this Chapter were obtained through measurements aimed at investigating this spontaneous 

self-organization of TOCNs in absence of water. The first part of the Chapter (Section 4.1), 

in particular, concerns the structural characterization of pure TOCN films through optical 

measurements, microscopy techniques and PALS analysis with the purpose of  better 

understanding the arrangement of TOCNs and the structures created as a consequence of 

the casting and drying process. Section 4.2, instead,  is focused on TOCN/PLA films, where 

PLA was used as a substrate to enable gas permeation studies. Also in this case, the aim 

was (more than the practical possible exploitation of TOCN/PLA films as gas barrier films) 

the extrapolation of important structural information from permeation studies. Finally, in 

Section 4.3, the possibility of forming hybrid nanocomposite TOCN-TiO2 films is briefly 

shown.  

4.1  TOCN films  

4.1.1 Optical and morphological characterization 

 

The transparency of TOCN films to nearUV-Vis radiation can be seen in Fig. 4.1a, 

both from the film picture shown in the inset and, in a more quantitative manner, 

from the reported UV-Vis spectrum of a 12 m thick film fragment. In particular, the 

light transmittance is almost zero in the low UV range and gradually increases: at 

300 nm transmittance is around 85%, while at 600nm more than 90% of light is 

transmitted, in agreement with literature data (Shimizu et al., 2014).  
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Fig. 4.1: (a) Transmittance spectrum of a TOCN film, showing the high transparency of the 

material in the Vis-nearUV range and the interference fringes, from which the thickness of 

the films can be estimated. In the inset a picture of a transparent, self-standing TOCN film is 

reported. (b) Calibration curve for the evaluation of film thickness knowing the amount of 

TOCNs casted. Thicknesses were estimated from transmittance spectra and the error bars 

are the SD over different measurements on different fragments of the same film, to 

account for thickness inhomogeneity.  The red dotted line is a linear fit of the experimental 

data. 

 

The interference fringes visible in the spectrum are due to the reflection and 

refraction of light impinging on the air/film interfaces and allow to estimate the film 

thickness through Eq. 3.1 (Poelman and Smet, 2003).  To account for the fact that 

film thickness is not perfectly uniform because of the casting procedure, different 

spectra were acquired on different fragments of the same film and the standard 

deviation (SD) of the thicknesses estimated from the spectra for each fragment was 

calculated. The resulting uncertainty on TOCN film thickness, due to film 

inhomogeneity, was estimated to be between 5% and 15%. The accuracy of the 

method was demonstrated by (Bettotti et al., 2016) comparing the film thickness 

calculated through transmittance spectra with SEM cross section measurements. 

Starting from transmittance spectra of films obtained casting different known 

volumes of TOCNs solutions on a 20 cm2 surface Petri dish, a calibration curve was 

obtained to directly relate films thickness to the amount of casted TOCN solution. 

The results are reported in Fig. 4.1b, where the red dotted line is a linear fit of 

experimental data with intercept fixed to zero. The proportionality constant 

between film thickness in m and TOCN surface density in mg/cm2 resulted equal to 

5.7 ± 0.3 m/( mg cm-2). 

In Fig. 4.2, the transmittance values of TOCN films in the visible and UV regions (at 

600 and 300 nm respectively) as a function of film thickness are reported. Light 

transmittance values are around 90% even for films thicker than 10 μm, while 
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transmittance in the UV region slightly decreases from (88.2 ± 0.1)% to (70 ± 3)% 

increasing the thickness from (1.6 ± 0.2) μm to (13 ± 2) μm. 

 
Fig. 4.2: Transmittance values at 300 nm and 600 nm for TOCN films as a function of film 

thickness. Experimental values and indetermination are the average value and SD of at least 

four measurements. Indetermination on thickness due to samples inhomogeneity was 

estimated to be between 5% and 15%. 

 

Starting from the transmittance values for different film thicknesses, and assuming 

that the film-air interface causes negligible light scattering, it is possible to estimate 

the optical absorption coefficient α through Lambert's law (Young, 2000): 

 

                                                        (Eq. 4.1) 

 

where I is the intensity of transmitted light, I0 the intensity of the incident beam, d 

the thickness of the TOCN film, R the reflectivity (for normal incidence of the light 

beam) and α the optical absorption coefficient. Considering that the measured 

transmittance values are defined as             , the coefficients α and R can 

be determined from the slope and intercept of the straight lines, which best fit the 

values of the     
   

  
  versus thickness d curves, respectively. The obtained values 

are reported in Table 4.1. 

The estimated reflectivity value is in agreement with that resulting from Fresnel 

equation for normal incidence (R ≈ 0.05) and assuming a refractive index equal to 

that of pure cellulose: 

   
     

     
 
 

                                                 (Eq. 4.2) 

where n1= 1 and n2= 1.58  are the refractive indexes of air and cellulose respectively 

(Nogi et al., 2005). The fact that the refractive index of pure cellulose can be used 
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for TOCN films as well, suggests that the porosity of the films is very low. Moreover, 

the absence of scattering effects and the transparency of the material suggest the 

absence of specific structures like fibrils aggregates.   

 

Table 4.1: Optical absorption coefficient α and reflectivity R of TOCN films as estimated 

from transmittance spectra at different film thicknesses and exploiting Lambert's law 

(Eq.4.1).  

 

at 300nm at 600nm 

α (μm-1) (25 ± 1) × 10-3 (1,0 ± 0,4) × 10-3 

R (4,2 ± 0,2) × 10-2 (5,0 ± 0,2) × 10-2 

 

 

The dense network structure of TOCN films is confirmed by microscopy. Fig. 4.3a 

and Fig 4.3b are respectively an AFM and a SEM image of the surface of a film. From 

the figures it is possible to see that the nanocrystallites are oriented in a dense 

random network, with their long axis parallel to the film surface, originating an 

uniform morphology.   

 

 
 

Fig. 4.3: Surface morphology of TOCN films. (a) AFM image, (b) SEM image  

 

 

4.1.2 PALS analysis 
 

The results of depth-profiled positron annihilation lifetime spectroscopy (PALS) 

performed on TOCN films are reported in Fig. 4.4, which shows the lifetime τ3 and 

Intensity I3 of the annihilation signal coming from o-Ps entrapped in the film voids 

as a function of the positrons mean implantation depth.  
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Fig. 4.4: (a) Lifetime τ3 (black, filled circles, left axis) and intensity I3 (red, empty squares, 

right axis) of the o-Ps annihilation signal obtained from PALS spectra measurements on 

TOCN films as a function of positrons mean implantation depth.  

 

As explained in Chapter 3, τ3 is related to the average size of the voids: the smaller 

the cavity volume, the shorter the lifetime τ3.  I3 is related instead  to their density 

number, that is to the number of voids per unit of volume. We can observe that 

both τ3 and I3 are constant and with average values of  1.37 ± 0.02 ns and 17.7 ± 0.3 

% respectively. The  fact that these values do not depend on the  implantation 

depth suggests that the cavities present in the TOCN film have an uniform size and 

are distributed with constant concentration in the film.  

Several models exist to predict the cavity dimensions from the obtained τ3 values 

knowing the shape of the holes (Mallon, 2003; Consolati et al., 2010). Here, we 

assumed that the voids in the films are represented by elongated cavities between 

TOCNs, having the packed crystallites as walls, and can be geometrically described 

as prisms with square cross section of size dp and length L= mdp. Fig. 4.5 reports the 

dp values, obtained from the mean τ3 value (1.37 ± 0.02 ns) through Eq. 3.3 and 

assuming the just explained cavity geometry (schematically shown in the figure 

inset),  as a function of the m value, which is the ratio between cavity length and 

section.  

It is possible to observe that, when the cavity length is a factor 5 larger than its 

cross sectional size (m=5), a saturation value is obtained for the section dp ≈ 0.31 

nm. For our TOCN films and in the  geometrical model of prism-shaped cavities, the 

condition m > 5 can be considered fully satisfied as the cavity length L is of the same 

order of the TOCN length, which is around some hundred nanometers (as seen in  

Section 2.3.1).  
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Fig. 4.5: Cavity section dimension dp obtained from PALS measurements, assuming a mean 

τ3  value equal to 1.37 ns and exploiting Eq. 3.3, as a function of the ratio m between cavity 

length and cross section dimension. In the inset a sketch of the assumed cavity geometry is 

shown.  

 

The cavity dimension value estimated through PALS analysis strengthens and 

confirms the hypothesis, supported also by optical measurements and microscopy 

images, of TOCN films being formed by a densely packed network of nanocrystals, 

strongly interacting among them and letting only tiny holes (0.31 nm) in between. 

 

 

4.2  TOCN/PLA films 
 

TOCN/PLA films were prepared by coating PLA disks (thickness 23 ± 1 m and 

diameter 3 cm) with few micron thick TOCN layers. 

  

4.2.1. Optical and SEM characterization 
 

The UV-Vis spectra of both uncoated PLA and a TOCN/PLA film are reported in Fig. 

4.6a, while Fig. 4.6b shows the transmission values at two selected wavelengths as a 

function of the TOCN coating thickness. As visible in Figure 4.6 the transmittance of 

pure PLA is around 95% at 600 nm and around 86% and 300 nm. These values are 

slightly reduced by the presence of TOCN layer but remain higher than 87%  and 
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73% for TOCN coatings up to 13 m. Moreover, the transmittance values are 

coherent with those obtained for pure TOCN films (reported in Fig. 4.6b as empty 

squares and circles). 

 

 
Fig. 4.6: (a) UV-Vis spectra of a  23±1 m thick PLA film (green line) and a 23±1 m thick PLA 

film covered with a 4.9±0.5 m thick TOCN layer. (b) Transmittance values of TOCN/PLA 

films in the UV (at 300 nm wavelength) and visible (at 600 nm wavelength) regions as a 

function of TOCN coating thickness. As a comparison the values obtained for pure TOCN 

films are reported too (empty symbols). Values and uncertainty are respectively the mean 

values and SD over at least 4 measurements on different areas of the same sample.  

 

 

The structure and morphology of TOCN/PLA films were investigated by SEM 

microscopy. Some representative images are reported in Fig. 4.7. In particular, 

panel (a) shows a cross-sectional view of the TOCN/PLA double layer, while panel 

(b) reports images of the TOCN coating. For cross-section observations, the samples 

were freezed-cut in liquid nitrogen. As visible in figure, the film surface has a 

uniform morphology, without cracks or defects. Moreover, the TOCN coating 

appears to be formed by layers of cellulose nanocrystals, which are not 3D 

entangled but preferentially aligned one parallel to another with the main axis 

parallel to the film surface. This is more evident observing the inset of Fig. 4.7b, 

which allows to distinguish individual TOCNs and their assembly. 

 

 



 
 

42 
 

 
 

Fig. 4.7: SEM images of TOCN/PLA films. (a) Cross sectional image enabling to distinguish 

the PLA substrate and TOCN coating, (b) Surface and the cross section view of TOCN 

coating, showing the assembly of TOCNs in a layer by layer structure. In the inset a more 

magnified image is reported, enabling to distinguish the alignment of individual TOCNs 

parallel to each other and with the main axis parallel to the film surface.  

 

4.2.2 Permeation tests  
 

The morphological characterization suggests that the tight packing of the TOCNs 

could give gas barrier properties to the films. Some literature works already studied 

the permeability of nanocellulose films (Aulin et al., 2010; Fukuzumi et al., 2009; 

Rodionova et al., 2011; Syverud and Stenius, 2009) and showed that the gas barrier 

performances of the films strongly depend not only on the kind of penetrant 

molecules (Fukuzumi et al., 2011) but also on structural factors of the starting 

cellulose nanofibrils/nanocrystals material, such as fibril entanglement 

(Belbekhouche et al., 2011), surface functionalization (Fukuzumi et al., 2013a) and 

length (Fukuzumi et al., 2013b).  

Here we used TOCN/PLA films to evaluate the gas permeability of TOCN films to 

CO2, N2, 2H2 He gases and ambient air and to investigate their gas transport kinetics. 

Permeation tests were performed at fixed PLA substrate thickness (23 ± 1 m), and 

TOCN coating thicknesses in the range 2.6-6.5 m. PLA was used as substrate for its 

renewability and biodegradability. Indeed, it is commonly considered a promising 

alternative to petroleum-based materials in packaging applications and several 

literature works have already reported its use as substrate for the deposition of thin 

coatings with gas-barrier properties by both solvent-casting (Fukuzumi et al., 2009) 

or layer-by-layer deposition techniques (Aulin et al., 2013a, 2013b; Laufer et al., 

2012). 

 

Using CO2, N2 and ambient air (at different relative humidity values) as test gases, 

no permeation signal was detected in hours-lasting experiments performed at T= 

293 K and pressures PHPS up to 105 Pa, meaning that the permeation flux was lower 
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than the detection limit of the experimental apparatus (around 10-2 mL m-2 day-1). 

Under these conditions, and assuming that the gas barrier properties of the double-

layer film can be attributed only to the TOCN coating (with thickness d), we can 

evaluate an upper limit for the gas permeability through the equation: 

                                                                   (Eq. 4.3) 

Using PHPS = 105 Pa and d ≈ 1 m, it results       ≈ 10-4 mL m m-2 day-1  kPa-1. 

This value is orders of magnitude lower than the oxygen permeability values 

reported by Aulin et. al. (Aulin et al., 2013a, 2013b) studying the gas barrier 

properties of multilayer thin films of anionic nanofibrillated cellulose and cationic 

polyethyleneimine(PEI) deposited on PLA substrates by a layer-by-layer procedure. 

The significantly reduced permeability observed in our experiments could be 

related to the different NC production method, which produces a NC material with 

different dimensions and assembly properties. Indeed, the nanofibrillated cellulose 

used by Aulin et al. is obtained by a carboxymethylation reaction followed by a 

mechanical treatment through an high pressure homogenizer and shows both 

higher dimensions (diameter and length of the nanofibers) and lower carboxylic 

content with respect to TOCNs. Carboxyl groups have a double hydrogen bonding 

possibility. It is expected that the presence of a stronger hydrogen bond network, 

together with the smaller dimensions of TOCNs,  lead to an increased capability of 

the impermeable TOCN crystallites to organize in densely packed film structures, 

leading to smaller void volumes between them and thus to a decreased capability of 

gas molecules to permeate through the films.  

 

The permeation curves obtained using test gases with smaller kinetic diameters are 

reported in Fig. 4.8. In particular panel (a) refers to deuterium 2H2 and panel (b) to 

helium He. In both cases the flux for a TOCN/PLA film with TOCN coating thickness 

6.5 m  is compared with the flux measured for pure PLA (without TOCN coating).  

It is possible to observe that few micrometers thick TOCN coatings reduce the 

permeation flux in stationary transport conditions by at least 3 orders of magnitude 

for both deuterium and helium gases. Moreover, the presence of TOCN coatings 

slow down the kinetics: while in the case of pure PLA stationary transport 

conditions are reached in 1-2 seconds, in the case of TOCN/PLA films longer times 

are required (around 30 s for He and 15 min for deuterium).  

The transient time interval increases and the value of the permeation flux in 

stationary conditions decreases increasing the TOCN coating thickness, as shown in 

Fig. 4.9 for the case of deuterium at T= 301 ± 2 K.  

 

Figures 4.8 and 4.9 allow to say that the transport properties of TOCN/PLA films are 

determined by the TOCN coating both in the transient and stationary conditions and 

that the PLA layer only acts as permeable mechanical support. For this reason we  
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Fig. 4.8: Permeation curves of pure PLA (23±1 m thick) and TOCN/PLA films (TOCN coating 

6.5±0.3 m thick) for (a) deuterium 2H2 and (b) helium He testing gases. Points are 

experimental values, while lines are fits of the experimental values according to Eq. 3.6. 

Measurements were performed at T = 301 ± 2 K and PHPS = (3.5 ± 0.1) × 104 Pa. 

 
Fig. 4.9: Permeation curves of TOCN/PLA films for different thicknesses of the TOCN coating 

layer (in the range 2.6-6.5 m). Points are experimental values, while continuous lines are 

fits of the experimental values according to Eq. 3.6. Measurements were performed at T = 

301 ± 2 K and PHPS = (3.5 ± 0.1) × 104 Pa. 
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used the experimental curves obtained for TOCN/PLA films together with Eq. 3.5 

and Eq. 3.6 to evaluate the penetrant transport parameters of TOCN layers. The 

results in terms of permeability   and diffusivity D (averaged over the different 

TOCN thicknesses samples measured at ambient T) are reported in Table 4.2 and 

compared with those obtained for the PLA substrate.  The solubility S was estimated 

from the equation       and the obtained values are reported in Table 4.2 too. 

As a comparison, the vacuum solubility of a perfect gas at standard temperature is 

equal to       
 

  
 

 

  
               . 

 

Table 4.2: Permeability  , Diffusivity D and Solubility S of PLA (23±1 m thick) and 

TOCN/PLA films (TOCN coating layer thickness in the range 2.6-6.5 m) estimated from 

deuterium (2H2) and helium (He) permeation curves at T = 301 ± 2 K and PHPS = (3.5 ± 0.1) × 

104 Pa.  

 
Deuterium 2H2 Helium He 

 
PLA TOCN/PLA PLA TOCN/PLA 

   
     

          
  (2.01 ± 0.06) × 103 0.10 ± 0.03 (2.6 ± 0.1) × 103 0.4 ± 0.1 

D (cm2 s-1) (7 ± 3) × 10-7 (2.2 ± 0.4) × 10-10 ≈ 10-6 (4.3 ± 0.8) × 10-9 

   
  

      
  (3 ± 1) × 10-5 (5 ± 3) × 10-3 ≈ 10-5 (0.9 ± 0.4) × 10-3 

 

 

The permeability values obtained for 2H2 are two orders of magnitude lower than 

those reported in literature for membranes composed by cellulose nanocrystals 

obtained from acid hydrolysis (Bayer et al., 2016) and comparable to those reported 

for films made using TEMPO-oxidized cellulose nanofibers (Fukuzumi et al., 2013a). 

Their permeability values for O2, CO2 and N2 are however slightly larger than those 

obtained with our samples, probably because of different preparation procedures 

leading to different packing conditions. Indeed, the process of nanocellulose 

coalescence during drying strongly affects the structure of the material (Klemm et 

al., 2011; Müller et al., 2014; Ul-Islam et al., 2013), even if the process is not fully 

understood as a number of different effects can contribute to it (Pönni et al., 2012). 

The main difference between our TOCN preparation procedure and those reported 

in literature is that we neutralize the oxidized fibrils solution by thoroughly washing 

it instead of adding HCl. This leads to a reduced presence of ions between the 

TOCNs and thus to a decreased shielding of their partial charges. Moreover, it 

avoids the formation of salt aggregates during the drying. All these facts can favor 

TOCNs coalescence and the formation of a planar, parallel and dense arrangement 

enhancing the gas barrier properties.  
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The comparison between the measured gas transport parameters D and S for TOCN 

coatings and those reported in literature for commercial polymers used for gas 

barrier applications suggests that TOCN films act as diffusive barriers for penetrant 

gas molecules. In fact, the measured 2H2 solubility is similar to those reported for 

PET, PS or PVA films (around                   (Paterson et al., 1999)), while 

the diffusivity is orders of magnitude lower (being D around 10-7 cm2 s-1 for PET and 

around 10-5 cm2 s-1 for Teflon (Alentiev et al., 2002)).  

 

4.3 Hybrid TOCN-TiO2 films 
 

In this last Section, I will briefly report some results regarding the possibility of 

forming hybrid nanocomposite film combining TOCNs with inorganic materials. In 

particular, we studied TOCN-TiO2 films and double-layered TOCN-TiO2/PLA films, 

obtained dispersing TiO2 nanoparticles (25 nm in diameter, combination of rutile 

and anatase crystal structure) in TOCN solutions to a weight ratio 1:20 between TiO2 

and TOCNs and casting them in Petri dishes or on PLA disks. The interest on TiO2 

nanoparticles is related to their antimicrobial properties, as, when they are 

irradiated with UV light, they produce reactive oxygen species able to kill 

microorganisms (He and Hwang, 2016; Rhim et al., 2013). 

Fig. 4.10a and Fig. 4.10b report two SEM images respectively of the surface and 

cross section of a  TOCN-TiO2 film. Observing panel (a), it appears that the surface 

morphology of the film is uniform and without cracks or imperfections, even if TiO2 

nanoparticles agglomerates are clearly visible. Moreover, the cross-sectional view 

(panel b) enables to distinguish both TOCNs, aligned to each other and with the 

main axis parallel to the film surface, and TiO2 nanoparticles agglomerates, which 

interrupt the TOCN layers. 

 

 
 

Fig. 4.10: SEM images of hybrid TOCN-TiO2 films. (a) Surface image showing the uniform 

morphology of the film and the presence of TiO2 agglomerates. (b) Cross-sectional view 

enabling to distinguish both individual TOCNs and TiO2 agglomerates.  
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In Fig. 4.11 the results of an optical characterization of TOCN-TiO2 films are 

reported. In particular, Panel (a) compares the UV-Vis spectrum of a 2.5 m thick 

TOCN-TiO2 film with the spectrum of a same-thickness pure TOCN film. It can be 

seen that the transmission is reduced by the dispersion of TiO2 nanoparticles both 

in the UV and visible region. The reduction in the UV range can be attributed to the 

absorption of UV light from TiO2 nanoparticles, which have a bandgap at 3.0-3.2 eV 

(Chen and Mao, 2007).  The decreased transmission in the Visible range, instead, 

can be ascribed to light scattering effects due to the presence of TiO2 agglomerates, 

as seen also in the SEM image (Fig. 4.10b). Aeroxide nanoparticles usually produce 

quite stable water dispersions (EVONIK Industries, 2015), however agglomeration 

takes place at pH near neutrality and at high nanoparticle concentration (like during 

the casting process), which enhances the collision frequency (Suttiponparnit et al., 

2010). In our experimental conditions, only small particle clusters were observed, 

however agglomeration could be further reduced by using nanoparticles with 

different morphologies (such as TiO2 small size nanotubes, which are expected to 

present a more hydrophilic character on their surface (Zennaro et al., 2013)) or by 

introducing functional groups on the TiO2 surface.  

 

 
 

Fig. 4.11: Optical characterization of TOCN-TiO2 films. (a) UV-Vis spectra of a pure TOCN film 

and of a hybrid TOCN-TiO2 film. As visible, the transmission is reduced by the presence of 

TiO2 nanoparticles both in the UV and visible region. (b) Comparison between the 

transmittance values of pure TOCN films and TOCN-TiO2 films in the UV (at 300nm) and 

visible (at 600nm) region as a function of film thickness. Measurements were repeated at 

least on 4 different film fragments and the reported values and error bars are the obtained 

mean values and SD, respectively. 
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Panel (b) shows the transmittance of pure TOCN films and hybrid TOCN-TiO2 films in 

the UV (at 300nm) and visible (at 600nm) region as a function of film thickness. 

Increasing film thickness, the transmission is decreased both in the UV and visible 

regions, in a more marked extent for TOCN-TiO2 films with respect to pure TOCN 

films. Indeed, it becomes almost zero at 300 nm for a 13 m thickness in the case of 

TOCN-TiO2 films, while remaining higher than 70% in  the case of TOCN films. 

 

 

4.4 Conclusions 
 

In this Chapter the self-arrangement of TOCN crystallites in absence of water was 

studied and the structure of the thin, transparent and flexible films obtained by the 

casting of TOCN solutions was investigated.  

 

1) The structural characterization of pure, self-standing TOCN films (Section 

4.1) showed that nanocellulose crystallites are arranged in highly packed 

layered structures. The low porosity of the films was suggested by both 

optical measurements and microscopy observations.  Moreover, PALS 

analysis enabled to estimate the dimensions of the cavities present in TOCN 

films, confirming the fact that, in absence of water competitor for hydrogen 

bonds, TOCNs strongly interact among them and assemble in dense 

networks leaving only tiny holes (0.31 nm). 

 

2) The dense structure of TOCN films is at the origin of the gas barrier 

properties of TOCN coatings for CO2, N2 and O2 gases and their selective 

transport of 2H2 and He, described in Subsection 4.2.  

As cellulose nanocrystals are gas-impermeable, the only way for gas 

molecules to diffuse through the TOCN layers is migrating through empty 

regions between the crystallites. The observed selective transport is in 

agreement with the results of PALS analysis, from which the  cross section 

size of the cavities was estimated to be around 0.31 nm. In fact, the 

obtained cavity size value is comparable with the kinetic diameters of 

deuterium and helium molecules, but smaller than those of CO2, N2 and O2 

suggesting that the selective transport properties of TOCN coatings are due 

to a size-sieving effect. 

 

3) Finally, in Subsection 4.3, the possibility of combining TOCNs with inorganic 

materials, like TiO2 nanoparticles,  to obtain hybrid nanocomposite films was 

briefly explored. Hybrid TOCN-TiO2 films with tunable thicknesses were 

successfully prepared. They showed an uniform surface morphology and 
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very low transmission values in the UV region. The presence of particles 

clusters, due to the agglomeration of TiO2 nanoparticles, was directly 

observed in SEM images and indirectly suggested by the reduced 

transmittance measured in the visible region.  
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TEMPO-oxidized  Cellulose 

Nanocrystals Hydrogels 
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CHAPTER 5: 

Materials and Methods for TOCN 

hydrogels 
 

In this section I report the different techniques used to characterize TOCN 

hydrogels. In particular the first section focuses on the experimental techniques 

exploited to characterize the bulk sol-gel transition of TOCN aqueous solution as a 

consequence of sonication and salt addition. The second section, concerns the 

methods utilized to study the ionotropic gelation of TOCN as a consequence of Ca2+ 

diffusion and to control the gelation process obtaining TOCN-Ca2+ hydrogel 

structures with tunable sizes and shapes. Finally the third section reports the 

experimental techniques used to investigate the toxicity of TOCN hydrogels. The 

results of the measurements explained in Section 5.1, Section 5.2 and Section 5.3 

will be reported respectively in Chapter 6, Chapter 7 and Chapter 8. 

 

All the TOCN hydrogels studied in this PART 2 are obtained starting from aqueous 

solutions of NC crystallites (TOCNs) obtained from TEMPO-mediated oxidation as 

explained in Chapter 2. 

5.1  TOCN sol-gel transition 
 

The role of sonication treatment and salt addition on the formation of TOCN 

hydrogels starting from TOCNs aqueous suspensions was investigated combining 

rheology, microscopy and  spectroscopy (UV-Vis, SAXS and NMR). Sonication was 

performed using an ultrasonic homogenizer (HD2200 Bandelin Sonoplus, Berlin, 

Germany) equipped with a 13 mm titanium tip. An output power of Weff = 160W 

was delivered in 40 mL of TOCNs suspensions for a variable time. Salt addition was 

performed by simply adding a known volume of multivalent 1M salt solution (NaCl, 

CaCl2, AlCl3) to a known volume of TOCNs solution and hand-shaking them. 

SAXS measurements were performed by collaborators at the Department of 

Materials Engineering of the Ben Gurion University of the Negev (Israel), while 

Rheological and NMR tests were carried out by prof. M. Grassi's  group at the 

Department of Engineering and Architecture (University of Trieste). 
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5.1.1  UV-Vis Spectroscopy 

A Varian Cary 5000 UV-VIS-NIR spectrophotometer was used to acquire the 

transmittance spectra of TOCNs suspensions after different sonication times. The 

suspensions were placed in a 1 cm optical path cuvette and scanned in the range 

200-800 nm with a 1 nm resolution. The signal of the empty cuvette was used as 

baseline correction. 

 

5.1.2  SAXS Spectroscopy  

SAXS measurements on TOCNs hydrogels were performed using a SAXSLAB 

GANESHA 300-XL. Cu K radiation was generated by a Genix 3D Cusource with 

integrated Monochromator, 3 pinholes collimation and two-dimensional Pilatus 

300K detector. The scattering intensity was recorded in the interval 0.003 < q < 0.21 

Å−1. Measurements were performed under vacuum at ambient temperature. The 

scattering curves were corrected for counting time and sample absorption. The gel 

under study were placed in stainless steel sample cells with entrance and exit 

window made of mica.  The scattered intensity I(q) was modeled as the sum of an 

exponential decay at low-q values plus a lorentzian term at high q-values: 

 

               
    

 
  

     

        
                             (Eq. 5.1) 

where       and        are the scaling factors for each of the two terms, while  Ξ  

and ξ are respectively  the static and dynamic correlation lengths. This model, 

assumed to be valid for gel structures,  is known as Gauss-Lorentz Gel Model 

(Evmenenko et al., 2001) and attributes the static correlation length to the 'frozen-

in' crosslinks of some gels and the dynamic correlation length to the fluctuating 

polymer chains between crosslinks. 

 

5.1.3  NMR Spectroscopy  

The interaction between water and the three-dimensional network of TOCNs 

hydrogels was investigated by Low-field 1H-NMR, measuring the response of water 

proton spin to a magnetic excitation.  In particular, the water proton transverse 

relaxation rate T2
-1 (and relaxation time T2= 1/T2

-1)  was measured using a  Bruker 

Minispec mq20, operating at 20.1 MHz that is at B0≈0.47T for 1H Larmor precession 

frequency (Karlsruhe, Germany). CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence 

{90°[-τ-180°-τ(echo)]n-TR}, with a 8.36 μs wide 90° pulse, τ=250 μs and the sequence 

repetition rate TR equal to 5 s, was used. The result of the measurement is a 

transient signal known as Free Induction Decay (FID) (Atta-Ur-Rahman, 1986).  The 
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number of repetitions n (approximately equal to 700) was chosen in such a way to 

ensure that the final signal FID intensity was about 2% of the initial FID intensity. 

In the simplest situation, the relaxation process can be modeled by a single 

exponential decay and thus characterized by only one value of T2
-1. However, in 

general, and in particular for water entrapped in porous materials like hydrogels, 

more than one relaxation time is required to describe the process, as the T2
-1 

depends on the environment surrounding the protons (Vanhamme et al., 2001). In 

such a way, LF-NMR analysis on hydrogel samples allows to distinguish different 

states of water, i.e. free water or water trapped in meshes of different sizes and 

interacting with the hydrogel solid components.  

To obtain the so-called discrete relaxation times spectrum of the sample, 

represented by m couples (Ai, T2i), the experimental FID time decay was fitted by a 

sum of exponential decays (Chui et al., 1995):  

 

         
 

 

    
                                                  (Eq. 5.2) 

 

where t is time, T2i relaxation time and  Ai is an amplitude factor proportional to the 

number of protons relaxing with relaxation time T2i. The number of exponentials m 

was determined by minimizing the product χ2* (2m), where χ2 is the sum of the 

squared errors and m represents the number of fitting parameters of Eq. 5.2 

(Draper and Smith, 1966).  

  

5.1.4  Rheology Measurements 

Rheology is the science that studies the deformation and flow of matter in real 

systems and tries to correlate the observed stress-strain relationships with the 

structural properties of the material (Lapasin and Pricl, 1995).  

Rheology measurements were performed using a stress controlled rotational 

rheometer (Haake Mars Rheometer, 379-0200 Thermo Electron GmbH, Karlsruhe, 

Germany) equipped by parallel plate geometry (C35/1° phi=35mm) The gap was 

fixed at 0.5mm. Three kinds of measurements were performed on hydrogel 

samples: stress sweep tests (SS),  frequency sweep tests (FS) and steady value tests 

(SV).  

In stress sweep tests a sinusoidal deformation, characterized by an increasing 

deformation γ0 and a constant frequency f or pulsation ω, is applied to the sample: 

            . In order to have such a sinusoidal deformation it is necessary to 

apply the following sinusoidal stress field: 

 

                                                              (Eq. 5.3)                   
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where τ0 is the maximum stress, δ the loss angle between stress and deformation, 

G' the elastic or storage modulus, connected to the elastic energy stored in the 

material, and G'' the loss or viscous modulus, related to the energy dissipated due 

to internal friction. In our case, stress sweep tests  were performed in the range 

0.01-500 Pa, keeping the frequency constant (1 Hz), with the purpose to find the 

linear viscoelastic region (LVR), that is the region of small deformations/stresses 

where G' and G'' do not depend on τ0 or γ0. 

Frequency sweep tests consist in the application of a sinusoidal stress, with 

constant amplitude τ0 and variable frequency. We chose a constant shear stress of 1 

Pa (within the linear viscoelastic field) and performed measurements in the 

frequency range 0.01-10Hz. The temperature was set to 25±1 °C for all the 

measurements. 

Finally, in steady value tests, an increasing stress   is applied to the sample and the 

shear viscosity       is determined from the measured shear rate      exploiting the 

Newton  law: 

                                                          (Eq. 5.4) 

 

The result is the so-called flow curve, showing the dependence of the sample 

viscosity on the applied shear stress. Steady value tests  were performed in the 

shear stress range 0.1-100 Pa. 

 

Rheological data were elaborated on the basis of Flory theory (Flory, 1953) in order 

to evaluate the average mesh size ξ of the TOCN hydrogels. The first step was the 

determination of the polymeric network crosslink density ρx, that is the moles of 

junctions between different polymeric chains per hydrogel unit volume: 

 

   
 

  
                                                 (Eq. 5.5) 

 

where R is the universal gas constant, T the absolute temperature and G is the shear 

modulus of the hydrogel, estimated from FS tests as the average G' value over the 

considered frequency range.  

ξ can be determined from ρx according to the equivalent network theory (Schurz, 

1991). As in most cases a detailed description of a real polymeric network is rather 

complicated, the equivalent network theory suggests to replace the real network 

topology by an idealized one (cubical arrangement of the meshes) sharing the same 

average ρx. According to this model, the empty volume associated to each crosslink 

point is that of a sphere centered in the crosslink point and having a diameter equal 

to the average mesh size ξ. Considering the definition of crosslink density and the 

Avogadro Number NA, the volume competing to each cross-link in the real network 

is        and is equal to the volume of a sphere with diameter ξ in the ideal 

network: 



 
 

55 
 

 

    
 

 

 
  

 

 
 

 

                                                 (Eq. 5.6) 

from which it is possible to obtain the relation between  ξ and ρx:     
 

     

 
  

 

5.1.5  Microscopy 

The morphology and dimensions of TOCN at different sonication times was 

evaluated through microscopy techniques. In particular, an optical microscope 

Olympus IX70 equipped with a digital camera Moticam 2.0 MP was used in the case 

of small sonication times (that is for fibers with length major than 1 mm). In this 

case images were analyzed with the software ImageJ. For longer sonication times 

(and thus nanometric TOCNs) atomic force microscopy was used. Images of the 

crystallites were acquired by an AFM NT-MDT P47H scanning probe microscope 

operated in semi-contact mode and elaborated with the software Gwyddion (Nečas 

and Klapetek, 2012). We recall here that images  of TOCNs at fixed 240 sec 

sonication time were acquired with TEM microscopy too, as reported in Chapter 3. 

5.2  TOCN ionotropic gelation 
 

5.2.1 Gelling  procedures 

Ionotropic gels were obtained using CaCl2 as gelling agent and following external 

and inverse gelation procedures.  

In the case of external gelation concentrate TOCN solutions (8 mg mL-1) were 

extruded inside a CaCl2 (0.1-2 M) gelling aqueous solution. A microfluidic flow 

system, consisting of a compressor (JUN-AIR oil-lubricated compressor), a flow 

control system (Elveflow OB1 pressure controller and Elveflow software) and an 

output nozzle (400 m diameter), was used to obtain TOCN-Ca2+ hydrogel wires and 

beads with different sizes. The wires were obtained by extruding the TOCN solution 

from the nozzle directly inside the CaCl2 pool, while the beads were obtained by 

dropping the TOCN solution. Wires and beads of different sizes were obtained 

changing the pressure or the duration of the pressure pulse impressed by the 

system. Hydrogel disks were obtained using a spin-coater (spin-coater SPS 150) by 

pouring TOCN solution (8 mg mL-1) on a rotating CaCl2 (0.1-2 M) aqueous solution.  

In the case of inverse gelation, instead, an aqueous solution of CaCl2 (0.1-2 M), was 

dropped into a TOCN solution (8 mg mL-1). The outward diffusion of the Ca2+ ions 

from the drop to the outer TOCN solution led to the formation of capsules with a 

liquid aqueous-core and a jelly TOCN-Ca2+ shell. In order to enable CaCl2 drop to 

break the TOCN solution surface, when impinging on it, and to penetrate in the 
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solution with minimal deformations, obtaining an almost spherical core, TiO2 

nanoparticles (Aeroxide® TiO2 P25, 5 mg mL-1) were added to the CaCl2 solution in 

some experiments. After several attempts, a  TiO2 concentration equal to 5 mg mL-1 

was chosen as it enables to increase CaCl2 solution viscosity and density, reducing 

drop deformation, without altering the inverse gelation process. Moreover, the 

presence of TiO2 nanoparticles, which remain in the core and do not diffuse in the 

jelly TOCN-Ca2+ shell, makes the aqueous core opaque, increasing the contrast with 

the surrounding hydrogel and enabling to better identify the core-shell interface in 

capsule images. The volumes of core-shell microcapsules were measured with 

calibrated cylinders (with either 0.05 cm3 or 0.25 cm3 volume resolution). Individual 

particle images were obtained by a digital camera (Moticam CMOS 2) connected to 

a microscope Olympus IX70. The size of the beads and of the microcapsule core, 

together with the shell thickness were analyzed with the software ImageJ.  

5.2.2  Ca2+ determination and monitoring 

In order to study both the amount of calcium ions necessary to maintain the TOCN-

Ca2+ hydrogel structure and the diffusion of calcium ions leading to hydrogel 

formation, a method was required to quantitatively detect the presence of calcium 

ions and monitor their position in time. It was chosen to use a colorimetric method 

exploiting the capability of murexide dye (5,5′-Nitrilodibarbituric acid 

monoammonium salt) absorption peak to shift, turning from purple to yellow, upon 

complexation with Ca2+  (Pollard and Martin, 1956; Tammelin and Mogensen, 1952). 

 

 Ca2+ determination in TOCN-Ca2+ hydrogels in steady state conditions 

The concentration of Ca2+ strongly bound inside hydrogels incubated in water under 

steady-state conditions was determined on the basis of the amount of excess Ca2+  

ions released in water by TOCN-Ca2+ hydrogels incubated in aqueous solution after 

the gelation process. To this purpose, hydrogel disks obtained by adding 1 mL CaCl2 

(1 M) to 5 mL of TOCN (9 mg mL-1) suspension were used. The CaCl2 solution was let 

diffuse between TOCN crystallites and a compact hydrogel disk was formed. The 

coarse excess of Ca2+ not interacting with the hydrogel was removed by rinsing with 

50 mL distilled water for two minutes. Then the disk was incubated into 50 mL of 

water. At selected times, 2 L of the incubation solution were transferred into 500 

L of the assay solution containing 0.2 mM murexide buffered at pH 11.3 and the 

wavelength shift of the absorption peak of murexide was used to obtain Ca2+ 

concentration, according to a calibration curve . At the end of the release kinetic, 

the hydrogel disk was disrupted using an ultrasonic tip in order to release all the 

Ca2+ ions still trapped in the hydrogel. The Ca2+ of the sonicated TOCN suspension 

was measured by the murexide assay as above reported. The experiment was 

repeated three times under the same experimental conditions. The spectra were 
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acquired by a Varian-Cary 5000 UV-VIS-NIR spectrophotometer operated in %T 

mode in the range 200-900 nm with a 1 nm resolution. 

 

 Ca2+ diffusion in external and inverse ionotropic gelation  

The dynamics of Ca2+ diffusion in the incipient hydrogels obtained by external 

ionotropic gelation was investigated by monitoring the advancement of the front of 

color change of murexide dye upon Ca2+ complexation. A similar approach was used 

by G. Skjak-Braek et al. to visualize the migration of the gelling zone in calcium-

alginate gels (Skjåk-Bræk et al., 1989).  The experimental set-up consisted of a 

plastic cuvette (square 12.5 mm base and 45 mm length) filled with a solution 

containing murexide (20 M) and TOCN (8 mg mL-1), as shown in Fig. 5.1a. The 

opened extremity of the cuvette was closed with a dialysis membrane (MW cut-off 

10000) and the cuvette was placed in a solution containing CaCl2. The experiment 

was repeated at various concentrations (0.1 M, 1 M and 2 M) of Ca2+ in the diffusing 

gelling solution. By this set-up, the diffusion of Ca2+ occurs in one dimension along 

the cuvette axis. The temperature of the solutions was kept fixed at (25.0 ± 0.5) °C 

by using a heating immersion circulator (Julabo MD). Images were taken at different 

times from the beginning of the gelation process (moment at which the cuvettes 

were placed in the CaCl2 solutions bath) with a digital camera. The software ImageJ 

was used to analyze the images and obtain the distance of the yellow-purple 

interface from the dialysis membrane. For each image three distances were 

measured (at the centre of the cuvette and near the two walls, as shown in Fig. 

5.1b) and the sol-gel front was then expressed as the mean value of the three 

measurements. As the distance measurement uncertainty, we considered the 

maximum value between the standard deviation over the three measurements and 

the half-thickness of solution color front (0.5 mm). 

 

 
 

Fig. 5.1: Pictures of the experimental set-up used to visualize the diffusion front of Ca2+ ion 

in the incipient TOCN-Ca2+ hydrogel obtained by external ionotropic gelation. (a) Pictures of 

a cuvette filled with TOCN (8 mg mL-1) and murexide (20 M) after  5 min and 7 hours 

immersion in 1 M CaCl2 solution; the cuvette containing the TOCN-murexide solution is 

closed at the opened extremity with a dialysis membrane to allow only Ca2+ diffusion from 

outside to inside the cuvette. (b) Advancement of the diffusion front. The inset shows that 

a transition region of the change in color of murexide is present. The arrows indicate the 

three distances (d1, d2 and d3) used to calculate the average value of the diffusion front. 
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Also for the case of inverse ionotropic gelation process, the dynamics of Ca2+ 

diffusion was investigated by monitoring the advancement of the front of color 

change of murexide dye added to the TOCN solution. However, in this case a 

spherical geometry was adopted: 7 L droplets of aqueous solution containing CaCl2 

and TiO2 nanoparticles (CaCl2 concentration 0.1 M, 0.5 M, 1 M and 2 M, TiO2 

concentration 5 mg mL-1) were dropped in a TOCN-murexide solution (8 mg mL-1 

TOCN and 20 M murexide). Images of the samples were taken at different times 

from the beginning of the gelation process (that is the time CaCl2-TiO2  drop comes 

in contact with the TOCN-murexide solution) with a digital camera. The software 

ImageJ was used to analyze the images and obtain the diameter of the capsules by 

exploiting the color change of murexide from purple to yellow in presence of Ca2+ 

ions. To account for deviations from a spherical shape, three diameters (D1, D2 and 

D3, as shown in the central panel of Fig. 5.2) were measured in the three spatial 

dimensions and an average value was considered. The uncertainty on diameter 

measurements was related to the not sharp sol-gel interface (about 1 mm along the 

gel growth direction) and to image contrast and calibration and was estimated to be 

around 20%. Knowing the microcapsule radius        and the liquid core radius 

r, we determined the gel shell thickness as a function of time as the distance   

   . 

 

 
 

Fig. 5.2: Representative pictures of the measurements performed to visualize the diffusion 

front of Ca2+ ions in an incipient TOCN-Ca2+ core-shell capsule obtained by inverse 

ionotropic gelation. The images show the core-shell capsule growth induced by Ca2+ 

diffusion from the aqueous core. The pictures of the same sample were taken at 2.5 min, 15 

min and 30 min (from left to right) after the contact between  the CaCl2-TiO2  drop and the 

TOCN-murexide bulk solution (purple in the three images). The annulus, enlarging from left 

to right images, is the ionotropic gel shell formed upon diffusion of Ca2+ ions between TOCN 

crystallites. 
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5.2.3  FTIR spectra and maps of dried TOCN-Ca2+ hydrogels   

Fourier Transform Infrared (FTIR) spectroscopy was used to monitor the 

coordination between Ca2+ ions and carboxylic groups in TOCN-Ca2+ hydrogels, as it 

induces a shift of the vibrational frequency of these groups (Deacon, 1980; 

Nakamoto, 1989; Nara et al., 1996). In particular, changes in FTIR features of TOCN 

carboxylic group in TOCN-Ca2+ hydrogels with respect to those of TOCN crystallites 

at pH 7 (where the counter ion is Na+) were used to monitor the presence and the 

homogeneity of distribution of Ca2+ inside TOCN-Ca2+ hydrogels. 

FTIR spectra of TOCN-Ca2+ samples were acquired using a micro-FTIR Nicolet iN10 

instrument equipped with a liquid nitrogen cooled detector. For these 

measurements, TOCN-Ca2+ hydrogel beads were produced by external ionotropic 

gelation, left in water for 3 days to let them release the non-coordinated Ca2+. The 

beads were then cut in transversal slices and a central slice was dried in an oven at 

60 °C for 24 h before measurements to minimize the water feature in the spectra. 

Dried samples were scanned in %T mode in the range 750-4000 cm-1 with a 4 cm-1 

spectral resolution or 1200-2500 cm-1 with a 1 cm-1 spectral resolution. Spectra of 

TOCN films (without Ca2+) obtained by casting TOCN suspensions on a Petri dish 

were acquired under the same conditions and used as a reference for assignment of 

vibration features and peak wavenumbers. The position of the symmetric and 

asymmetric carboxylate peaks (at 1410 cm-1 and 1608 cm-1 in TOCN films, where the 

counter ion of the carboxylate groups is Na+  and at 1420 cm-1 and 1600 cm-1 in 

TOCN-Ca2+ hydrogels, where the counter ion is Ca2+ respectively) and their relative 

shift upon Ca2+ complexation were used to monitor the presence of Ca2+ in the 

hydrogel (Papageorgiou et al., 2010). To investigate the Ca2+ distribution inside the 

TOCN-Ca2+ gels, spatial maps were automatically acquired by selecting a given 

number of points per area over different parts of a bead slice. In particular, a 

surface of 300 × 1300 m2 was mapped with 100 m spacing for both a central and 

an edge zone of the sample. In the case of the edge zone, spectra related to points 

closer than 400 m from bead edge were not reported because of artifacts due to 

surface effects on the acquisition.  

To perform a rigorous spectral analysis and to get the precise position of the 

symmetric and asymmetric carboxylate peaks we followed a two steps procedure 

consisting in 1) the deconvolution of the partially overlapping peaks and 2) the 

normalization of the intensities with respect to the 1372 cm-1 peak, which is related 

to the in-plane alkane -C-H bending vibration in TOCN and can be assumed to be 

constant for all the samples and not altered by the ionotropic gelation. In particular, 

the bands at around 1610 cm-1 were analyzed performing a double gaussian fit 

procedure to separate the contribution of the asymmetric carboxylate stretching 

vibration from that of water (at 1640 cm-1). The bands at around 1420 cm-1 were 

analyzed in TOCNs films performing a double gaussian fit procedure to separate the 
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contribution of the symmetric carboxylate stretching vibration from that of alkane -

C-H vibrations (at 1425 cm-1). The obtained alkane peaks were then subtracted from 

TOCNs-Ca2+ spectra to isolate the symmetric carboxylate stretching vibration peak. 

 

5.3  TOCN Hydrogels toxicity studies 
 

In order to perform toxicology studies on TOCN hydrogels, the hints of the 

International Standard protocol ISO 10993-1 and DIN EN ISO 10993-5:2009  

(STANDARD, 2009) were considered. They suggest to test each component material, 

including impurities and constituents associated with processing together with the 

device, both in direct and indirect contact. For this reason, not only TOCN hydrogels 

were evaluated, but also TOCN films, TOCNs in solution and salts used to prepare 

the hydrogels. Moreover, the toxicity of TOCN hydrogels was evaluated in vitro both 

placing them in direct contact with cell cultures and using a support to avoid 

mechanical stress (indirect contact test).  

The cell cultures used to performed the toxicity studies were human malignant 

melanoma cells (A375), provided by the American Type Culture Collection, (ATCC, 

Virginia, USA), CRL-1619. Cell were grown in monolayer in RPMI 1640 medium 

(Euroclone Pero MI, Italy) supplemented with 10% fetal bovine serum (FBS) 

(Euroclone), 1% penicillin (50 U/mL) - streptomycin (50µg/ml) (Euroclone), and 1% 

non-essential aminoacids (Euroclone) in a humidified atmosphere of 5% CO2 in a 

water-jacketed incubator at 37 °C.  

TOCN hydrogels were prepared in Trento, while toxicity measurements were 

performed by collaborators from the National Center for Drug Research and 

Evaluation (Istituto Superiore di Sanità, Roma). 

 

5.3.1 TOCN hydrogel membranes (TOCN-HM) and films (TOCN-FL) 

preparation  

TOCN hydrogels were obtained by cation-induced gelation using different cations 

(Na+, Ca2+, Mg2+). Moreover, different washing procedures after the gelation 

process were tested in order to remove the excess of salt and increase TOCN 

hydrogels stability in water solutions.   

Among the different shapes achievable, I decided to use disk-shapes TOCN 

hydrogels (referred to as TOCN hydrogel membranes: TOCN-HM) with height and 

diameter around 4-5 mm and 9 mm, respectively. To prepare them, 25 mL of 8 mg 

mL-1 TOCN solution were transferred into an 85 mm diameter Petri dish over which 

10 mL of 1M salt solution (CaCl2, MgCl2, NaCl) were poured under gentle agitation. 
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The resulting 85 mm diameter hydrogel membrane was shaped in smaller TOCN-

HM disks using a cylindrical 9 mm diameter die and placed in 20 mL of 1M salt 

solution (CaCl2, MgCl2, NaCl) for 24 hours.  

At this point, four different post-gelation processing strategies were evaluated: a) 

short washings (5 min) in water to remove the excess of salt solution from the 

surface (rinsed TOCN-HM), b) washing by incubation in water (50 mL) for 5 days, 

changing the 50 mL water once a day (water TOCN-HM), c) conversion to alchoolgel 

by incubation in ethanol (50 mL) for 5 days, changing the 50 mL ethanol once a day, 

followed by rinsing  in aqueous solution (ethanol TOCN-HM), d) 2h washing in water 

followed by 1h drying at 60°C (60°C TOCN-HM). 

To obtain TOCN films (TOCN-FL), the TOCN suspension was casted on a Petri dish 

and left to dry at 60°C for 24 hours in an oven. The thickness of the film was in the 

range 10-12 m. 

 

 

5.3.2  Direct and Indirect contact toxicity tests   
 

To determine the 2D cell culture response to the direct contact between the TOCN-

HM and melanoma cells, the cells (4 x 105) were initially placed in a 35 mm tissue 

culture dish and allowed to grow in culture medium as a confluent monolayer. After  

24 h of growing, the TOCN-HM was laid down on the monolayer cells, the well plate 

was filled with the culture broth and cell proliferation and morphology were 

monitored for 24h.  

The indirect toxicity tests were performed by protecting the cell layer from possible 

mechanical stress damage induced from TOCN-HM contact using a cell culture 

insert with a microporous (8 m), permeable polyethylene terephthalate (PET) 

membrane (FalconTM Cell culture insert, Corning inc. North Carolina). The insert 

housing was laid over 0.5 cm from the confluent cell monolayer avoiding the direct 

contact but favoring the molecules diffusion. Then, the TOCN-HM was laid over the 

PET membrane and the well plate was filled with the culture broth up to the TOCN 

hydrogel membrane. A sketch of the experimental set-up is shown in Fig. 5.3: it 

allows diffusion of molecules through the PET membrane, however it avoids the 

mechanical stress due to contact between cells and TOCN-HM.  

 

The toxicity of TOCN-HM both in direct and indirect contact with melanoma cells 

was evaluated, in a qualitative way, observing the cells after the treatment by phase 

contrast microscopy and, in a more quantitative manner, by performing MTT 

assays. 
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Fig. 5.3: Sketch of the experimental set-up used for indirect contact toxicity tests, consisting 

of a cell culture insert with a microporous (8 m), permeable PET membrane laid over 0.5 

cm from the confluent cell monolayer. To perform the tests, the TOCN-HM was laid over 

the PET membrane and the well plate was filled with the culture broth up to the TOCN 

hydrogel membrane. 

 

 

MTT assay  

Cell viability was assessed by (3-[4, 5-dimethylthiazol-2-yl] -2,5-diphenyltetrazolium 

bromide) MTT assay (Sigma Aldrich, Milan, Italy). This test measures the activity of 

the enzymes, above all mitochondrial enzymes, which reduce MTT to formazan, 

imparting a blue/purple color to the dye.  

After removing cell medium, untreated and treated cells with TOCN-HMs were 

washed with phosphate buffered saline (PBS) solution and incubated with 0.5 mg 

mL-1 MTT solution for 2 h at 37 °C. After removing the MTT solution, the samples 

were lysed by 100 µL DMSO, and analyzed by a microplate reader (Bio-Rad, 

California) at 570 nm. As positive control, 1 M staurosporine (STM) from Sigma 

Aldrich for 24 h was used. Three absorbance measurements were done for each 

sample and the cell viability (%) was expressed as the percentage ratio between the 

absorbance mean value of the treated sample and absorbance mean value of the 

control sample. 

In the same way, MTT assays were performed also for cells treated with TOCNs, 

TOCN-FLs and salts. In these cases the use of the support for indirect contact was 

not necessary, as TOCNs, TOCN-FLs and salts are not heavy or macroscopic devices 

able to cause mechanical damage to the cell layer.  

The experiments were performed at least in duplicate and all the data are reported 

as the sample mean ± the standard deviation (SD).  

 

 

Phase contrast microscopy  

A375 cells untreated and treated with TOCN-HM were observed by phase contrast 

microscope (Zeiss, Axiovert200, Gottingen, Germany). 
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Confocal laser scanning microscopy (CLSM) 

The toxicity of TOCNs was evaluated by incubating cells with FITC-labeled TOCNs 

and observing their intracellular distribution with a confocal laser scanning 

microscope.  

To obtain FITC-labeled TOCNs, 0.75 mL of 2 mM fluorescein isothiocyanate (FITC) 

were added to 5 mL of a 0.1 M NaOH aqueous suspension of TOCNs (3 mg mL-1) and 

then stirred for 6 days in the dark at RT (Nielsen et al., 2010). The suspension was 

dialyzed against 400 mL NaOH (0.05 M) for 7 days by changing the dialysis solution 

4 times and then dialyzed against deionized water until pH 7.0 was reached.  

Cells (4x105) were seeded in completed RPMI 1640 medium for 24 h prior to the 

experiment. After carefully removing the growth medium, cells were washed with 

PBS and incubated with FITC-labeled TOCNs at different concentrations ( 0.13±0.03 

mg mL-1; 0.4±0.1 mg mL-1; 0.53±0.13 mg mL-1) for 24h of treatment. At the end of 

incubation, slides were washed in PBS and fixed in 3.7% paraformaldehyde in PBS 

for 30 min at RT. After washing with PBS, cells were permeabilized in Triton-X-100 

(0.5% in PBS) and then incubated with propidium iodide (PI) nuclear staining (1 µg 

mL-1) for 30 minutes, after that, mounted on glass microscope slides.  

The analysis of the intracellular distribution of FITC-TOCNs and PI for nuclear 

counterstain was carried out using a Leica TCS SP2 spectral confocal microscopy 

equipped with argon-helium neon (Ar-HeNe) lasers. FITC-labeled TOCNs were 

excited at a wavelength of 488 nm and PI at 594 nm; emission lines were collected 

after passage through a DD488/543 filter in a spectral window ranging from 515 to 

700 nm. Signals from different fluorescent probes were taken in sequential scan 

mode, which allows the elimination of channel cross talk and colocalization was 

detected in an overlay model.  The acquisition parameters were: 63.0/1.4 NA 

objective, 1024x1024 image size, 1 Airy pinhole size; 0.5 μm step size. Images were 

processed by using LCS (Leica Microsystems. Heidelberg GmbH, Germany) and 

Photoshop (Adobe System Inc. Mountain View, CA, USA) software programs. 
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Chapter 6: 

 TOCNs SOL-GEL TRANSITION 
 

 

 

 

 

 

 

 

The studies reported in this Chapter 6 were performed after the observation, during 

routine lab-practices, that TOCN aqueous solutions at concentrations higher than a 

threshold value (around 5 mg mL-1) are very prone to undergo sol-gel transitions. 

This transition was observed to happen in different situations, in particular during 

the sonication treatment, for appropriate sonication times, and when cations were 

added to the TOCN solutions. The combined use of ultrasonication and salt addition 

enabled to obtain strong, macroscopic, transparent TOCN hydrogels in some 

conditions but not in others. For example TOCN hydrogels were obtained if a 

prolonged sonication was followed by the addition of salts, while inhomogeneous 

suspensions were obtained if salts were added before sonication. The will of better 

understanding the mechanical and chemical sol-gel transition process led us to 

perform measurements to unveil the individual roles of sonication and salt addition. 

Particular attention was given, during our investigations, to the presence and the 

dynamic behavior of water molecules inside TOCN hydrogels, as the material 

structures and properties  are expected to be strongly dependent on the presence 

of hydrogen bonds and interaction between TOCNs and  water.  

Here we report the results obtained by the combined use of spectroscopic (NMR, 

SAXS, UV-VIS) and rheological techniques. In particular, the first section is focused 

on the role of sonication in the transition process, reporting the changes in optical, 

morphological, rheological properties and water relaxation spectra of TOCN 

solutions as a function of the sonication time. The second section investigates the 

effect of salt addition and sonication order, trying to understand the reasons why 

sonication has to precede salt addition  in order to observe a sol-gel transition. 

Finally, the last section reports the results obtained investigating the sol-gel 

transition in the case of salts added after sonication. In particular, the results of 

rheological, NMR and SAXS measurements were combined to understand the 

changes in TOCN hydrogels structures and properties due to different sonication 

times, salt type and salt concentration.  
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6.1  Sol-Gel transition of TOCN solutions: the effect of sonication 
 

In this Section we report the results obtained investigating the effect of sonication 

on TOCN aqueous suspensions. In particular, 40 mL of aqueous slurry containing 6 

mg mL-1 TOCN at pH 7 was sonicated for variable times and the resulting 

suspensions were analyzed combining different techniques.  

From a qualitative point of view, before sonication the solution appears highly 

heterogeneous and formed by macroscopic aggregates of fibers. This turbid and 

flocculent suspension becomes progressively a homogeneous and viscous jelly 

solution increasing the sonication time. As a representative example, Fig. 6.1 shows 

a TOCN suspension before and after a 240 s sonication treatment. The whitish 

appearance of the non- sonicated suspension is due to aggregates of cellulose 

fibers, which are disrupted and transformed in TOCNs upon sonication, giving rise to 

a transparent, homogeneous solution. 

 

 
Fig. 6.1: Visual appearance of (a) a non sonicated TOCN slurry and (b) a sonicated one. 

Macroscopic aggregates of cellulose fibers induces the whitish appearance of the non 

sonicated slurry. Upon sonication, fibers are disrupted and transformed in TOCNs leading to 

transparent, homogeneous solutions. 

 

6.1.1  Morphological changes and optical properties 

 

The morphology changes induced by sonication were investigated by optical and 

AFM microscopy. Fig. 6.2a and Fig 6.2b report respectively an optical microscope 

image of TOCNs after 30 s sonication and an AFM image obtained after 480 s 

sonication. It is visible that branched fibrils are converted into rod-like crystallites. 

The morphology of and dimensions of TOCNs after extensive sonication were 

evaluated through TEM microscopy and the results were reported in Chapter 2, 

Section 2.3.1. 
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Fig. 6.2:. (a) Optical microscopy image of macroscopic cellulose fibers after a short 

sonication treatment (30 s); (b) Atomic force microscopy of TOCNs after a prolonged 

sonication treatment (480 s). 

 

A further demonstration that large aggregates disappear upon sonication is given by 

optical transmission measurements. As shown in Fig. 6.3, optical transmission is low 

for short sonication time (< 120 s) and reaches a plateau value after 120 s 

sonication. The high transmission values (97% at 500 nm and 89% at 300 nm) and 

thus the absence of significant scattering for solutions sonicated for more than 120 

s rules out the presence of meso- to macroscopic aggregates. 

 
Fig 6.3: Transmittance of TOCN suspensions as a function of sonication time. Black squares 

refer to UV wavelength (300 nm) and red empty circles to visible wavelength (500 nm). 

Values and error bars refer to mean value and SD over at least three measurements. 
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Both microscopy images and optical measurements show that the transition from 

fibrils to nanocrystals is almost completed after 120 s sonication (for 6 mg mL-1 

TOCN solutions). The dispersion of the TOCNs is driven by their polyelectrolytes 

nature. In fact, at pH 7 they bear an average negative charge on the 29% of the 

cellobiose units, as determined by conductometric titrations (Chapter 2, Section 

2.3.2). 

 

6.1.2   Rheological behaviour  

 

Frequency sweep tests (in the linear viscoelastic range) and flow curves were 

performed to investigate the dynamic rheological behavior of TOCN solutions 

characterized by different sonication times (0-480 s). Fig 6.4a and Fig. 6.4b report 

respectively the G' and G'' values obtained from frequency sweep tests, while Fig. 

6.5 shows the flow curves.  

Observing Fig 6.4, it appears that the only case for which  G''>G' is for 0 s sonication, 

confirming again that the non-sonicated slurry is an inhomogeneous suspension of 

fibers agglomerates without cohesion. For sonication times in the interval 30-360 s, 

instead, G'>>G'' and G' and G'' are roughly independent of frequency, indicating a 

gel-like behavior of the samples. Assuming that Flory theory holds (Flory, 1953) and 

that the shear modulus of the hydrogels is the average G' value over the considered 

frequency range, the resulting mesh size was estimated to be around 50-70 nm. 

This is a considerable wide value, meaning that the connectivity within these 

hydrogels is not very high and suggesting the presence of a tenuous transient 

network (statistical network) involving non-covalent associations among polymeric 

chains, typical of weak polysaccharides gels (Coviello et al., 2013; Grassi et al., 

1996). The gels show a reversible behavior as,  for sonication times higher than 360 

s, they tend to revert to a viscous solution: G' decreases, approaches G'' and both of 

them are frequency dependent. We are in the condition of incipient weak gel (sol-

gel transition). Considering an average shear modulus around 5 Pa and applying 

Flory theory, a wide average mesh size can be estimated for these systems ( ≈ 120 

nm) showing their scarce connectivity.   

The same trend (as a function of sonication time) can be observed in the viscosity 

curves of Fig. 6.5. While in the case of 0 s sonication the viscosity is low and nearly 

constant (0.01-0.1 Pa s), for sonication times lying in the range 30-360 s a sudden 

drop of viscosity (from 1-10 kPa s to 0.1-1 Pa s) happens at stress around 20-60 Pa, 

indicating a fracture of the internal structure. Finally, in the case of 480 s sonication 

time, the weaker connectivity is confirmed by the lower viscosity values (around 

100 Pa s) and by the fact that the abrupt viscosity drop is substituted by a smooth 

decrease starting from 5 Pa stresses. 
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Fig 6.4: Results of Frequency Sweep tests for TOCN suspensions non-sonicated (0 s) 

and sonicated at variable times (30-480 s). Elastic modulus G' and viscous modulus 

G'' are reported respectively in Panel a and Panel b. Measurements were performed 

at 25±1 °C and 1 Pa shear stress.  

 
Fig 6.5: Flow curves for TOCN suspensions at different sonication times (0-480 s). The 

maximum viscosity value is obtained for sonication times in the range 30-360 s and it drops, 

in all cases, for shear stresses higher than 30 Pa, indicating a fracture of the internal 

structure. Measurements were performed at 25±1 °C. 

 

The effect of sonication on the dynamic rheological behavior of TOCN 

suspensions/solutions obtained by frequency sweep tests is summarized in Fig 6.6, 

which reports the dependence of the elastic modulus G’ (conventionally evaluated 

at 1 Hz) versus sonication time. Despite a gel-like behavior is observed for every 
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sonication time different from zero (with the limit situation of G'≈G'' at 480 s), it 

appears again that the gel strength (i.e. the elastic component) increases up to 120 

s and then gradually decreases, suggesting a reduction of the interaction points 

among different TOCN crystallites.  

The reduction of crosslinks  is probably due to the efficient nano-fibrils detachment 

induced by sonication and to the high rigidity and limited length of TOCNs, which 

hinder the formation of a three dimensional network. This interpretation is in 

agreement with the results of the optical and morphological characterization 

reported in Subsection 6.1.1, showing that the transition from fibrils to nanocrystals 

is almost completed after 120 s sonication. 

 
Fig 6.6: Elastic modulus G' (conventionally evaluated at 1 Hz) of 6 mg mL-1 TOCN solutions 

as a function of sonication time. The reported values and errors were evaluated performing 

a linear fit on FS curves in the frequency range 0.02-2Hz and extrapolating from them the G' 

value at 1 Hz. Gel strength increases up to 120 s and then decreases, suggesting a reduction 

of the crosslinks among TOCN crystallites.  

 

6.1.3  State and dynamics of water in TOCNs solutions 

 

Transversal nuclear magnetic relaxation rate (T2
-1) of water was used to better 

understand the organization of TOCNs and the state and dynamics of water in the 

TOCN suspensions at different sonication times. Table 6.1 reports the results of 

multi-exponential analysis of the magnetization decays in terms of average water 

relaxation times (T2m), individual relaxation rates (T2i
-1) and respective relative 

abundances (Ai). The average relaxation time is calculated as the weighted average 

of the individual relaxation times (T2i). It appears that, for short sonication times 

(30-60 s) two relaxation rates are required to describe the process, suggesting the 

coexistence of two different proton environments. The slower relaxation rate (more 

similar to that of pure water: 0.3 s-1 (Koenig et. al., 1975)) can be associated to 
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macroscopic dispersed fibrils, while the faster rates are compatible with TOCN 

nanocrystals. For sonication times longer than 120 s, a single relaxation time is 

sufficient to describe the system, supporting the idea of a homogeneous structure 

of the material. 

 

Table 6.1: Relaxation rates (T2i
-1) and respective relative abundances (A1) and average water 

relaxation times (T2m) of TOCN suspensions at different sonication times. A single relaxation 

time is always enough to describe the systems apart from the case of 30 s and 60 s 

sonication times, indicating quite homogeneous materials.  

 

Sonication time (s) T21 -1(s-1) A1 (%) T22
-1 (s-1) A2 (%) T2m (ms) 

0 0.57 100 
  

1747 

30 0.65 71 0.90 29 1531 

60 0.61 76 0.74 25 1651 

120 0.68 100 
  

1476 

240 0.69 100 
  

1448 

360 0.71 100 
  

1412 

480 0.73 100 
  

1360 

 

 

Fig. 6.7 shows the trend of the average relaxation time (T2m) as a function of 

sonication.  

 
Fig. 6.7: Average relaxation times for TOCN suspensions as a function of sonication time. 

The decreasing trend suggests that fibers progressively detach from each other increasing 

the polymeric surface available for the interaction.  

 

It is possible to see that T2m decreases increasing the sonication time, indicating that 

fibers progressively detach from each other so that the polymeric surface available 

for the interaction with water molecules increases. Indeed, an higher solid surface 
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available for water interaction is known to cause a lower water 1H relaxation time 

(Chui, 1995). Comparing Fig 6.7 with Fig. 6.6, it is possible to see the 

complementarity of rheological and NMR measurements.  While NMR, through T2m, 

shows the attitude of TOCNs to detach from each other, rheology, through G',  gives 

information about the attitude of TOCNs to form a three-dimensional network. Up 

to 120 s, T2m and G' are inversely proportional, possibly because fibers detachment 

favors their interaction to form a 3D network. However, larger sonication times 

cause a further detachment but reduce the attitude to form a gel structure. 

 

To have a complete and summary picture of the effect of sonication on the behavior 

of aqueous suspensions of TOCNs, the results of transmittance, rheological and 

NMR measurements are reported together in Fig. 6.8, in terms of Transmittance 

values (Fig 6.8a), Elastic modulus (Fig 6.8b filled black circles, left axis) and 

relaxation rates (Fig 6.8b red squared symbols, right axis). 

 
Fig 6.8: (a) Transmittance values of TOCN suspensions at 300 nm and 500nm as a function 

of sonication time.  (b) Elastic modulus G' (filled black circles, left axis) and relaxation rates 

T2i
-1 (red squared symbols, right axis) as a function of sonication time. The shaded region 

underlines the sonication times for which gel-like structure forms.  

 

To sum up, experimental measurements suggests that a 30-120 s sonication time 

breaks the fibrils in correspondence of the amorphous domains producing isolated 

TOCN crystallites which form a weak physical gel (shaded region in Fig. 6.8). This 

interpretation is supported by %T values, showing the disappearance of meso-

macroscopic aggregates, by rheological data, reporting higher  G' values, and by 

NMR measurements, indicating the presence of  two different relaxation rates and 

thus two different water environments, which is typical of gel-like entangled 
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structures. Increasing the sonication time, a solution state is reached, as shown by 

the reduction of the G' values and by the presence of a single relaxation rate. This is 

probably due to the energy supplied by sonication, which breaks the hydrogen 

bridges between the TOCNs.  

 

6.2  Sol-Gel transition of TOCN solutions: the effect of sonication 

and salt addition order 
 

As already mentioned and similarly to what happens for other polyelectrolyte 

systems like alginates (Stokke et al., 2000) , cations increase the interactions among 

fibrils/TOCNs and can drastically change the properties of TOCN solutions. However, 

in our case, the effect is different if salts are added previously or after sonication.  

 

 
Fig. 6.9: Visual appearance of TOCNs solution/hydrogels. Panels a-b-c show the 

homogeneous and transparent hydrogels formed by 240 s sonication followed by the 

addition of cations (Na, Ca2+ and Al3+), while panels c-d-e show samples obtained by first 

adding the cations and then sonicating. In this second case, only NaCl forms a weak and 

homogeneous hydrogel, while CaCl2 and AlCl3 form inhomogeneous materials. 

 

In particular, sonication to disperse TOCNs followed by salt addition (sony+salt), 

produces homogeneous hydrogels, while sonication performed on TOCNs solutions 

already containing cations (salt+sony) produces visually inhomogeneous 

suspensions, with macroscopic compact structures surrounded by water. To have 

an idea of the phenomenon, Fig. 6.9 reports some pictures of the samples as they 

appear in the two cases, that is sonication followed by salt addition (Fig. 6.9 a-b-c) 

and salt addition followed by sonication (Fig. 6.9 d-e-f). 
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Here we focus on the comparison between the two procedures, while in the next 

section the case of sonication followed by salt addition will be treated more into 

details. 

 

6.2.1  Rheological behavior  

 

Fig. 6.10 compares the results of frequency sweep tests performed on samples 

obtained by the salt+sony and sony+salt procedures using 10 mM sodium chloride 

(panel a), 100 mM sodium chloride (panel b), 10 mM calcium chloride (panel c) and 

100 mM calcium chloride (panel d). The sonication time was 240 s for every sample. 

 

 
Fig 6.10: Frequency sweep test performed in the LVR (at stress equal to 1 Pa) on TOCN 

solutions/hydrogels (concentration 5 mg mL-1) obtained by the sony+salt and salt+sony 

procedures. Sodium chloride and calcium chloride were used as salt types and their 

concentration in the TOCN solutions/hydrogels was 10 mM (panel a and panel c for NaCl 

and CaCl2 respectively) and 100 mM (panel b and panel d for NaCl and CaCl2 respectively).  

Sonication time was fixed to 240 s for every sample and measurements were performed at 

25±1 °C. 

 

The mechanical spectra of Fig 6.10 show that, apart from the case of 100 mM NaCl, 

the sony+salt procedure produces a higher increase of the mechanical properties 
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with respect to the salt+sony procedure. This is particularly evident in the case 

calcium chloride, for which the elastic modulus increases around two orders of 

magnitude (from 10 Pa to nearly 1 kPa) passing from the salt+sony to the sony+salt 

situation.  

This trend is in agreement with the visual observation of the samples and is 

confirmed also by the flow curves shown in Fig. 6.11. While in the case of NaCl, the 

procedure (sony+salt or salt+sony) does not have a strong impact on the mechanical 

properties of the samples, in the case of divalent CaCl2 salt,  flow curves show a 

clear increase of both viscosity values and inflection point in the case the salt is 

added after sonication. Moreover, considering the  sony+salt procedure, it is visible 

that the mechanical properties  of the samples are stronger using CaCl2 with respect 

to NaCl and using a 100 mM concentration in comparison to the 10 mM 

concentration (these effects will be considered in details in Section 6.3). 

 
Fig. 6.11: Flow curves for TOCN solutions/hydrogels (concentration 5 mg mL-1) obtained by 

two different procedure: (a) addition of salts followed by 240 s sonication and (b) 240 s 

sonication followed by salt addition. Measurements were performed at 25±1 °C. 

 

The different behavior of sodium chloride with respect to calcium chloride can be 

ascribed to the different dimensions of the two cations. While Na+ is smaller and 

able to reach all the interaction sites of TOCN fibrils without sonication, Ca2+ is 

bigger and unable to get the less exposed interaction sites and induce an 

homogeneous  gelation, unless a previous sonication promotes fibers detachment. 

In this way, Ca2+ probably induce a gelation only of the outer surface of the 

macroscopic fibers aggregates and this prevents a subsequent effective sonication 

and dispersion of TOCNs, leading to inhomogeneous turbid suspensions. 
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6.2.2  NMR measurements 

 

In Table 6.2 water relaxation rates (T2i
-1) with the relative abundances (Ai) and the 

average relaxation times (T2m) resulting from 1HNMR measurements on TOCN 

solutions/hydrogels obtained following the salt+sony and sony+salt procedures are 

reported. All samples were sonicated for 240 s and sodium chloride or calcium 

chloride were added to the TOCN solutions at a 10 mM or 100 mM concentration. 

What appears of particular interest in this context is the increase of the number of 

relaxation rates necessary to fit the relaxation profile of the sony+salt procedure. 

Although the increase of polynomial terms for the fit reduces its quantitative 

reliability, we can argue that the sony+salt procedure forms more complex three-

dimensional architectures, where the TOCNs are coordinated in a more intricate 

way which is in accord with visual observation and rheological data. 

Table 6.2: Results of NMR measurements performed on samples obtained adding 10 

mM or 100mM salt solution (NaCl or CaCl2) to TOCN solution (concentration 5 mg 

mL-1) previously or after a 240 s sonication treatment (series salt+sony and sony+salt 

respectively). In particular, the results are expressed in terms of water average 

relaxation times (T2m) and relaxation rates (T2i
-1) with relative abundances(Ai).  

 
salt conc [mM] T21

-1 (s-1) A1 (%) T22
-1 (s-1) A2 (%) T23

-1 (s-1) A3 (%) 

sa
lt

+s
o

n
y NaCl 10 1.01 100 

    
NaCl 100 0.88 24 1.09 76 

  
CaCl2 10 0.77 100 

    
CaCl2 100 0.70 100 

    

so
n

y+
sa

lt
 NaCl 10 1.14 7 1.18 93 

  
NaCl 100 0.72 36 0.78 45 1.63 19 

CaCl2 10 0.89 24 1.17 66 1.95 10 

CaCl2 100 0.76 32 0.89 37 1.66 31 

 

6.3  Sol-Gel transition of TOCN solutions: the effect of sonication 

+ salt addition 
 

In this Section we focus on the effect of salt addition to TOCN solutions after the 

sonication process. In particular, I was interested in evaluating the dependence of 

TOCN hydrogels structural properties on the combined effect of sonication time and 

salt addition and on the valence and concentration of the added salt. The 

measurements reported in this Subsection were performed on 6 mg mL-1 TOCN 

solutions sonicated for times in the range 30-480 s and to which different chloride 

salts were added (NaCl, CaCl2, AlCl3) at concentrations 10 mM or 100 mM. 
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6.3.1  Rheological behavior  

 

FS tests were performed on samples obtained adding 100 mM NaCl, CaCl2 and AlCl3 

salts to TOCN solutions after different sonication times (30-480 s). The results in 

terms of elastic modulus G' and viscous modulus G'' are reported if Fig. 6.12. They 

show that G' > G'' and both of them are frequency independent for all the samples, 

indicating that the addition of Na+ Ca2+ and Al3+ produces sol-gel transition for every 

sonication time.  

 

Fig 6.12: Results of FS tests performed on TOCN suspensions (6 mg mL-1) sonicated for 

different times (30-480 s) and to which 100 mM NaCl (panels a-b), CaCl2 (panels c-d) and 

AlCl3 (panels e-f) were added after sonication. Panels a-c-e and panels b-d-f report 

respectively the Elastic Modulus G' and the viscous Modulus G'' values. Measurements 

were performed at 25±1 °C. 

 

The G' values at 1 Hz as a function of sonication time for NaCl, CaCl2 and AlCl3 are 

compared in Fig. 6.13.  It can be observed that G' increases up to 120 s sonication 

time and then shows a small reduction (in the case of NaCl) or remains constant (in 

the case of CaCl2 and AlCl3). The increase of G' is probably due to the fact that the 

sonication process un-packages the TOCNs exposing more and more carboxylic 

groups, which act as sites for ion-TOCNs interaction. Moreover it appears that, once 
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the TOCNs are fully un-packed, Ca2+ and, even more, Al3+ guarantee much better 

jelly-like properties than Na+.  

 

Fig 6.13: Storage modulus G' measured at 1Hz for TOCN hydrogels formed adding 100mM 

of sodium chloride, calcium chloride and aluminum chloride to TOCN solutions sonicated 

for variable times. The reported values and error bars (not visible in figure) were evaluated 

performing a linear fit on FS curves in the frequency range 0.02-2Hz and extrapolating from 

them the G' value at 1 Hz. As a comparison, also the case of no salt addition is reported (see 

Section 6.1 for details).  

From these measurements it appears that a sonication pre-treatment of at least 

120 s is required to form a homogeneous hydrogel with a nearly stabilized G' value. 

For this reason  we compared TOCN hydrogels obtained at a fixed sonication time 

(equal to 240 s) and adding NaCl (10 mM and 100 mM), CaCl2 (10 mM and 100 mM) 

and AlCl3 (100 mM) in order to evaluate the effect of salt type and concentrations. 

Fig. 6.14 shows the results of frequency sweep tests (panel a and panel b) and flow 

curves (panel c). It is possible to observe that mechanical properties (in terms of G', 

G'', viscosity values and viscosity drop points) increase proportionally to cations 

valence and concentration.  
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Fig. 6.14: Elastic modulus G' (a) and viscous modulus G'' (b) obtained through 

frequency sweep tests and flow curves (c) of TOCN hydrogels realized adding 

different cations (Na, Ca2+, Al3+) and concentrations (10 mM and 100 mM) to 

suspensions of 6 mgmL-1 TOCNs sonicated for 240 s.  As a comparison the G', G'' and 

viscosity values for TOCN solutions, without added salts, are reported too. Sonication 

time was fixed to 240 s for every sample and measurements were performed at 

25±1 °C. 

 

In particular, as shown in Fig. 6.15 (where the G' value at 1 Hz is reported), G' 

increases linearly with the ratio of cation valence over cation radius (assuming 116 

pm Na+, 114 pm for Ca2+ and 67.5 pm for Al3+) at a fixed 100 mM cation 

concentration. The linear trend is typical also of polymeric systems (Yang et al., 

2013) and the main difference is the reduced G’ modulus achievable with TOCNs, 

due to their limited capability to entangle. 

 

While the cation valence has a profound influence on the gel stiffness, for a given 

cation, modest changes appear between the 10 mM and the 100 mM 

concentrations. The relatively small difference between the 10 mM and the 100 

mM CaCl2 TOCN hydrogels might be due to a saturation of the TOCNs sites available 

for crosslinks.  

 

Applying Flory theory and assuming that the shear modulus G of the system is the 

G’ value over the frequency range explored, the mesh size of the TOCN hydrogels 

was estimated to be around (28 ± 3) nm, (16 ± 1) nm and (11 ± 1) nm for 100 mM 

NaCl, CaCl2 and AlCl3 addition, respectively. As a comparison we recall that the 

mesh size in the case of no salt addition was estimated to be (63 ± 2) nm. As 

expected, mesh size is inversely proportional to the G’ module of the hydrogels.  
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Fig. 6.15: Elastic modulus, evaluated at 1 Hz, for TOCN hydrogels obtained adding 

100 mM of different cations to TOCN solutions sonicated for 240 s as a function of 

cation valence over cation radius. The red line is a linear fit of the experimental data 

(X=0.999). Error bars (not visible in figure) are in the range 1.5%-5%. 

 

Finally, to better investigate how the combined role of sonication and salt addition 

(NaCl, CaCl2 and AlCl3)  influence the properties of TOCN hydrogels,  the 

dependence of the G' value on the sonication time was analyzed more into details. 

As already seen, the maximum G' depends on the duration of the sonication pre-

treatment and reaches a quite stable value after 120 s sonication. However, looking 

more closely at the trend of the G' values for longer sonication times, it appears 

that they can either slightly decrease or increase depending on cation and cation 

type addition. The dynamics of G' are reported in Fig 6.16a. Assuming the G' value 

at 120 s of sonication (G'120) to be the highest achievable in each hydrogel, the G' 

variations (   ) for different sonication times were normalized against G'120 as 

follows:      
    

    

    
      . 

As visible in Fig. 6.16b, G’ scales inversely proportional to the valence of the 

crosslinking cations, showing  that the duration of the sonication pretreatment 

required to bring the TOCN hydrogel in the most stable state scales proportionally 

to the cation valence. This evidence is coherent with the results reported in Fig. 6.8, 

showing that a prolonged sonication treatment reduces the density of crosslink 

points and, in turn, the G' values. This means that above an optimal sonication 

treatment, the material tends to liquefy again and the duration of the optimal 

sonication depends on the ion valence.  
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Fig. 6.16: (a) Variation of G'(conventionally evaluated at 1 Hz), expressed in percentage with 

respect to the G' value at 120 s sonication, as a function of sonication time for TOCN 

solutions and TOCN hydrogels obtained adding 100 mM NaCl, CaCl2 and AlCl3 to 6 mg mL-1 

TOCN solutions after sonication. The dotted lines are linear fits. (b) Slope m of the variation 

of G' versus sonication time (G'/son time) curves as a function of cation valence. 

 

 

6.3.2  Small angle X-ray scattering measurements 

 

TOCN hydrogels obtained adding 100 mM NaCl, CaCl2 and AlCl3 to TOCN solutions 

after 240 s sonication were investigated also by SAXS measurements. The SAXS 

profiles (reported in Fig. 6.17) do not reveal any peak indicating the presence of 

structurally ordered domains.  

 

 
Figure 6.17:  SAXS profile of TOCN hydrogels obtained adding 100 mM NaCl (a), CaCl2 (b) 

and AlCl3 (c) to TOCN solutions (concentration 6 mg mL-1) after 240 s sonication. The dots 

are the experimental points, while the red line is the fit of the experimental points with the 

Gauss-Lorentz Gel Model (see Eq. 5.1). 

 

Spectra were fitted with the Gauss-Lorentz model, obtaining two characteristic 

lengths corresponding to two structural length scales. The resulting values are 

reported in Table 6.3. While the static correlation length is attributed to the average 
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size of long-lived entanglements, the dynamic correlation length is correlated to the 

fluctuation amplitudes between crosslinks (Cohen et al., 1992; Horkay et al., 1996). 

A first observation is the fact that both static and dynamic correlation lengths do 

not easily correlate with the characteristic TOCN nanocrystal size (about 300 x 5 x 5 

nm). Moreover, it can be observed that the static correlation length is independent 

of the crosslinking cation. In the assumption that the static correlation length 

describes the typical size of high density regions formed by the overlapping TOCNs, 

it follows that the size of these regions is constant across all samples, irrespectively 

from the cations. On the other hand, the dynamic correlation length is affected by 

the strength of the crosslinks created by the different cations and thus it might be 

correlated with the G’ of the hydrogels. The last column of Table 6.4 reports the 

values of the mesh sizes as estimated from the Flory theory. While there is a large 

discrepancy between SAXS and Flory theory predictions for gels formed using NaCl, 

the values reasonably agree for gels formed using multivalent cations. 

 

Table 6.3: Characteristic lengths for TOCN hydrogels obtained by the addition of 100 mM 

chloride solutions to TOCN solutions after 240 s sonication. Column 2 and 3 report the 

static and dynamic correlation lengths resulting from SAXS profiles: the reported values and 

errors are respectively the mean value and standard deviation of measurements over at 

least 3 different samples. The mesh size values, estimated through rheological 

measurements, are reported in column 4. 

Salt  

(100 mM) 

Static 

length (Å) 

Dynamic 

length (Å) 

Mesh size 

(Å) 

NaCl 416 ± 144 77 ± 7 280 ± 30 

CaCl2 474 ± 28 127 ± 11 160 ± 10 

AlCl3 469 ± 51 106 ± 13 110 ± 10 

 

 

 

6.3.3  State and dynamics of water in TOCNs solutions 

Table 6.4 reports the relaxation rates in TOCN hydrogels obtained with 100 mM 

NaCl (a), CaCl2 (b) and AlCl3 (c) after a sonication treatment lasting different times. 

The last column reports the mean relaxation time.  

Comparing Table 6.4 with Table 6.1 (representing the case of no salt addition), it 

appears that the number of relaxation rates for sonication longer than 60 s 

increases from one to two in presence of Na+ and Ca2+ (becoming even three or four 

in the case of Al3+) suggesting a more complex structure with respect to the un-

salted systems. This is coherent with the increase of the G' values reported in the 

rheological measurements section.  
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Table 6.4: Relaxation rates with relative abundances (T2i
-1, Ai) for TOCN hydrogels 

obtained adding 100mM of sodium chloride (a) and calcium chloride (b) and 

aluminum chloride (c) to TOCN solutions sonicated for variable times (30-480 s). The 

last, gray column shows the mean relaxation time. 

 

a) 
NaCl 

 

Sonication 
time (s) 

T21
-1  

(s-1) 
A1 

(%) 
T22

-1  
(s-1) 

A2 
(%) 

T2m 
(ms) 

    

  
30 0.75 82.2 1.29 17.8 1331 

    

  
60 0.52 79 0.87 21 1906 

    

  
120 0.65 76 0.93 24 1548 

    

  
240 0.64 57 0.79 43 1569 

    

  
360 0.72 60 1.04 40 1386 

    

  
480 0.67 34 0.75 66 1503 

    

            b) 
CaCl2 

 

Sonication 
time (s) 

T21
-1  

(s-1) 
A1 

(%) 
T22

-1  
(s-1) 

A2 
(%) 

T2m 
(ms) 

    

  
30 0.56 80 1.23 20 1590 

    

  
60 0.54 74 1.27 26 1581 

    

  
120 0.51 48 1.06 52 1423 

    

  
240 0.58 33 1.10 67 1179 

    

  
360 0.58 33 1.17 67 1145 

    

  
480 0.67 38 1.20 62 1090 

    

            c) 
AlCl3 

 

Sonication 
time (s) 

T21
-1  

(s-1) 
A1 

(%) 
T22

-1  
(s-1) 

A2 
(%) 

T23
-1 

(s-1) 
A3 
(%) 

T24
-1 

(s-1) 
A4 
(%) 

T2m 
(ms) 

  
30 0.79 12 1.39 46 3.32 32 10.17 9 592 

  
60 0.67 14 1.39 15 4.39 41 8.62 30 446 

  
120 0.95 9 3.62 34 7.02 58     265 

  
240 0.66 10 1.63 13 5.04 54 8.88 22 371 

  
360 0.73 11 2.46 21 5.90 68     351 

  
480 0.59 12 1.48 13 4.28 55 7.83 20 439 

 

 

We focus now on NaCl and CaCl2 hydrogels which show two relaxation rates. It is 

possible to observe that, for sonication times longer than 120 s  (that is upon 

gelation), T21
-1 and T22

-1 assume quite constant values irrespectively of the 

sonication time. Moreover, while T21
-1 is quite similar for NaCl and CaCl2, T22

-1  

assumes different values for hydrogels produced with either mono- and bi-valent 

cations. These data are summarized in table 6.5 (column two and three) together 

with the single component representing the relaxation in TOCN solutions without 
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salts. We can see that the value of the     
   component increases passing from NaCl 

to CaCl2 and is thus correlated with the G’ modulus of the hydrogels (values 

reported in the last column),  indicating a strong dependence of the elastic 

properties of the hydrogel on its local structure, mediated by both the presence of 

cations as well as hydrogen interactions.  

As the T22
-1 component seems not to change significantly with sonication time, it is 

possible to compare their relative amplitudes A22, as shown in Fig. 6.18. 

 

Table 6.5: Water relaxation rates T21
-1 and T22

-1  and Elastic modulus G' for TOCN 

solutions (no salts) and TOCN hydrogels obtained adding 100 mM NaCl and CaCl2 

salts after sonication of 6 mg mL-1 TOCN solutions. The reported relaxation rates 

value and error refer respectively to the mean value and SD over measurements 

performed for sonication times longer than 120 s (that is upon gelation in the case of 

TOCN hydrogels). The Elastic modulus G' is the value at 1Hz in  the case of 240 s 

sonication, evaluated performing a linear fit on FS curves in the frequency range 

0.02-2Hz.  

salt T21
-1 (s-1) T22

-1 (s-1) G' (Pa) 

no salts 0.70 ± 0.02 - 30 ± 2 

NaCl 0.67 ± 0.04 0.88 ± 0.13 290 ± 5 

CaCl2 0.59 ± 0.06 1.13 ± 0.06 1945 ± 40 

 

 
Fig. 6.18: Amplitudes of the A22 components as a function of sonication time for 6 mg mL-1 

TOCN solutions (black stars) and TOCN hydrogels obtained adding 100 mM NaCl (blue 

circles) and CaCl2 (red squares) after sonication.  
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It is possible to observe that the A22
Ca2+ component saturates for times longer than 

120 s, suggesting that the TOCNs have reached a stable configuration. On the 

contrary, the A22
Na+ component increases supporting the idea that the structure of 

TOCN hydrogels obtained using NaCl is weak and dependent on the initial 

conditions, probably because the electrostatic interaction of Na+ is not strong 

enough to structure the hydrogel. These evidences correlate with the results 

reported in Fig. 6.16, showing that the duration of the sonication pretreatment 

required to bring the TOCN hydrogel in the most stable state (corresponding to 

higher G' values) depend on cation valence. Finally, as already seen previously, the 

A22
sol component of TOCN solutions disappears for sonication times longer than 

120s.   

6.4  Conclusions 
 

In this Chapter, we investigated the sol-gel transition of TOCN solutions. In 

particular the effects of the two factors that strongly affect the assembly of TOCNs 

in gel-like supramolecular structures (i.e. the energy release  by sonication and  the 

addition of cations) were analyzed in details. Measurements were performed 

combining predominantly Rheology and LF-NMR and highlighted the following 

results: 

 

1) TOCN solutions at concentrations higher than 5 mg mL-1 undergo a sol-gel 

transition apparently similar to that observed for flexible polymer chains. 

Even if a weak hydrogel results from non exhaustive sonication, a clearer 

gel-like behavior is obtained if sonication is followed by salt addition. 

Compared to truly polymeric systems formed by long, entangled chains, 

short and rigid TOCNs yet form gels thanks to the strong electrostatic 

interactions generated by hydrogen bonds and between cations and 

carboxyl groups. 

 

2) The gelation mechanism depends on the cation. In particular, a different 

behavior was observed for hydrogels formed by adding mono- or multi-

valent cations. Monovalent NaCl gives rise to softer hydrogels with wider 

meshes. The weaker interactions created by monovalent cations permit 

them to disperse homogeneously in the hydrogel phase independently on 

the order of salt addition and sonication. On the contrary, multivalent  CaCl2 

and AlCl3 produce homogeneous hydrogel phases only if cations are added 

to solutions where TOCNs are already well dispersed by the sonication and 

thus are free to diffuse around isolated TOCNs. This suggests that a strong 

interaction takes place between the multivalent cations and the non-

sonicated fibres that form inhomogeneous macroscopic aggregates. These 
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aggregates limit the efficacy of the sonication treatment, contrast the 

dispersion of isolated nanocrystals and hinder the formation of a 

homogeneous gel phase.  

 

3) Considering TOCN hydrogels obtained adding chloride salts with different 

valences (NaCl, CaCl2 and AlCl3) after a fixed 240 s sonication pre-treatment, 

it appears that the rheological properties (G', viscosity and viscosity drop 

point) increase proportionally to cations valence and concentration. 

Moreover the number of relaxation rates required to describe the water 

relaxation increases with respect to the un-salted systems, showing the 

formation of more complex three-dimensional architectures. Finally, SAXS 

analysis shows the presence of high density domains with dimensions of 

around 40-50nm (static correlation length), which are independent of the 

added cation and where water is confined. The water confined in these 

regions exchanges slowly with the less structured regions, giving rise to a 

compartmentalized relaxation behavior, as confirmed by NMR. 

 

4) Evaluating the effect of the sonication pre-treatment, it results that the 

stability and elasticity of the TOCN hydrogels depends on its duration, being 

Ca2+ more effective than Na+ in creating strong and stable hydrogels. This 

fact is confirmed by both NMR and rheological data. In particular, the 

amplitude of the magnetization component relaxing with rate    
   (related 

to the overall number of water molecules confined in the rigid domains) 

reaches its maximum after 120 s sonication in the case of Ca2+, while 

requires longer times in the case of Na+ for confining the same amount of 

water. These findings suggest that, in the case of Na+, non-specific 

electrostatic interactions take place, which necessitate of extensive 

sonication  to break the hydrogen bonds between the TOCNs and forms 

weaker gels. On the contrary, in the case of Ca2+, a specific coordination 

between TOCN carboxylic groups and calcium ions contributes, in line with 

the interaction models of cations with nanocellulose fibres proposed by 

(Dong et al., 2013a) and with the stability of metal carboxylate complexes 

(Stendahl et al., 2006).  

 

In conclusion, despite their non-polymeric and rigid nature, TOCNs undergo  a sol-

gel transition process similarly to polymers and produce hydrogels with good 

mechanical properties. The transition is very fast (few seconds) thanks to the short 

length of the TOCNs  and the mechanical properties of the hydrogels can be tuned 

by changing both cation valence and sonication pre-treatment.  
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Chapter 7: 
 TOCNs IONOTROPIC GELATION 

 

 

 

 

 

 

 

 

 

 

 

 

As seen in Chapter 6, TOCNs are excellent building blocks for hydrogels  formation, 

particularly in presence of multivalent counter ions, being able to form physical or 

chemical cross-linked 3D networks entrapping large amount of water. However, in 

order to increase their possibilities and broader their fields of application, it is 

important to control the local structure of the hydrogels and develop strategies to 

tune their sizes and shapes in a precise and reproducible manner.  

A commonly used method to form polyelectrolytes hydrogels, and in particular 

polysaccharides hydrogels, exploiting the diffusion of multivalent counter ions, is 

ionotropic gelation (Patil et al., 2010, 2012). In the external ionotropic gelation 

process, a polyelectrolyte suspension is dropped in a solution containing the 

counter ion, which gradually moves inward from the outer counter ion reservoir to 

the inner hydrogel meanwhile it is formed. In inverse ionotropic gelation, instead, 

the counter ions diffuse outward from an inner discrete core into an external 

polyelectrolyte pool (Leong et al., 2016).  

The aim of the work reported in this Chapter 7 is to investigate the mechanism and 

dynamics of TOCNs solutions ionotropic gelation in presence of calcium ions. While 

in Chapter 6, the attention was mainly devoted to the bulk properties of hydrogels 

obtained by simple mixing of TOCNs and cations, here we focus on the spontaneous 

mechanism and kinetics of hydrogel formation with the aim of using this water-in-

water strategy to fabricate microstructures with tunable size and shape. More into 

details, the two processes controlling the gelation, that is Ca2+ diffusion and 

interaction between Ca2+ ions and TOCNs, were investigated respectively using a 

Ca2+ sensitive indicator and exploiting FTIR spectroscopy. Section 7.1 is focused on 

the case of external ionotropic gelation, while section 7.2 concerns the inverse 

ionotropic gelation process.  
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7.1  External Ionotropic Gelation 
 

External gelation of TOCNs solutions can be performed by extruding concentrate 

TOCNs solutions (8 mg mL-1) inside a CaCl2 (0.1-2 M) gelling aqueous solution. 

Various TOCNs-Ca2+ hydrogel shapes (beads, wires, disks) and sizes were obtained 

by changing the pouring method and the amount of TOCNs solution and Ca2+ 

concentration, as shown if Fig. 7.1. 

In particular, a microfluidic flow system, with a pressure controller and an output 

nozzle (400 m diameter) was used to obtain TOCNs gel wires and beads with 

different sizes. The wires (Fig. 7.1a) were obtained by extruding the TOCNs solution 

from the nozzle directly inside the CaCl2 pool, while the beads (Fig 7.1b) were 

obtained by dropping the TOCNs solution. Wires and beads of different sizes were 

obtained changing the pressure or the duration of the pressure pulse impressed by 

the system. Hydrogel disks were instead obtained using a spin-coater by pouring the 

TOCNs solution (8 mg mL-1) on a rotating CaCl2 (0.1-2 M) aqueous solution (Fig 7.1c). 

 

Fig 7.1: TOCNs-Ca2+ hydrogel structures obtained via external ionotropic gelation: (a) wires 

obtained by extruding a selected amount of 8 mg mL-1 TOCNs solution from a nozzle 

directly in 1 M CaCl2 solution at different pressures, (b) beads obtained by dropping the 

TOCNs from a nozzle in CaCl2 solution, (c) disk obtained by pouring TOCN solution onto a 

rotating 1 M CaCl2 solution.  

 

The dynamics of external ionotropic gelation indicates that the process starts from 

the interface with the Ca2+ solution and proceeds towards the inner part of the 

incipient TOCNs-Ca2+ hydrogels. The attention is focused now on the specific case of 

TOCNs-Ca2+ hydrogel beads, as shown schematically in Fig. 7.2a, but the reasoning is 

the same for the other hydrogel structures produced by external ionotropic 

gelation. The time course of hydrogel formation is qualitatively shown in Fig. 7.2b 

and Fig 7.2c: the bead (diameter 1 cm) left for 30 s in Ca2+ solution appears to be 

constituted of an outer gel-like shell and an inner liquid core (Fig. 7.2b) and the 

liquid core is progressively reduced obtaining, after 10 min, a macroscopically 

homogeneous, self-standing TOCNs-Ca2+ hydrogel bead, as shown in Fig. 7.2c.  
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Fig 7.2: (a) Simplified scheme of the external ionotropic gelation procedure used to obtain 

TOCNs-Ca2+ hydrogel beads. TOCNs-Ca2+ hydrogel bead after (b) 30 s and (c) 10 min in 1M 

CaCl2 solution. (d) Sketch view of the external gelation process mechanism. 

 

The observed immediateness of the sol-gel transition upon contact of TOCNs with 

Ca2+ ions indicates that the spatiotemporal events are driven by the diffusion of the 

small Ca2+ ion in the TOCNs solution and the transition process occurs where Ca2+ 

and TOCNs  meet, as shown in the sketch figure (Fig 7.2d). The interaction between 

Ca2+ ions and TOCNs was investigated by FTIR spectroscopy as reported in Sub-

Section 7.1.1, while the results of the diffusion kinetics studied, performed using a 

Ca2+ sensitive indicator, will be shown in Sub-Section 7.1.2. Finally, in Sub-Section 

7.1.3 the results of the studies performed to determine the steady-state 

concentration of Ca2+ required to maintain the gel network are reported. 

 

 

7.1.1  FTIR Spectra Analysis 
 

FTIR spectroscopy was used to monitor the interaction between calcium ions and 

carboxylate groups on the surface of TOCNs, exploiting the fact that the 

coordination between metal ions and carboxylate groups induces a shift of the 

vibrational frequency of these groups (Deacon, 1980; Nakamoto, 1986; Nara et al., 

1996). Spectra of TOCNs-Ca2+ hydrogel samples were compared with those of 

TOCNs films at pH 7 (where the counter ion is Na+) and changes in the features were 

used to monitor the presence and the distribution homogeneity of Ca2+ inside 

TOCNs-Ca2+ hydrogels (Papageorgiou et al., 2010). Before spectra acquisition, 

TOCNs-Ca2+ hydrogel samples were left in water for 3 days to let them release the 

non-coordinated Ca2+ and then dried in an oven at 60°C to for 24 h to minimize the 

water feature in the spectra. 
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As visible in Fig. 7.3, both asymmetric and symmetric carboxylate bands undergo a 

wavenumber shift in TOCNs-Ca2+ hydrogels, the first band (asymmetric) moving to 

smaller wavenumbers, the second one (symmetric) to higher wavenumbers.  

 

Fig. 7.3: (a) FTIR spectra of a TOCN film (gray dotted line) prepared by casting a 

solution of TOCNs at pH 7.0 and of a dried TOCN-Ca2+ gel bead fragment obtained by 

external ionotropic gelation (black continuous line) (b) Zoom on the 1300-1750 cm-1 

range where the carboxylate stretching bands are located, with assignation of the 

main vibrational bands present in the region. The dashed vertical lines indicate the 

wavenumbers where water bending vibration mode and alkane C-H bending mode 

are located. The spectra were acquired in transmission mode with 1 cm-1 spectral 

resolution on a micro-FTIR Nicolet iN10 instrument equipped with a liquid nitrogen 

cooled detector.  

 

The analysis of FTIR spectra was performed after intensity normalization and 

deconvolution of partially overlapping peaks as explained in Chapter 5. Here we 

recall that the bands at around 1610 cm-1 were analyzed performing a double 

gaussian fit procedure to separate the contribution of the asymmetric carboxylate 

stretching vibration from that of water (at 1640 cm-1). Moreover, the bands at 

around 1420 cm-1 were analyzed in TOCNs films performing a double gaussian fit 

procedure to separate the contribution of the symmetric carboxylate stretching 

vibration from that of alkane -C-H vibrations (at 1425 cm-1). The obtained alkane 

peaks were then subtracted from TOCNs-Ca2+ spectra to isolate the symmetric 

carboxylate stretching vibration peak. Fig. 7.4 shows an example of the 

deconvolution procedure result for both TOCN films (gray dots and lines in figure) 

and TOCN-Ca2+ (black dots and lines in figure). In particular, the points refer to 

experimental data, while the lines are the results of the deconvolution fitting 

procedure (dashed lines for deconvolved peaks and continuos lines for their sum). 

 

The results, in terms of peak centre, peak intensity and separation  between 

asymmetric and symmetric peaks are reported in Table 7.1. 
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Fig. 7.4: Example of the deconvolution of carboxylic groups bands for both TOCN 

films (gray dots and lines) and TOCN-Ca2+ hydrogels (black dots and lines). Points 

refer to experimental data, while the lines are the results of the deconvolution fitting 

procedure (dashed lines for deconvolved peaks and continuos lines for their sum).  

The bands at around 1610 cm-1 were analyzed performing a double gaussian fit 

procedure for both films and hydrogels to separate the contribution of the 

asymmetric carboxylate stretching vibration from that of water (at 1640 cm-1). 

Instead, the bands at around 1420 cm-1 were analyzed in TOCNs films performing a 

double gaussian fit procedure to separate the contribution of the symmetric 

carboxylate stretching vibration from that of alkane -C-H vibrations (at 1425 cm-1) 

and the obtained alkane peaks were then subtracted from TOCNs-Ca2+ spectra to 

isolate the symmetric carboxylate stretching vibration peak. 

 

Table 7.1: Results of spectral analysis performed on TOCN films and TOCN-Ca2+ hydrogels. 

Peak centers, peak absorbance intensity for both COO- asymmetric and symmetric bands 

and separation between asymmetric and symmetric peak are reported. Values and 

errors refer to mean values and standard deviation over at least 10 measurements.  

  TOCN-film TOCN-Ca2+ hydrogels 

 (COO
- 
asymm) [cm-1] 1608. 3 ± 0.3 1601 ± 1 

 (COO
-
 symm) [cm-1] 1410 ± 3 1419 ± 2 

I (COO
-
 asymm) [a.u.] 2.0 ± 0.2 1.8 ± 0.1 

I (COO
-
 symm) [a.u.] 1.2 ± 0.3 1.05 ± 0.05 

[cm-1] 198 ± 3 182 ± 3 
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It is possible to see that the separation between the stretching vibrations of 

carboxylates decreases from 198 cm-1 to 182 cm-1 when Ca2+ substitutes Na+. Similar 

values were reported in literature for Ca2+-alginate complexes (Papageorgiou et al., 

2010) and related to a ''pseudo-bridged'' unidentate arrangement between Ca2+  

ions and alginic acid.  

To investigate the Ca2+ distribution inside the TOCN-Ca2+ gels, spatial maps were 

automatically acquired by selecting a given number of points per area over different 

parts of a bead. In particular, a slice of hydrogel bead was cut, left in water for 3 

days to release the non-coordinated Ca2+, dried and then a surface of 300 × 1300 

m2 was mapped with 100 m spacing for both a central and an edge zone of the 

dried NC-Ca2+ gel bead slide. In the case of the edge zone, spectra related to points 

closer than 400 m from bead edge were not reported because of artifacts due to 

surface effects on the acquisition. 

 

 

Fig 7.5: Sketch of the grid for acquisition of FTIR spectra maps on an edge zone and 

on a central zone of a dried NC-Ca2+ hydrogel bead slice. In both cases a surface of 

300 × 1300 m2 was mapped with 100 m spacing. In the case of the edge zone, 

spectra related to points closer than 400 m from bead edge were not reported 

because of artefacts due to surface effects on the acquisition. 

 

 

The map of the wavenumber separation between the two carboxylate bands is 

reported in Fig. 7.6 for both the edge area (Fig 7.6a) and the central area (Fig 7.6b) 

of the sample. As a comparison, the wavenumber separation of a TOCN film is 

shown as the black bold line on the z- axis.  
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Fig 7.6: Separation between the centers of COO- asymmetric and COO- symmetric peaks for 

an area (a) near the surface and (b) at the center of the sample. x- and y-distances refer to 

the spatial coordinates of the 300 × 1300 m2 area mapped. As a reference, the same 

distance for TOCN films was found to be 198 ± 3 cm-1 (black bold line on the z- axis in Fig.).  

 

The presence of a shift in the carboxylic bands of TOCN-Ca2+ samples with respect of 

those in TOCN films and the persistence of this shift for all the mapped points (Fig. 

7.6)  is a confirmation that the phenomenon at the basis of ionotropic gelation is 

the coordination between Ca2+ ions and TOCN carboxylic groups and that this 

coordination occurs both in edge and central areas. Moreover, the persistence of 

the shift after 3 days of TOCN-Ca2+ beads incubation in water shows that the 

coordination between calcium ions and TOCN crystallites is not disrupted by a long 

permanence in water.  

The intensity of the symmetric and asymmetric COO- vibrational bands for each 

experimental point of Fig. 7.6 is reported in Fig. 7.7.  

 

 
  

Fig 7.7: Intensity of COO- asymmetric (black traces) and COO- symmetric (red traces) 

absorption peaks. The x and y distances reported on the x-axis and in the legend refer, 

respectively, to the xy center position of the 100 × 100 m area corresponding to each map 

point spectrum. Left panel and right panel refer to an area near the surface and at the 

center of the dried sample, respectively. 
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It is visible that the intensity values are constant for both the mapped areas and 

comparable with the intensities of pure TOCN films (see Table 7.1). The constant 

values of peak heights for the different mapped points suggest that the Ca2+-COO- 

coordination is uniform in the whole bead volume. Moreover, a peak height of Ca2+-

COO- comparable with that of carboxylic bands in TOCN films suggests that the 

majority of the COO- groups are involved in the Ca2+-COO- interaction. 

 

7.1.2  Ca2+ diffusion and external ionotropic gelation kinetics 
 

The dynamics of Ca2+ diffusion in the incipient hydrogels obtained by external 

ionotropic gelation was investigated by monitoring the advancement of the sol-gel 

front through the change in color (from purple to yellow) of murexide dye upon 

Ca2+ complexation. A similar approach was used by G. Skjak-Braek et al. to visualize 

the migration of the gelling zone in calcium-alginate gels (Skjåk-Bræk et al., 1989). 

Fig. 7.8 shows the experimental set-up used to visualize the Ca2+ reaction front 

propagation. It consists of a plastic cuvette filled with NC (8 mg mL-1) and murexide 

(20 M), closed at the opened extremity with a low cut-off dialysis membrane and 

immersed into a Ca2+ solution. Only Ca2+ diffusion from outside to inside the cuvette 

is allowed and the diffusion of Ca2+ occurs in one dimension along the cuvette axis. 

The experiment was repeated at various concentrations (0.1 M, 1 M and 2 M) of 

Ca2+ in the diffusing gelling solution and at fixed temperature (25.0 ± 0.5) °C. The 

advancement of the Ca2+ diffusion front was measured recording the distance of the 

yellow-purple interface from the dialysis membrane (see Fig. 7.8b).  

 

 

Fig 7.8: Pictures of the experimental set-up used to visualize the diffusion front of Ca2+ ion 

in the incipient TOCN-Ca2+ hydrogel obtained by external ionotropic gelation. (a) Pictures of 

a cuvette filled with NC (8 mg mL-1) and murexide (20 M) after  5 min and 7 hours 

immersion in 1 M CaCl2 solution; the cuvette containing the TOCN-murexide solution is 

closed at the opened extremity with a dialysis membrane to allow only Ca2+ diffusion from 

outside to inside the cuvette. (b) Advancement of the diffusion front. The inset shows that 

a transition region of the change in color of murexide is present. The arrows indicate the 

three distances (d1, d2 and d3) used to calculate the average value of the diffusion front. 
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The images of the reaction front revealed that a narrow region (about 1 mm) of 

gradual change of the solution color is present (as shown in the inset of Fig. 7.8b). In 

the image analysis, we measured the distance from the membrane to the middle of 

this transition region. For each image three distances were measured and the sol-

gel front was then expressed as the mean value of the three measurements. As the 

distance measurement uncertainty, we considered the maximum value between 

the standard deviation over the three measurements and the half-thickness of 

solution color front (0.5 mm). The advancement of the color change is considered a 

reliable estimation of the flux of the Ca2+ ions through the gel. In fact, a negligible 

Ca2+ amount reacts inside the gel, due to the low concentration of the carboxylate 

groups (6.7 mM) and of murexide (20 M) and the large amount of Ca2+ ions 

present in the external CaCl2 reservoir that can be considered constant.  

 

The linear relationship obtained between the advancement of color change profile 

(that is the distance d) and the square root of time (t1/2) reported in Fig. 7.9a 

confirms that gelation is controlled by the diffusion of Ca2+ ions (Braschler et al., 

2011; Nobe et al., 2005; Wu et al., 2011).  

 
Fig 7.9: a) Sol-gel front distance from dyalisis membrane as a function of square root of 

time for constant concentration of TOCN solution (8 mg mL-1) and murexide (20 M) and 

different CaCl2 concentrations in the external bath solution. The points and errors are the 

mean value and SD, respectively. The lines are linear fits (with intercept fixed to 0) 

performed on each set of data. The slopes resulting from the linear fits are (92 ± 1) m s-1/2, 

(139 ± 6) m s-1/2 and (184 ± 6) m s-1/2 respectively for 0.1 M, 1 M and 2 M CaCl2 solutions. 

b) Apparent diffusion coefficients (Dapp) of Ca2+ in the incipient gels at T = 25 °C and variable 

Ca2+ concentration. All the experiments were performed in triplicate and example of  the 

three sets of data is shown in the inset for the case of 1 M CaCl2 solution. 
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By fitting the experimental data to a straight line        , we obtained the slope S 

from which the apparent diffusion coefficient (Dapp) for each sample can be 

calculated according to the Einstein-Stoke equation              (details about 

the reaction–diffusion kinetics are reported in the Appendix “Reaction-diffusion 

models”). The results are reported in Fig. 7.9b. 

The obtained Dapp values are comparable with those found by Z. L. Wu et al. (2.4 × 

10-5 cm2 s-1) studying gelation of a PBDT polyanion 2 wt % solution induced by a 0.5 

M Ca2+ solution and M. Nobe et al. (1.62 × 10-5 cm2 s-1) studying liquid crystalline gel 

formation upon Ca2+ ion diffusion in Curdlan 5 wt % solutions from a 0.7 M CaCl2 

solution (Nobe et al., 2005; Wu et al., 2011). Differently from these materials, which 

consist in gels made of flexile polymer chains, TOCN-Ca2+ hydrogels are due to the 

assembly of supra-macromolecular rigid structures, that is NC crystallites. The 

similarity of the diffusion coefficients suggests that in this regard the behavior of NC 

crystallites is similar to that of polymeric materials. 

To evaluate the real diffusion coefficient of Ca2+ ions through the TOCN-Ca2+ 

hydrogel, the experimental data were analyzed according to a model that relates 

front propagation kinetics and Ca2+ diffusion (Braschler et al., 2011; Nobe et al., 

2005). The diffusion coefficient of this cation inside the gels was estimated through 

the formula (details are reported in the Appendix ''Reaction-diffusion system 

models''): 

  
  

  
                                                       (Eq. 7.1) 

where Dapp is the experimental apparent diffusion coefficient, G the critical salt 

concentration for forming the gel (dependent on TOCN-Ca2+ interaction and TOCN 

concentration) and s the salt concentration in the external CaCl2 solution. Since a 

G value of  39 ± 6 mM (for TOCN concentration  9 ± 1 mg mL-1) is estimated from 

the Ca2+ release measurements as the steady-state Ca2+ concentration in the 

hydrogels (as will be explained in Sub-Section 7.1.3) the true diffusion coefficient of 

Ca2+ ions in TOCN-Ca2+  gels (NC concentration 8 ± 1 mg mL-1) is (4.5 ± 1.1) × 10-6 cm2 

s-1.  

The calculated D value is of the same order of the self-diffusion coefficient of Ca2+ 

ions in free water (7.9 × 10-6 cm2 s-1) (Haynes, in Handbook of Chemistry and 

Physics, 2014-2015), showing that the Ca2+ ions can freely diffuse through the gel.  

The value is moreover compatible with those found by T. Braschler et al. for Ca2+ 

ions in alginate gels (8 ± 1 × 10-6 cm2 s-1) and by M. Nobe et al. for Ca2+ in Curdlan (≈ 

5.0 × 10-6 cm2 s-1) (Braschler et al., 2011; Nobe et al., 2005). 
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7.1.3  Steady-state Ca2+ concentration  

 

The steady-state concentration of Ca2+ required to maintain the gel network of 

TOCN-Ca2+ hydrogels was estimated on the basis of the amount of excess Ca2+  ions 

released in water by TOCN-Ca2+ hydrogels incubated in aqueous solution after the 

gelation process. To this purpose, disk-shaped hydrogels were  produced by adding 

excess Ca2+ to a known volume of 9 mg mL-1 TOCN solution. The CaCl2 solution was 

let diffuse between TOCN crystallites and a compact hydrogel disk was formed. The 

coarse excess of Ca2+ not interacting with the hydrogel was removed by rinsing with 

distilled water for two minutes. Then the disk was incubated into 50 mL of water. 

The Ca2+ release was monitored over time and the Ca2+ retained by the hydrogel 

was calculated as difference from the starting Ca2+ amount.  At the end of the 

kinetic, the Ca2+ retained in the gel was measured after gel disruption by sonication.  

Since a quantitative determination of the released Ca2+ is necessary, a colorimetric 

method based on the shift of the absorbance peak (from purple to yellow) of 

murexide dye (5,5′-Nitrilodibarbituric acid monoammonium salt) upon 

complexation with Ca2+ was used. The method  is well assessed, however some 

preliminary tests were performed to check its reliability under our experimental 

conditions (Pollard and Martin, 1956; Tammelin and Mogensen, 1952).  

Fig. 7.10 shows the changes of murexide absorption peak at different Ca2+ 

concentrations. In particular, Fig. 7.10b reports the measured peak shift as a 

function of calcium concentration. It appears that, for Ca2+ concentration in the 

range 0-60 M, which is the concentration range involved in our experiment, a 

linear relationship between the shift of murexide absorbance peak and Ca2+ 

concentration holds. The experimental points of Fig. 7.10b were fitted to a Hill 

curve:  

                
        

            
                          (Eq. 7.2) 

and the resulting Vmax, k and n parameters were used to determine Ca2+ 

concentration released into aqueous solutions by TOCN-Ca2+ hydrogels. 

Moreover, we checked that a small amount of TOCNs, which could be released by 

the hydrogels in the incubation bath, does not interfere with the Ca2+ detection. The 

results are reported in Fig. 7.11, where it is possible to see that the presence of 

TOCNs in the murexide-Ca2+ solution (TOCNs concentration up to 45 g mL-1) does 

not alter the peak shift. 
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Fig 7.10: (a) Murexide absorption peak in the presence of increasing Ca2+ concentrations. 

The absorption peak of 0.2  mM murexide at pH 11.3 is centered at around 529.5 nm in 

absence of Ca2+ and progressively moves to shorter wavelengths by adding Ca2+. (b) Peak 

shift versus Ca2+ concentration. The experimental points were fitted to a Hill curve 

y=Vmaxxn/(kn+xn) and the resulting Vmax, k and n parameters were used to determine Ca2+ 

concentration released into aqueous solutions by TOCN-Ca2+ hydrogels. The gray area 

highlights the concentration range involved in the Ca2+ release of the measurements 

performed in the present work. The spectra were acquired by a Varian-Cary 5000 UV-VIS-

NIR spectrophotometer operated in the range 200-900 nm with a 1 nm resolution. 

 

 
 

Fig. 7.11: Effect of TOCNs on murexide-Ca2+ peak position.  Various concentrations of 

TOCNs (from 0.5 to 45 g mL-1) were added to a solution containing murexide (0.2 mM) and 

Ca2+ (160 M) to check that TOCN crystallites do not interfere with Ca2+ determination. a) 

Absorbance spectra of murexide-Ca2+ solutions after addition of different amounts of TOCN 

crystallites (from 0.5 M to 45 M). As a comparison, the spectrum of murexide in the 

absence of Ca2+ is reported (purple trace). b) Shift of absorbance peak of murexide-Ca2+ 

solutions (murexide 0.2 mM, Ca2+ 160 M) after addition of different amounts of TOCN. 

Peak shift was calculated with respect to the maximum absorbance of murexide in the 

absence of Ca2+ (peak at 529.5 nm). 
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Once the preliminary tests were performed and the calibration curve obtained, the 

Ca2+ release measurements from TOCN-Ca2+ hydrogel disks could be done. The 

experiment consisted in the transfer, at selected times, of 2 L of the incubation 

solution into 500 L of the assay solution containing 0.2 mM murexide buffered at 

pH 11.3 and in the acquisition the UV-Vis spectrum. The Ca2+ concentration was 

then calculated from the observed peak shift according to the murexide-Ca2+ 

calibration curve. At the end of the release kinetic, the hydrogel disk was disrupted 

using an ultrasonic tip in order to release all the Ca2+ ions still trapped in the 

hydrogel and the Ca2+ of the sonicated TOCN suspension was measured. 

The histograms of Fig. 7.12 show the Ca2+ concentration inside the hydrogel after 

few minutes (column A), after 2 days incubation (column B) and after 2 days 

incubation followed by gel disruption by sonication (column C). Fig. 7.12b shows the 

kinetic of release of Ca2+ during hydrogel incubation in water. It can be noticed that 

about 20% of the expected Ca2+ is not detected even after hydrogel sonication, 

probably because small TOCN clusters containing coordinated Ca2+ are still present. 

Moreover, the maximum release is reached in the first 2 days of gel incubation in 

water and then stabilizes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7.12: Measurements of Ca2+ in TOCN-Ca2+ hydrogel disks suspended in water. (a) Ca2+ 

concentration in the disk at different stages of the experiment. Columns A refers to the 

concentration after the disk was rinsed in water for two minutes. Columns B refers to the 

steady-state Ca2+ concentration measured before disk disintegration. Columns C refers to 

Ca2+ concentration after disk disintegration. Concentration values and error bars are 

respectively mean values and SD over three repetitions of the experiment.  (b) Ca2+ 

concentration inside TOCN-Ca2+ hydrogel disks as a function of incubation time in water. In 

the inset a zoom on the small times region is reported. The experiment was performed 

three times and the each experimental point is the mean of 2-4 measurements, the error 

bar is the SD. 
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Assuming that this time of incubation in fresh water is enough to remove the Ca2+ in 

excess, it was estimated that 39 ± 6 mM Ca2+ (column B in Fig. 7.12a) is strongly 

bound to the hydrogel containing 22 mM cellobiose units and 6.7 mM carboxylate 

groups and can thus be considered the Ca2+ steady-state concentration in the 

TOCN-Ca2+ hydrogels. This datum indicates that a large amount of Ca2+ is not 

coordinated by carboxylates but is embedded among the polar cellobiose units. 

Hoverer, it is important to note that, in spite of the large amount of Ca2+ released, 

TOCN-Ca2+ disks or beads can survive for months in water without being disrupted. 

 

7.2 Inverse Ionotropic Gelation 
 
 
Differently from external ionotropic gelation, in inverse ionotropic gelation the 

calcium ions diffuse outward from an inner discrete core into an external TOCN 

solution. In our case, inverse gelation was performed by dropping an aqueous 

solution of CaCl2 (0.1-2 M), into a TOCN solution (8 mg mL-1), as shown in Fig 7.13a.  

 

 

Fig. 7.13: a) simplified sketch view of the set-up used in inverse ionotropic gelation. b) 

Scheme of the diffusion mechanism at the basis of the inverse ionotropic gelation process. 

c) TOCN-Ca2+ microcapsules of tunable dimensions obtained by inverse ionotropic gelation. 

7 L of a solution of CaCl2 with variable concentration (from 0.1 to 2 M, from left to right) 

were dropped inside the TOCN solution (8 mg mL-1). The white liquid core is due to the 

opaque TiO2 nanoparticles, which do not permeate through the incipient hydrogel network, 

and were added to the CaCl2 drop to contrast the aqueous core with respect to the 

surrounding transparent shell of hydrogel.   
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The outward diffusion of the Ca2+ ions from the drop to the outer TOCN solution led 

to the formation of capsules with a liquid aqueous-core and a jelly TOCN-Ca2+ shell 

(see Fig. 7.13c). The size of the core depends on the CaCl2 drop volume, while the 

size and thickness of the shell depend on the dropped CaCl2 amount, provided that 

the diffusion of Ca2+ is left to go to completion. 

Some representative pictures of core-shell capsules obtained by inverse gelation are 

reported in Fig. 7.13c, from which it appears that, for a constant 7 L CaCl2 drop 

volume, larger shells are produced by increasing Ca2+ concentration. In some 

experiments, TiO2 nanoparticles (Aeroxide® TiO2 P25, 5 mg mL-1) were added to the 

CaCl2 solution to increase its viscosity and weight and reduce drop deformation 

upon impact with the surface of the  TOCN solution. Moreover, the TiO2 

nanoparticles do not diffuse in the jelly TOCN-Ca2+ shell, make the aqueous core 

opaque and increase the contrast with the surrounding hydrogel in the capsule 

images.  

Measuring the final volume of the capsule (using calibrated cylinders with either 

0.05 cm3 or 0.25 cm3 volume resolution) and considering that at the end of the 

diffusion process Ca2+ is homogeneously distributed, it was estimated that the mean 

Ca2+ concentration in the shells is (9 ± 1) mM independently of the dropped Ca2+ 

amount, as shown in Fig. 7.14. 

 

 

 
 
Fig. 7.14: Concentration of Ca2+ ions in the shell of TOCN-Ca2+ capsules obtained by inverse 

ionotropic gelation as a function of Ca2+ concentration in the starting CaCl2 solution drop.  
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7.2.1  Ca2+ diffusion and inverse ionotropic gelation kinetics 

 

As for the case of external ionotropic gelation, the diffusion of calcium ions leading 

to the sol-gel transition was investigated by monitoring the advancement of the sol-

gel front through the change in color of murexide dye upon Ca2+ complexation. 

However, differently from external ionotropic gelation, a spherical geometry was 

adopted and the shell thickness was monitored in time. Three representative 

pictures of growing capsules taken at different times (2.5, 15 and 30 min) from the 

beginning of the gelation process are shown in Fig. 7.15. The analysis of the pictures 

taken at different times allows the monitoring of the increase of the microcapsule 

volume and of the shell thickness. To account for deviations from the spherical 

shape, three diameters (D1, D2 and D3 in Fig. 7.15) were measured in the three 

spatial dimensions and an average D value was considered. The uncertainty on 

diameter measurements was related to the not sharp sol-gel interface (about 1 mm 

along the gel growth direction) and to image contrast and calibration and was 

estimated to be around 20%. Knowing the microcapsule radius        and the 

liquid core radius r, we determined the gel shell thickness as a function of time as 

the distance      . 

 

 
 

Fig 7.15: Diffusion front of Ca2+ ion in the incipient TOCN-Ca2+ hydrogel obtained by inverse 

ionotropic gelation. The images show the core-shell capsule growth induced by Ca2+ 

diffusion from the aqueous core. The pictures of the same sample were taken at 2.5 min, 15 

min and 30 min (from left to right) after the contact between  the CaCl2-TiO2  drop and the 

TOCN-murexide bulk solution (purple in the three images). The annulus, enlarging from left 

to right images, is the ionotropic gel shell formed upon diffusion of Ca2+ ions between TOCN 

crystallites. 

Observing the plot of the thickness of the hydrogel shell against the square root of 

time (t1/2), reported in Fig. 7.16,  it appears that an  initial linear relationship holds 

until a plateau value is reached. Indeed, in the case of inverse ionotropic gelation 
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the gelling agent availability is limited and the free diffusion model does not hold. 

Conversely, gelation proceeds until free Ca2+ disappears.  

 

Fig 7.16: Gel growth measurements for inverse ionotropic gelation. (a) Sol-gel front 

distance from the inner liquid core as a function of square root of time for constant 

TOCN-Murexide solution concentrations (TOCN 8 mg mL-1, murexide 20 M) and 

different CaCl2 concentrations. The points and errors are the mean value and SD, 

respectively. (b) Zoom on the short-times region characterized by a linear trend. The 

lines are linear fits performed on each set of data. The slopes resulting from the 

linear fits are (50 ± 4) m s-1/2, (64 ± 5) m s-1/2, (83 ± 4) m s-1/2 and (115 ± 10) m s-

1/2  respectively for 0.1 M, 0.5 M, 1 M and 2 M CaCl2 solutions. 

 

Experimental data were analyzed  performing a linear fit in the region 0-45 s1/2 

according to the experimental law         in order to obtain the slope S (mm s-

1/2). Linear fits were performed with the software OriginLab using data's standard 

deviations as error bar sizes σi and calculating from them the weights Wi for the  

fitting procedure:        
  . The S values at different Ca2+ concentrations are 

reported in Fig. 7.17, together with an inset showing a representative plot of the d 

values versus t1/2 and the corresponding linear fit.  

 

Knowing the slope of the initial linear relationship, it is possible to design 

precisely the shell dimension by controlling the diffusion time. For example, 

core-shell capsules with shell thicknesses of (0.8 ± 0.1) mm, (1.9 ± 0.3) mm 

and  (2.9 ± 0.3) mm were obtained  by dropping 7 L of 1 M CaCl2 in a 8 mg 

mL-1 TOCN solution and leaving the Ca2+ diffusion to proceed in the TOCN 

bath for 3 min, 10 min and 20 min, respectively. After this time, the hydrogel 
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capsule was transferred in a water bath. The obtained shell thicknesses were 

in agreement with the values predicted through the experimental equation 

        with S = (0.083 ± 0.004) mm s-1/2 at 25 °C 

 
 

Fig 7.17: Slope S of the linear region of the plot of shell thickness versus time1/2 of TOCN-

Ca2+ microcapsules obtained by inverse ionotropic gelation at variable Ca2+ concentration. 

The shell TOCN concentration was (8 ± 1) mg mL-1 and murexide 20 M in all the 

experiments. The Ca2+ concentration in the 7 L CaCl2 gelling core was 0.1 M, 0.5 M, 1 M, 2 

M. In the inset an example of the advancement of murexide color change profile (distance) 

versus the square root of time for the case of 1 M CaCl2  is reported. The dotted line is a 

linear fit performed on the experimental data in the 0-45 s1/2 range. 

7.3  Conclusions 
 

In this Chapter, the ionotropic gelation process induced by the diffusion of Ca2+ into 

solutions of TOCNs was investigated in order to understand the mechanism and 

kinetics of hydrogel formation and use  this strategy to fabricate microstructures 

with tunable size and shape. Here the main results for the case of both external 

ionotropic gelation and inverse ionotropic gelation are summarized: 

 

1) External ionotropic gelation of TOCNs delivered in a Ca2+ bath forms filled 

hydrogel structures of various size and shape, depending on TOCN solution 

amount and delivery protocol. In particular, wires and beads with cross 

sections and diameters down to 800 m can be obtained by simple extrusion 
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or dropping through a syringe needle powered by a pressure controller. Fig 

7.18a shows the sizes of beads obtained by external ionotropic gelation as a 

function of the pulse time used to extrude the TOCN solution from a 400 m 

nozzle at constant pressure. The minimum dimensions achievable in our 

experimental conditions are dictated by nozzle dimension and  properties of 

TOCN solutions (in particular surface tension and viscosity), but could be 

further reduced by exploiting more complex delivery protocols (for example 

using a centrifugal force). On the contrary there is no theoretical limit on the 

maximum dimension achievable.  For both external and inverse gelation, the 

process is driven by Ca2+ diffusion, as shown by the color shift profile of a 

Ca2+ sensitive indicator. In the case of external gelation, the diffusion 

process proceeds until equilibrium conditions are reached. The analysis of 

the Ca2+ reaction front propagation according to a diffusion-reaction model 

shows that free diffusion conditions of Ca2+ inside the incipient hydrogel 

network hold. Indeed measurements result in a diffusion coefficient of Ca2+ 

comparable to that in aqueous solutions, excluding any sieving effect of the 

incipient hydrogel. External ionotropic gelation is characterized by two 

distinct types of Ca2+ as ligand: a fraction of Ca2+ ions is tightly coordinated 

to carboxylates, as confirmed by FTIR spectroscopy, while a second fraction 

undergoes to un-specific binding. This last is released without compromising 

the hydrogel structure and stability in aqueous environments.  

 

2) By inverse ionotropic gelation, instead, core-shell capsules can be obtained. 

Fig. 7.18b shows the capsule volume as a function of the moles of Ca2+ ions 

present in the starting CaCl2 drop. In the case of inverse gelation, the 

hydrogel formation is again driven by Ca2+ dynamics, but in this case, the 

availability of Ca2+ ions is limited and the diffusion-reaction model does not 

hold. The core size is determined by the volume of the dropped Ca2+ solution 

and the dimension of the shell is controlled by the gelling time. In particular, 

the maximum shell thickness reached at equilibrium is determined by the 

Ca2+ availability.  

 

3) The ionotropic gelation process of TOCNs, driven by the dynamics of Ca2+ 

diffusion, offers the opportunity of tailoring kinetic controlled hydrogel 

formation. Indeed, the measured apparent diffusion coefficient Dapp (for 

external ionotropic gelation) or distance versus time1/2 slope S (for inverse 

ionotropic gelation) enables to design gel structures with tunable 

thicknesses by simply controlling the diffusion time. Moreover, the simplicity 

and the flexibility of this approach suggest that it could be coupled to more 

sophisticated set-up to deliver the solutions (i.e. a dispositive operating 

under a centrifugal field or  microfluidic systems), to allow the decrease of 
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the dimension or the fabrication of more complex geometries, such as multi-

compartmentalized beads. This could open new perspectives to the 

application of these biocompatible hydrogel droplets in drug delivery and in 

high throughput systems for single cell analysis.  

 

 

Fig 7.18: (a) Mean size of nanocellulose beads obtained by external ionotropic gelation as a 

function of pulse duration for a fixed pressure (350 mbar), using a TOCN concentration of 8 

mg mL-1 and a 400 m diameter extrusion nozzle. The points and error bars are the mean 

values and SD over the dimensions of 12 different beads, respectively. Sizes were estimated 

for each bead as the mean value between major axis and minor axis measured using an 

optical microscope with magnification 4X. (b) Final volume of TOCN-Ca2+ core-shell 

microcapsules obtained via inverse ionotropic gelation as a function of the amount of Ca2+ 

ions in the starting CaCl2 solution drop. The microcapsules were obtained by dropping 7 L 

of CaCl2 solution (concentration 0.1 M, 0.5 M, 1 M and 2 M) in a 8 mg mL-1  TOCN solution. 

Volume measurements were done using a graduated cylinder, after 8 hours from the 

moment CaCl2 drop and TOCN solution were put in contact. At this time the gelation 

process had gone to completion and the shell reached its constant maximum dimension. In 

the inset, two sketches of (a) external and (b) inverse ionotropic gelation processes are 

shown. 

In conclusion, besides showing the efficiency of TOCNs as building blocks for 

hydrogel microstructures formation (with all the advantages peculiar of TOCN 

hydrogels that is high mechanical strength, toughness, and stability) these studies 

proved that Ca2+ induced gelation offers the opportunity of tailoring the TOCN 

hydrogel shape by simple, low-cost, pollutant-free procedure (without using 

surfactants, oils or other non-green chemicals).  
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CHAPTER 8: 

Toxicity studies 

 

 

In this Chapter we will discuss the biosafety of TOCN hydrogels fabricated by cation-

induced gelation adding Na+, Ca2+ and Mg2+ to sonicated TOCN solutions. In this 

regard, transparent and soft TOCN hydrogel membranes were fabricated, in view of 

their  potential application as skin patches, in particular for  photodynamic therapy 

of melanoma.  

 

As already said in the introductory part (Section 1.5.2), hydrogels and, nanocelluloe 

hydrogels in particular, are good candidate materials for patches production, 

because of their high water content, softness and flexibility properties. However, 

even though nanocellulose precursor is essentially safe, thorough toxicity testing of 

hydrogels and all their components has not been widely executed (De France et al., 

2017; Lin and Dufresne, 2014).  

The results reported in this Chapter concerns the in vitro studies performed to 

evaluate the biosafety of TOCN hydrogel membranes (produced by crosslinking 

TOCNs with mono and divalent cations) and of its precursors (TOCN solutions and 

salt solutions) in cultures of malignant melanoma cells A375. The cytotoxicity was 

tested evaluating  morphological changes, cell organelles integrity and cell survival 

with the tetrazolium salt reduction (MTT) assay. The tests were performed by 

addition of the hydrogel (or hydrogel components) to the cell culture medium and 

by incubation with a confluent monolayer of the melanoma cells. Considering that 

two important factors that can influence the performance of TOCN hydrogel 

membranes are their stability and their potential release of salts, four different 

post-gelation processing strategies were adopted and the results compared.  

Moreover, taking into account the ISO 10993-5:2009 suggestions for the biological 

evaluation of medical devices (STANDARD, 2009), we evaluated the toxicity not only 

of the hydrogel device (both in direct and indirect contact with the cells)  but also of 

each component material, including impurities, and constituents associated with 

processing. More into details, three types of tests were performed: toxicity tests of 

the molecular components of the device,  direct contact assays and indirect contact 

assay. The results of the three tests are reported respectively in Sections 8.2, 8.3 

and 8.4, while Section 8.1 gives some details of the samples preparation 

procedures.  

 

 

https://www.iso.org/standard/36406.html
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8.1  Preparation and characterization of TOCN hydrogel 

membranes and their precursors 
 

8.1.1  TOCN hydrogel membranes 
 

Fig. 8.1 shows  the visual aspect of the TOCN hydrogels evaluated in these 

toxicology studies. They consist of disk-shaped, about 4-5 mm thick, membranes 

and were obtained through ionotropic gelation, exploiting the diffusion of  Na+, Ca2+ 

and Mg2+ chloride salts added to sonicated TOCN solutions (8 mg mL-1).  

 

 
 

Fig. 8.1:  Pictures of TOCN hydrogel membranes obtained by ionotropic gelation using  1M 

NaCl (left disk), CaCl2 (central disk) and MgCl2 (right disk). Top panel and down panel show 

respectively the top view and frontal view of the membranes.  

 

Two important factors that can influence the performance of TOCN hydrogel 

membranes as medical devices are their stability and their potential release of salts. 

For this reason, after the gelation process, the hydrogel membranes were subjected 

to different procedures in order to remove the excess of salts and increase their 

stability in water.  More into details, four different processing strategies were 

evaluated. The first one required a short washing (5 min) of the hydrogel membrane 

in water, while the second one involved a long-lasting incubation in water for 5 days 

(changing the 50 mL water once a day). The third strategy consisted of the 

conversion of hydrogels to alchoolgel by 5 days soakings in ethanol, followed by 

repetitive soakings in aqueous solution. Finally, following the fourth one, hydrogels 

were left 2 hours in water solution and then partially dried being placed for 1 h at 

60°C. 

The procedures are summarized in Table 8.1 (first column), together with the 

cations used for the gelation (second column) and the nomenclature we will use to 
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denote the samples (last column). Finally, in the third column the cation 

concentration estimated to be present in the hydrogel membrane at the end of the 

post-gelation strategy is reported. The concentration was estimated on the basis of 

the Ca2+ release studies reported in Chapter 7 (Section 7.1.3) and on the assumption 

that a similar release takes place for Na+ and Mg2+ too. More into details, the 

temporal evolution  of the Ca2+ concentration inside TOCN hydrogels incubated in 

water (Fig. 7.12b) was fitted with an exponential decay:          
  

  , where C 

and t are respectively the salt concentration in the hydrogel and the time of water 

incubation. The parameters y0, A and  resulting from the fit were used to estimate 

the Na+, Ca2+, Mg2+ concentration at time t, obtaining the data reported in the third 

column of table 8.1. 

 

Table 8.1: Overview of the TOCN hydrogel membranes studied. Column one reports the 

procedure exploited after the gelation to increase hydrogels stability or reduce their salt 

content. Column two and three indicate respectively  the cations used and their estimated 

concentration in the membrane after the post-gelation procedure. Finally, the last column 

shows the nomenclature we will use to denote the different samples. 

Post-gelation procedure Gelling agent 
Cation 

Concentration in 
the hydrogel 

Sample 

a) 5 minutes rinsing in water Na+/Ca2+/Mg2+ 125±17 mM Rinsed-HM 

b) 5 days soaking in water Na+/Ca2+/Mg2+ 38±4 mM Water-HM 

c) 5 days soaking in ethanol Na+/Ca2+/Mg2+ 38±4 mM Ethanol-HM 

d) 2 hours in water + 1h at 
60°C 

Na+/Ca2+/Mg2+ 54±16 mM 60°C-HM 

 

The morphological appearance and the stability of the HMs were evaluated after 

each processing method and for each cation. The fast washings (procedure a) did 

not alter the compactness of the hydrogel membranes, while the prolonged 

washing (procedure b) caused a physical weakening of the membranes, which 

eventually become shapeless in the case of Na+. The conversion to alchoolgel 

(procedure c) determined a slight decrease in volume (about 10% in diameter and 

20% in thickness) which persisted after long time soaking in aqueous solution. 

Moreover, in the case of Ca2+ and Mg2+ HMs, it increased their compactness and 

stability for long term storage in aqueous solution:  Ca2+ and Mg2+ ethanol-HMs 

soaked in water maintain the original shape and compactness for more than three 

months. In the case of Na+, instead, the membranes are almost completely 

dissolved by long permanence in water both in the case of Na+-water HMs and Na+-

ethanol HMs. Finally, the mild drying (procedure d) allowed water evaporation and 
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membranes compaction, independently of the cation used for gelation, increasing 

their long-term stability in aqueous environment. 

 

8.1.2  TOCNs and TOCN films 

In order to evaluate the toxicity of TOCN hydrogel precursors, TOCN aqueous 

solutions and TOCN films were considered.  

TOCN films with thickness in the range of 10-12 m were obtained by casting and 

drying an aqueous dispersion of TOCNs. The dried films were compact and flexible 

as shown in Fig. 8.2a. Moreover, if they were immersed again in aqueous solution, 

they became soft and pliable but kept their structure, without releasing visible 

amounts of the TOCNs components (Fig. 8.2b). 

 

 
 

Fig. 8.2: Pictures of dry TOCN film (panel A) and of the same film after immersion in 

aqueous solution for 30 min (panel B). 

 

With the purpose of investigating the possible cellular uptake of TOCNs (which 

could be released by the hydrogel membranes) through fluorescence microscopy,  

TOCNs were fluorescent labeled by covalently coupling them with FITC (Nielsen et 

al., 2010). Fig. 8.3a shows a representative example of the fluorescence excitation 

and emission spectra of the labeled TOCNs, after careful purification from 

unreacted FITC.   

The quantum yield of fluorescein covalently bound to TOCNs was estimated 

according to a procedure outlined by Horiba Scientific  (HORIBA Scientific, A guide 

to Recording Fluorescence Quantum Yields)) based on the comparative method 

(Lakowicz, 2006; Williams et al., 1983). In brief, UV-Vis absorption spectra and 

emission fluorescence spectra of FITC solutions in PBS at pH 7.4 were acquired at 

different known concentrations. The integrated fluorescence intensity at the 

different concentrations was calculated from the emission spectra and plotted as 

function of the absorbance at excitation wavelength (493 nm), evaluated from UV-
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Vis spectra. The same steps were repeated for the  FITC-labeled TOCN solution and 

the gradients of the integrated fluorescence/absorbance curves, which are 

proportional to the quantum yield of the samples, were estimated (Fig. 8.3b). 

 

 
 

Fig. 8.3: (a) Typical excitation and emission spectra of a 0.8 mg mL-1 FITC-labeled TOCN 

solution (1.76 nmol/g FITC/TOCNs) at pH 7.  (b) Integrated fluorescence intensity as a 

function of absorbance at 493 nm for FITC solutions and FITC-labeled TOCN solutions at 

different concentrations. From the gradients of the two curves that best fit the 

experimental data it is possible to estimate the Quantum Yield of the FITC grafted on 

TOCNs. 

 

 

The unknown quantum yield of FITC  on TOCNs was calculated from the following 

formula: 

 

                  
             

        
  

          
 

     
                                         (Eq. 8.1) 

 

Where       is the quantum yield of FITC assumed to be equal to 0.75 (Zhang et al., 

2014),                 and           the gradients of the curves and             

and       the refractive indexes of the solvents.   

Following this procedure, the estimated quantum yield for FITC on TOCNs was 

around 0.20±0.02. 

The amount of FITC grafted on TOCNs was estimated acquiring the fluorescence 

spectrum of FITC-labeled TOCN solution, comparing the fluorescence intensity with 

a calibration curve obtained with FITC solutions in PBS at pH 7 at known 

concentrations and considering the measured quantum yield. The result was an 

estimated grafted FITC amount around 1.76 nmol/g. 
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8.2  Toxicity of TOCN hydrogel membranes precursors 
 

Hydrogels toxicity could arise from hydrogels precursors themselves, which are 

loosely bound to the hydrogel network or are progressively released by 

degradation. In particular, toxicity could increase if chemical modification of the 

precursors and incorporation of reactive side groups onto these molecules have 

been performed (Kisiel et al., 2013). In our specific case of TOCN hydrogels, the 

precursors are the TOCNs bearing carboxylic groups in C6’ position of the cellobiose 

units and the gelling cations.  

 

8.2.1  TOCNs toxicity studies 
 

We investigated the effect of TOCNs both in the form of individual nanocrystals in 

solution and in the form of compact, self-assembled layer (TOCN film). In the first 

case 5 mL of TOCN solution (concentration 8 mg mL-1) were added to the cell 

culture containing 7 mL of cell medium. In the second case, the TOCN film was 

directly laid over a cell culture and 7mL of cell medium were added to cover the film 

surface. The results are reported in Fig. 8.4, which shows the cell survival after 24 

hours of incubation in the presence of 3.3 mg mL-1 of TOCNs and of a TOCN film, 

with respect to the control (column C in Figure). No substantial toxicity was 

observed in both cases, being the viability percentage higher than 90%. 

 
Fig. 8.4: Toxicity of TOCNs and TOCN films in terms of melanoma cell viability (%) after 24 

hours of incubation, in the presence of 3.3 mg mL-1 of TOCN suspension and a TOCN film. 

The experiments were performed in triplicate and the SD of the mean was < 0.1% (not 

noticeable as error bar in the histogram). 

 

To better investigate the interaction between TOCNs and melanoma cells, the 

trafficking and intracellular localization of the FITC-labeled TOCNs were investigated 
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by confocal microscopy. In particular, A375 cells were treated with three different 

concentrations of TOCNs in the cell culture medium: (0.13 ± 0.03) mg mL-1, (0.4 ± 

0.1) mg mL-1 and (0.53 ± 0.13) mg mL-1. Fig. 8.5 shows some images obtained for the 

three different concentrations. FITC-labeled TOCNs and PI stained nuclei are visible 

respectively in green/yellow and red colors. At the lowest concentration, shown in 

panel A and A1 (magnification of A), TOCNs are visible only marginally in some cell 

membranes. Increasing the concentration (panel B and B1), it is possible to observe 

an increased positivity in the sub-membrane part as well as in the cytoplasm. 

Finally, at the highest concentration considered (panel C and C1), all the cells show 

FITC signal in the cytoplasm area. Moreover, as visible in the zoom-in image, 

numerous positive vesicles for TOCNs are present. 

These data shows that, differently from other published data (Tang et al., 2017), the 

TOCNs here considered undergo substantial cell internalization. However, adverse 

effects were not observed for cells incubated with both TOCNs and FITC labeled 

TOCNs, in agreement with the results of the MTT assay shown in Fig. 8.4. 

 

8.2.2  Gelling agents toxicity studies 

 

As already said, the gelling agents used in this study are the chloride salts of Na+, 

Ca2+ and Mg2+. To evaluate the effects on cell cultures of their release from the 

hydrogel membranes, we firstly considered the worst case of complete membrane 

dissolution and release of the whole cation content. Moreover we considered the 

case of the post-gelation procedure for which the cation concentration in the 

hydrogel is the highest, i.e. the case of water-HMs, corresponding to a salt 

concentration around 125 mM (see Table 8.1). In this situation the maximum cation 

release in cell culture media is estimated to be around 160 moles, which 

corresponds to an increase of the final cation concentration in the cell culture 

medium of 19.6 mM. 

It is important to remember here that Na+, Ca2+ and Mg2+ are ubiquitous 

components of biological fluids and of the cell culture media (Na+, in particular,  

plays a fundamental role to retain the osmotic pressure of the cells). Their 

concentrations in RPMI 1640 are respectively 90.75 mM, 0.42 mM and 0.41 mM, so 

only a significant leakage of these ions from the hydrogels is expected to produce 

toxicity. Fig. 8.6 shows the results of MTT tests on cells incubated with 19.6 mM 

NaCl, CaCl2 and MgCl2. The survival data show a modest toxicity of Na+ and Mg2+ 

and a higher toxicity of Ca2+. 

 

  



 
 

113 
 

 
Fig. 8.5: Representative confocal fluorescent images of melanoma cells incubated with A) 

0.13±0.03 mgmL-1 B) 0.4±0.1 mgmL-1 C) 0.53±0.13 mgmL-1 FITC-labeled TOCNs. The scale 

bar is 10 μm in all the images.  A1, B1, C1 are zoomed-in images of A, B, C respectively. All 

cells were treated for nuclear staining with PI, 1 µg/mL for 30 minutes and then incubated 

with FITC-labeled TOCNs for 24 h, at 37 °C in a 5% CO2 atmosphere.  
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Fig. 8.6: Melanoma cell viability (%) after 24 hours of incubation in the presence of 19.6 mM 

NaCl, CaCl2 and MgCl2. The experiments were performed in triplicate and the SD is reported 

as error bar in the histogram. 

 

The higher toxicity of Ca2+ with respect to Mg2+ in spite of their chemical similarity 

could be due to the role of Ca2+ as signaling molecule involved in all the mechanisms 

of cell death. To ensure adequate homeostasis, Ca2+ concentration is usually 

maintained within specific limits (Zhivotovsky and Orrenius, 2011). Moreover, the 

cytosolic concentration of Ca2+ is extremely low, while large Ca2+ gradients across 

plasma membrane should exist. As a consequence, the movement of a few Ca2+ 

molecules across plasma membranes results in a dramatic change of cytosolic Ca2+ 

and affects the binding of this ion to proteins, the function of which is consequently 

modified. Conversely, cytosolic Mg2+ concentration can be as high as in the mM 

range and an up-take of this ion does not perturb substantially the intracellular 

processes (Romani and Scarpa, 2000). 

However, this toxicity is expected in the worst case of high salt content in the 

membranes (5 minute rinsing in water procedure) and its complete release, that is 

in the case of membrane disintegration.  

8.3  Direct contact toxicity tests 
 

Direct contact toxicity tests were performed directly placing the TOCN hydrogel 

membrane on the cell culture containing 7 mL of cell medium. Fig. 8.7 shows some 

representative images of  the morphological changes induced by TOCN hydrogels on 

melanoma cells, with respect to control cells (panel A). These morphological 

perturbations are more evident for the cells lying under the membrane (panel B) 
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with respect to those in proximity of the membrane but not covered by it (panel C). 

In particular, in panel B is visible a remarkable inhibition of the growth and a cell 

body retraction.  Moreover, other signs of cell suffering are detectable by the 

presence of surface blebs, not visible in the non-contact zone (panel C).  

 

 
Figure 8.7: Phase Contrast Microscopy images of: (A) melanoma A375 cells (control), (B) 

A375 cells lying under a rinsed-HM, obtained using Ca2+ as gelling agent,  (C) A375 cells 

incubated with the same membrane but not lying under it (as the area of the membrane is 

smaller than the area of the cell culture well). The membranes utilized were obtained using 

Ca2+ as gelling agent and were rinsed by short washings in water (Ca2+ rinsed-HM). 

 

The decrease of cell survival is confirmed by the results of the MTT assay, which 

measured the survival of A375 melanoma cells evaluated after 24 h of contact with 

TOCN hydrogel membranes obtained using Ca2+ as gelling agent. It appears that the 

cell survival decreases down to 21% of the control cells in the case of rinsed-HMs 

(calcium concentration around 125 mM) and is only slightly higher (28%) in the case 

of water-HMs (calcium concentration around 38 mM). 

The fact that TOCNs alone do not decrease the cell viability (see Fig. 8.4) and that 

this macroscopic effect is independent of careful rinsing and soaking the 

membranes in pure water (post-gelation procedure) suggests that the observed 

cells death or changes in morphology are related to a physical trauma due to 

hydrogel mechanical shearing. In fact, TOCN hydrogels are homogeneous and soft 

as indicated by their rheological parameters and by the presence of a pool of water 

in fast exchange with the surroundings (Chapter 6). These characteristics make the 

TOCN hydrogels easily injectable, suitable for in vivo applications such as drug and 

cell delivery or absorption of exudates and exchange of fluids. However, when 

utilized in vitro in cell cultures, the close contact between soft hydrogels and cell 

membranes can  cause mechanical stresses (Pelham and Wang, 1997).   Such  

stresses are reported to be responsible of morphological and then metabolic 

responses (La Rocca et al., 2014), which induce apoptosis of cancer cells (Cheng et 

al., 2009; Georges and Janmey, 2005). A recent research study  reports the results 

of direct toxicity tests performed with hydrogels obtained by crosslinking coarse 

nanocellulose fibers with Ca2+  (Basu et al., 2017) and shows that these NCF 

hydrogels induce only small, but not quantified, disruptions of a fibroblast cell layer. 

The difference with respect to our situation is probably related to the reduced 
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adhesion and decreased susceptibility of normal cell lines to physical stress (La 

Rocca et al., 2014).  

The hypothesis of cell death due to an hydrogel mechanical shearing effect is 

moreover supported by the warnings about possible physical trauma contained in 

the European Standards EN ISO 10993-5 for the evaluation of Biomedical devices by 

direct contact toxicity tests in vitro (Biological evaluation of medical devices - Part 5: 

Tests for in vitro cytotoxicity) (STANDARD, 2009). 

 

8.4  Indirect contact toxicity tests 

 

To perform toxicity tests in an indirect geometry, a simple but innovative set-up was 

obtained using a microporous cell culture insert (PET track-etched membrane 8.0 

µm pore size) suspended over a confluent cell monolayer by small plastic supports, 

as shown in Chapter 5, Fig. 5.3.  

The most popular approach to perform indirect toxicity tests is usually the agar 

overlay assay, where a sub-confluent cell culture is overlaid by a thin layer of agar 

on top which is placed the test material. This method suffers from several 

limitations, among which the slow diffusion of molecules through the agar 

membrane, so that only acute cytotoxic effects are detected (Pusnik et al., 2016). 

The main advantages of the new protocol used in our tests are the  high porosity 

and the large pore size of the PET insert, which allow the free permeation of solutes 

(included micro-sized TOCNs eventually released by the hydrogel) and the fact that 

the support is hanging over the cell layer, so that any physical stress is prevented. In 

this way, the only toxic effect is eventually due to the leakage from the hydrogels.  

Fig. 8.8 compares the results of the MTT assay for the case of Ca2+  hydrogel 

membranes both in direct and in indirect contact. Moreover two different post-

gelation procedures were considered, corresponding to two different salt 

concentrations in the hydrogels (around 125 mM for the case of rinsed-HM and 

around 38 mM for the case of water-HM). It is possible to see that, once the coarse 

mechanical effect due to the direct contact is removed, a Ca2+ concentration-

dependent toxicity emerges. The cell survival is infact similar between rinsed-HMs 

and water-HMs in the case of direct contact. However, in the case of indirect 

contact, the survival increases from 22% to 53% passing  from rinsed HMs to water 

HMs, that is decreasing the Ca2+ content of the hydrogel membrane. This suggests 

that the mechanical shearing levels the cell survival to a minimum value, 

independently of Ca2+ toxicity, that indeed emerges when the first cause of death is 

removed. The cell population surviving in all situations (around 20-25%) probably 

corresponds to cells which can respond to stress by activation of efficient survival 

pathways. 
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Fig. 8.8: melanoma cell survival at 24 h in response to direct (filled black column) and 

indirect (grey lines column) contact with Ca2+-HMs subjected to two different washing 

processes. Rinsed-HM refers to membranes rinsed by 5 min washings in water and with a 

Ca2+ content estimated to be 125±17 mM. Water-HM refer to membranes left in water for 

5 days after gelation, so that the estimated Ca2+ content in the hydrogel volume was 

lowered to 38 ± 4 mM. Column C refers to control cells. The experiments were performed 

in triplicate and the SD of the mean was < 0.1% (error bar not visible in figure).  

 

After the comparison between direct and indirect contact for the case of Ca2+ rinsed 

and water HMs, indirect contact measurements were performed for all the samples 

obtained using different cations and different post-gelation strategies, as  listed in 

table 8.1. The results are reported in Fig. 8.9.  

Considering the case of Na+-HM (white checked columns in figure), the high survival 

values ( > 80% even after a short rinsing procedure: Na+ rinsed-HMs) confirm that 

Na+ is a safe gelling agent. However the obtained membranes are fragile and even 

dissolved after long contact with water.  

On the contrary, hydrogels crosslinked by Ca2+ show a good stability in water and in 

the culture medium, but traces of Ca2+ are clearly toxic (red streaked columns in 

figure) and a survival comparable to the control has been obtained only after a long 

lasting incubation in water of the Ca2+-HMs (Ca2+ water-HMs).  

The Mg2+ -HMs gave the best performances, since these membranes combine quite 

low toxicity (blue columns in figure) with good stability. In fact, if Mg2+ rinsed-HMs 

produce a low cell survival (30±1 %), cell survival increases to about 85% after 

washing and thermal treatment (Mg2+ 60°-HM) and 98% after long-lasting soaking in 

water (Mg2+ water-HMs). Finally, when 1 M STS was used as positive control, a 

vitality reduction higher than that induced by Ca2+ (30% of cell survival with respect 

to the control cells) was observed. 
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Fig. 8.9: Cell viability of  A375 cells exposed  (24 h) to HMs gelified by Na+, Ca2+ and Mg2+ 

and undergoing different washing protocols: 5 min rinsing in water (rinsed-HM, salt 

concentration 125±17 mM), long-lasting incubation in water (water-HM, salt concentration 

38 ± 4 mM),  2 hours soaking in water + partially drying (60°C-HM, salt concentration 54 ± 

16 mM) and conversion to alchoolgel followed by repetitive soakings in aqueous solution 

(ethanol-HM, salt concentration 38 ± 4 mM). Measurements were repeated at least three 

times and the reported values and error bars are respectively the mean values and SD. 

 

 

8.5  Conclusions 
 

TOCN hydrogel membranes were produced by crosslinking TOCNs with mono and 

divalent cations and subjected to different post gelation strategies in order to 

remove the excess of salts and increase their stability in water. In vitro toxicity 

studies were performed on the membranes and on their precursors (TOCN solutions 

and salt solutions) in cultures of malignant melanoma cells A375, in view of a 

possible use of them as skin patches. Here are summarize the main results: 

 

1) MTT assay and cell morphology observation demonstrate that TOCNs  are 

not toxic to melanoma cells in culture. Furthermore, observations using 

confocal microscopy  (Fig. 8.5) showed the cellular up-take of TOCNs, both in 

the area of the cell membrane and scattered in the cytoplasm. The presence 
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of the crystallites internalization further supports the quantitative data of 

Fig. 8.4, which demonstrates the non-toxicity of the hydrogel precursors and 

suggest the possible use of TOCNs as nanomaterial in biomedical 

applications. Indeed, most literature studies are focused on the use of 

nanocellulose as films or hydrogels and not as individual, nanometric 

crystallites. In this sense, further studies are required to better understand 

the interaction between TOCNs and cells and the fate of TOCNs inside cells 

both in in-vitro and in-vivo experiments. 

 

2) The addition of NaCl, CaCl2 and MgCl2 salts  (around 20 mM) to the culture 

medium decreased cell survival, being divalent Ca2+ cations more toxic than 

Na+ and Mg2+ (Fig. 8.6). The observed reduced cell survival appears to be 

concentration-dependent  and can be ascribed in part to the unbalance of 

osmotic pressure which is more evident in the presence of Ca2+ cations. 

 

3) Ca2+ crosslinked TOCN hydrogel membranes laid on top of a confluent 

monolayer of human melanoma malignant cells (A375) induced a severe 

reduction of cell viability, probably due to activation of programmed cell 

death as revealed by the positive control performed with STS which is an 

inducer of cell apoptosis. This apparent toxicity is to be ascribed to the 

physical stress of the hydrogel on the cell monolayer.  

 

4) Cytotoxicity was decreased performing indirect contact toxicity tests. For 

this purpose, a method based on the use of a commercial insert with a 

microporous (8m), permeable polyethylene terephthalate (PET) membrane 

was used. This set-up allows the free exchange of the molecules between 

cell monolayer and suspended membranes but avoids any shear effect. In 

this way, the only toxic effect is eventually due to the leakage from the 

hydrogels. By this approach, the specific toxicity of TOCN-HMs (obtained 

using different cations and subjected to different processing strategies) was 

investigated (fig 8.9).  

The best performances were those of Mg2+-HMs, which combined low 

toxicity and good stability, while Na+-HMs and Ca2+-HMs showed 

respectively low toxicity but low stability or good stability but high toxicity.  

Among the washing protocols, a long-lasting incubation in aqueous solution 

reduces the unbound ions concentration in the HMs but weakens the 

hydrogel structure or eventually disrupts it in the case of Na+-HMs. On the 

contrary a two days incubation in water followed by a partial drying or an 

intermediate washing step in ethanol reduce the unbound ions content and, 

at the same time, make all the HMs more stable and compact, irrespectively 

of the charge of the cation.  
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In conclusion, the performed  toxicity studies showed that TOCN-HMs fabricated 

with cation–mediated gelation lack of cytotoxicity, in particular when the gelling 

cation is Na+ or Mg2+ , being Mg2+-HMs also stable after long-term storage in 

aqueous solution. Moreover, TOCN crystallites were observed to undergo cellular 

internalization without significantly compromise cell survival. These evidences 

suggest  both TOCN-HM and individual TOCN crystallites as good candidate 

materials for  application in the biomedical field. 
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Hybrid TEMPO-oxidized  Cellulose 

Nanocrystals/Chitosan  Hydrogels 
  



 
 

122 
 

CHAPTER 9: 

Materials and Methods for 

TOCN/Cht hydrogels 

 

 

 

In this chapter, the procedures utilized to prepare hybrid TOCN/chitosan 

(TOCN/Cht) hydrogels and the techniques used to investigate their structure and 

properties are reported. More into details, Section 9.1 describes the procedures 

followed to obtain TOCN/Cht solutions and hydrogels starting from aqueous TOCN 

and Cht solutions. Section 9.2 concerns, instead, the techniques used to 

characterize the hybrid hydrogel from a mechanical and structural point of view. 

Section 9.3 reports the experimental approaches exploited to study the enzymatic 

degradation and the release properties of TOCN/Cht hydrogels loaded with 

fluorescent labeled bovine serum albumin (FITC-BSA). Finally, in Section 9.4, the 

methods used to characterize the mucoadhesion of the hydrogels are described.  

The rheological measurements, compression tests and mucoadhesion 

measurements were performed during my permanence at the Institute of Pharmacy 

of the Innsbruck University (Drug delivery and Powder Technology research Group). 

All the results obtained with the techniques described in this Chapter will be 

reported in Chapter 10. 

 

9.1  TOCN/Cht solutions and hydrogels preparation 
 

9.1.1  TOCN/Cht solutions 

TOCN/Cht solutions were obtained starting from chitosan solutions and aqueous 

TOCN solutions. TOCN solution, with a crystallite concentration around 4 g L-1 and 

neutral pH, was obtained following the same procedure described in PART 1, 

Chapter 2. Chitosan solution was prepared, instead, by dissolving low molecular 

weight chitosan in acidic aqueous solution. In particular, 1 g chitosan was added to  

250 mL distilled water and 1 M HCl was added to the solution under agitation until a 

pH around 2 was obtained. The solution was kept in agitation for 2 hours to allow 

complete dissolution of chitosan and a clear, visually homogeneous chitosan 

solution with concentration around  4 g L-1  was obtained. 
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At this point, 125 mL of TOCN solution (0.5 g TOCN) was added slowly to chitosan 

solution under agitation, so that the weight ratio between nanocellulose and 

chitosan was 1:2. At this pH value, the most part of the carboxyl functional groups 

of TOCNs is in the neutral state, conversely, amino functionalities of chitosan are 

fully protonated. The resulting 4 g L-1  TOCN/Cht solution (pH around 2.3) was then 

stirred at 80°C until the desired final concentration was reached. All the solutions so 

obtained were homogeneous, almost transparent with jelly-like consistency. 

To obtain a weight ratio between nanocellulose and chitosan equal to 1:3 and 1:1 

the same procedure was used but different volumes of nanocellulose solutions 

were added to chitosan solution. 

 

9.1.2  TOCN/Cht hydrogels 

Hybrid TOCN/Cht hydrogels were prepared starting from TOCN/Cht solutions at the 

desired concentration (in the range 0.9 - 3.1 wt%) and using disodium succinate as 

crosslinker and stabilizing agent for Chitosan. In particular, for the mechanical 

characterization of hydrogels and the evaluation of their mucoadhesion properties, 

hydrogel samples were prepared by filling with TOCN/Cht solution 3 mL culture 

plates wells, covering the opened extremities with  dialysis membrane (molecular 

weight cutoff 10000) and placing the wells in a 0.5 M disodium succinate solution 

for 12 hours.  

To investigate the enzymatic degradation and the drug release properties of 

TOCN/Cht hydrogels, we prepared cylindrically shaped hydrogels. The cylindrical 

shape was chosen because of its simplicity and reproducibility of preparation and 

because it enables an easy evaluation of both longitudinal and transversal 

dimensions during the degradation studies. In this case, the TOCN/Cht  solution was 

placed, with the aid of a syringe, in a teflon tube (6 mm internal diameter and 25 

mm height) closed at the two extremities with a dialysis membrane (MW cutoff 

10000). To promote the gelation, the tube was placed in 15 mL of 0.5 M disodium 

succinate solution. After 12 hours the tube was recovered from the solution and the 

inside gelled composite material was taken out from the tube, obtaining a self-

standing TOCN/Cht hydrogel cylinder. Previously to measurements, the two faces of 

the cylinders, wrinkled because of the contact with the non rigid dialysis membrane, 

were cut to get a more defined and constant cylindrical geometry.  

To study the drug release properties, the hybrid hydrogel was loaded with 

fluorescein isothiocyanate labeled bovine serum albumin (FITC-BSA). For the 

preparation of FITC-BSA solutions,  20 mg BSA were dissolved  in 10 mL 0.1 M NaOH 

solution and stirred.  After that, 1 mL  FITC solution (1 g L-1 in DMSO) was added and 

the reaction mixture was left for 20 h at 5 °C in the dark.  The resulting FITC-BSA 

complex was then separated from unreacted FITC using a column filled with 
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Sephadex G25 resin and further purified and concentrated by centrifugation at 4500 

RPM for 45 min using  a 20 mL Vivaspin (molecular weight cutoff 5000). An aqueous 

FITC-BSA solution with BSA and FITC concentration around  2 g L-1 and 14 M, 

respectively, was obtained. The ratio between BSA and FITC molecules was 

estimated to be around 2:1 (assuming that the purification procedures do not lead 

to BSA losses). 2.1 mL FITC-BSA solution were added to 18 mL TOCN/Cht solution 

(1.7 wt%) and the solution was stirred at 40°C in the dark until a homogeneous 

dispersion with the desired concentration of the FITC-BSA and TOCN/Cht precursors 

was obtained. The hydrogel cylinders were obtained performing the procedure 

above reported in the dark to avoid fluorescence loss.  

9.2  TOCN/Cht solutions and hydrogels characterization 
 

The mechanical properties of TOCN/Cht solutions and hydrogels at different 

concentrations (0.9 wt% - 3 wt%) and different nanocellulose/chitosan weight ratios 

(1:3, 1:2, 1:1) were studied by rheology and compression tests, respectively. The 

structure and morphology of the hydrogels were investigated by microscopy 

(fluorescence microscopy and SEM). 

 

9.2.1  TOCN/Cht solutions rheological characterization 

 

Rheological measurements on TOCN/Cht solutions at different TOCN/Cht weight 

ratio and different total concentration were performed by a stress-controlled 

rheometer (Haake Mars Rheometer, 379-0200, Thermo ElectronGmbH, Karlsruhe, 

Germany) in cone-plate geometry (Rotor: C25/1°  Ti, D= 25 mm, gap = 0.052 mm). 

To determine the linear viscoelastic region, stress sweep SS tests were performed in 

the range 0.01-500 Pa at fixed frequency  f = 1 Hz. Frequency sweep FS tests were 

performed in the frequency range 0.05-50 Hz keeping the stress constant,   = 1 Pa. 

The temperature was fixed at  T= 25±1 °C. Both SS tests and FS tests were done in 

triplicate. To allow a comparison, rheological measurements were performed on 

pure TOCN and pure Cht solutions too. TOCN solutions were characterized under 

the same conditions of TOCN/Cht solution. In particular, the pH was brought around 

2.3 by addition of 1 M HCl. 

 

9.2.2  TOCN/Cht hydrogels compression tests 

 

To mechanical characterize the TOCN/Cht hydrogels at different TOCN/Cht weight 

ratio and total concentration, a TA-XT2i Texture Analyzer was used. The hydrogel 

samples were prepared filling with TOCN/Cht solution a 3 mL well, covering the 



 
 

125 
 

opened extremity with a dialysis membrane (molecular weight cutoff 10000) and 

placing the well in a 0.5 M disodium succinate solution for 12 hours.  Afterwards the 

dialysis membrane was removed and the resulting hydrogel cylinders (16 mm 

height, 16 mm diameter) were compressed three times with a 10-15 s recovery 

time in between. The trigger force, test velocity and compression distance were 

fixed to 0.098 N, 0.5 mm s-1 and 2 mm respectively. The measurements were 

performed at room temperature and using a 10 mm diameter cylindrical probe. 

Measurements were done firstly on the top face of the hydrogel cylinder (named T), 

then the hydrogel was overturned and measurements were done on its bottom face 

(named B). Finally, the cylinder was cut in half and its central part was evaluated 

(named C). All the measurements were performed in triplicate and with the 

cylinders placed in the wells. 

 

 
Fig 9.1: Example of force versus time curve obtained in TPA experiments. The samples were 

subjected to three compression cycles  with a 10-15  s recovery time in between (trigger 

force 0.098 N, test velocity 0.5 mm s-1 and compression distance 2 mm) using a 10 mm 

diameter cylindrical probe. The main quantities extrapolated from the curve and used to 

characterize the hydrogel samples are reported in figure. A1, A2, A3 refer to the areas (N s) 

under the curve for the first, second and third compression cycles, A(c) and A(w) to the area 

respectively under the compression and withdrawal portion of the curve, t stands for time. 

 

Fig. 9.1 shows a representative example of the Force/Time curve obtained through 

the performed compression tests. Different parameters, related to the mechanical 

properties of the sample, can be determined from it. In particular, we focused our 

attention to the following quantities (Stable Micro Systems web site):  
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 The hardness of the material, that is the maximum force required to obtain a 

2 mm deformation; 

 The cohesiveness, that is the % ratio between the area under the curve for a 

compression cycle with respect to the previous one (A2/A1 in Fig 9.1) and 

tells how well the samples withstand subsequent deformations; 

 The resilience,  which is the % ratio between the area up to the maximum 

value and the area during the withdrawal step during the same cycle 

(A1(c)/A1(w) in Fig 9.1) and shows the ability of the hydrogel to recover its 

original position during  the first compression; 

 The elasticity, defined as the time required to achieve a compression with 

respect to the time required for the previous one, in percentage (t2/t1 in Fig 

9.1). 

 

Another parameter that can be obtained from compression experiments is the 

Young Modulus E, which measures the stiffness of a material and is defined as the 

ratio between the stress  (in N m-2) and the strain γ (in %) in the linear elasticity 

regime, for a sample subjected to an uniaxial deformation: 

 

  
        

        
                                                        (Eq. 9.1) 

 

In our situation stress and strain can be determined from the Force versus Distance 

TPA curves, knowing the cross sectional area of the probe (A= 78.5 mm2) and the 

initial height of the sample (h0=16 mm):  

 

  
  

 
                      

    

  
                                   (Eq. 9.2) 

                                                                           

where F is the compression force and h the height of the sample at time t during 

the compression test. Fig. 9.2 shows an example of stress versus strain curve 

obtained for a TOCN/Cht hydrogel sample: the Young Modulus E was determined 

performing a linear fit in the linear range of deformation (strain 2-6%) and 

considering its slope. 

 

9.2.3  Fluorescence Microscopy 

 

Images of TOCN/Cht hydrogel cylinders with fluorescent-labeled TOCN were 

acquired using a LEICA MZ16AF stereomicroscope.  
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Fig. 9.2: Example of stress versus strain curve obtained from a compression test on a 

TOCN/Cht hydrogel sample. The Young Modulus of the material was determined evaluating 

the slope of the curve in the linear range of deformation (gray region in figure, 

corresponding to 2 - 6% strain). The red line is a linear fit in the considered region. 

  

To prepare fluorescein isothiocyanate (FITC)-labeled TOCNs, 0.75 mL of 2 mM FITC 

were added to 5 mL of a 0.1 M NaOH aqueous suspension of TOCNs (3 g L-1) 

(Nielsen et al., 2010) and then stirred for 6 days in the dark at RT. 

The suspension was dialyzed against 400 mL NaOH (0.05M) for 7 days by changing 

the dialysis solution 4 times and then dialyzed against deionized water until pH 7.0 

was reached. 2 mL of the resulting 1 g L-1 FITC-labeled TOCN solution were added to 

7 mL of 1.62 wt%  TOCN/Cht solution (2 : 1 weight ratio), which was then stirred 

and heated at 40°C in the dark, till reaching a final concentration of 2.3 wt%. The 

resulting FITC-labeled TOCN/Cht solution was placed in Teflon tubes (6 mm an 4 

mm internal diameter) closed at the two extremities with a dialysis membrane 

(molecular weight cutoff 10000) and placed in 15 mL 0.5 M disodium succinate 

solution in the dark for 12 hours.  Before microscope analysis the hydrogels were 

washed in distilled water for 1 hour.  

 

9.2.4  Scanning Electron Microscopy (SEM) 

 

SEM images of TOCN/Cht hydrogels were acquired using a Zeiss Supra  60 Field 

Emission Scanning Electron Microscope at the Biotech Laboratories (Engineering 

Department, University of Trento). TOCN/Cht hydrogel cylinders (concentration 2.1 

wt%, Cht:TOCN weight ratio 2:1) were prepared following the procedure explained 
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in Subsection 9.1.2. To enable the observation of both surface and inside structure 

of the hydrogels, they were fractured in liquid nitrogen and then freeze dried. After 

lyophilisation they were sputtered with an ultrathin layer of gold before 

measurements. 

 

9.3  TOCN/Cht hydrogels enzymatic degradation and release 

studies 
 

To investigate the release kinetics of TOCN/Cht hydrogels and evaluate their 

relation with hydrogels degradation,  FITC-BSA loaded TOCN/Cht hydrogel cylinders 

(Cht:TOCN weight ratio 2:1, concentration around 2.7 wt%) were incubated in 15 

mL PBS solution (pH 7.4) at 37°C with 3 g L-1 lysozyme. To evaluate the contribution 

of degradation to the release process, blank samples were also prepared, by 

incubating TOCN/Cht cylinders in 15 mL PBS solution at 37°C without enzyme.  

Moreover, pure TOCN samples (concentration 2 wt%) were investigated for 

comparison. In this case, the hydrogels were prepared using 0.5 M CaCl2 as 

crosslinker agent and the release and degradation processes were evaluated in 15 

mL 0.1 M HEPES solution (pH 7.4) at 37°C both in presence and absence of 3 g L-1 

lysozyme. We used HEPES buffer solution for TOCN hydrogels incubation, instead of 

PBS, to avoid the formation of calcium phosphate due to the interaction between 

Ca2+ ions released by the hydrogles and PBS phosphates. 

At fixed times, hydrogel cylinders were taken from incubation solutions and 

measurements (FITC-BSA release, weight loss and dimensions loss) were done. 

Measurements were performed in triplicate and the results were expressed as 

mean value and SD over the three measurements. 

  

9.3.1  Release kinetics  

For FITC-BSA release measurements, fluorescence spectra of the incubation 

solutions were acquired using a Varian Cary Eclipse Fluorescence 

Spectrophotometer. Emission spectra were acquired in the range 505-600 nm by 

exciting the sample at 498 nm. A calibration curve was acquired to relate the 

fluorescence intensity signal to the FITC concentration in PBS. The release was then 

expressed as percentage with respect to the maximum expected signal in the case 

of complete FITC-BSA release. At the end of the experiments, the cylinders were 

disintegrated by sonication to check the correctness of the maximum release 

expected.   
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9.3.2  Weight loss measurements 

To evaluate the weight loss due to enzymatic degradation of chitosan, the hydrogel 

cylinders were weighted using an analytic Mettler Toledo balance with resolution 

0.1 mg. The weight loss at time t was then express as the difference between the 

initial weight of the cylinder W0 and the weight at time t: Wloss = W0-Wt. The main 

source of error in this experimental procedure is related to the presence of excess 

and evaporating water, which was estimated around 0.012 ± 0.04 g during the 

measurement, corresponding to a percentage error around 5-10%.  

 

9.3.3  Dimensions loss measurements 

The changes in the dimensions of hydrogel cylinders were evaluated acquiring 

photographs of the cylinders at different times and analyzing them with the 

software ImageJ. In particular, the changes in height and diameter were considered 

and expressed as losses with respect to the initial height and diameter, respectively. 

To account for the non uniformity of heights and diameters, which was particularly 

evident at long times as a consequence of the non uniform degradation, three 

values of heights and diameters  were measured for each image and the mean 

value and SD were considered. 

 

9.4. Mucoadhesion properties of TOCN/Cht hydrogels  
 

The mucoadhesiveness of TOCN/Cht hydrogels on porcine intestinal mucosa 

(provided by a local slaughterhouse) were evaluated using a Texture Analyzer. The 

exploitation of a Texture Analyzer is indeed a well assessed method for the 

characterization of the mucoadhesion properties of a material through the 

measurement of the detachment force and the total work of adhesion from an 

experimental force-distance curve (Woertz et al., 2013). 

For this purpose, TOCN/Cht hydrogel cylinders were prepared in 3 mL culture plates 

wells starting from TOCN/Cht solutions with different total concentrations (in the 

range 0.9-3 wt%) and TOCN:Cht weight ratios (1:1, 1:2 and 1:3). After gelation the 

cylinders were cut in sections resulting in hydrogel disks with dimensions of around 

16 mm in diameter and 4 mm in height. A sketch of the exploited experimental 

apparatus is reported in Fig. 9.3a.  
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The disks were attached to the upper moving arm of the instrument using the 

dedicated gel mucoadhesion probe, which consists of an inverted cone shape with 

machined concentric grooves (as shown in the inset of Fig. 9.3b). The porcine 

intestine was cut in 3x3 cm pieces, opened and fixed on the bottom working surface 

of the instrument. The hydrogel disks were attached to the mucosa with a force of  

50 mN for 60 s. Afterwards the disks were raised up from the mucosa at a rate of 

0.1 mm s-1. Fig. 9.3b shows an example of the experimentally obtained Force versus 

Distance curve, from which the maximum adhesion force and total work of 

adhesion were evaluated measuring the peak force value and the area under the 

curve.  

 
Fig 9.3: (a) Sketch view of the experimental setup used to perform mucoadhesion 

measurements with the Texture Analyzer instrument. The porcine intestinal mucosa is fixed 

on a tissue holder at the base of the instrument, while the TOCN/Cht hydrogel disk is 

attached to the upper moving arm of the instrument using the dedicated probe. The probe 

is lowered down to press the mucosa  with a 50 mN force for 60 s and then raised up at a 

rate of 0.1 mm s-1. (b) Typical force versus distance curve obtained while the hydrogel is 

raised up from the mucosa and graphical definition of adhesion force and adhesion work. In 

the inset a picture of the gel mucoadhesion probe is shown. 
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Chapter 10: 

 TOCN/Cht HYDROGELS 

 

 

 

 

 

 

 

 

 

 

 

 

Here we report the results obtained studying hybrid TOCN/Cht hydrogels, with the 

purpose of understanding the individual role of TOCN and Cht as components of a 

potential hydrogel delivery system.  

The first section (Section 10.1) shows the preliminary rheological and mechanical 

studies performed on TOCN/Cht solutions and hydrogels at different concentration 

and TOCN/Cht weight ratios. Since the characterization of material’s structure is the 

starting point to understand the properties of the final product, the structural 

features of the hydrogel matrix and surface were studied using microscopy 

techniques, as reported in Section  10.2.  

Section 10.3 reports instead the results of the enzymatic degradation and release 

kinetics studies performed on drug-loaded TOCN/Cht hydrogels (at fixed 

concentration and TOCN/Cht weight ratio) incubated in buffer solution. A medium-

sized protein such as BSA was chosen as protein drug model and functionalized with 

fluorescence FITC to follow its release via fluorescence spectroscopy, while 

lysozyme was utilized as a representative example of human digestive enzymes. 

Finally, in section 10.4, the attempts performed to evaluate the mucoadhesion 

properties of TOCN/Cht hydrogels at different concentration and TOCN/Cht weight 

ratios are described. For all the experiments, the results obtained for TOCN/Cht 

hydrogels were compared with the case of pure TOCN hydrogels.  

 

To make the presentation and discussion of the results more clear, in Fig. 10.1 a 

schematic summary of the experimental procedures exploited is reported. In 

particular, the red stars highlight the measurements performed on the different 

TOCN:Cht materials, a more technical description of which is reported in Chapter 9.  
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Fig 10.1: Scheme of the experimental procedures followed and experimental techniques 

used to prepare and characterize hybrid TOCN/Cht hydrogels. In particular, part I reports 

how TOCN/Cht solutions were prepared starting from the individual components, part II 

schematically shows how hydrogel cylinders were obtained exploiting disodium succinate 

as crosslinker and stabilizing agent. Finally part III briefly reports the techniques used to 

mechanically and structurally characterize the TOCN/Cht hydrogels and study the release 

and degradation properties of FITC-BSA loaded  TOCN/Cht hydrogels incubated in PBS 

solution with Lysozyme. A more detailed description of the procedures and experimental 

techniques utilized is reported in Chapter 9.  

 

10.1 TOCN/Cht Solutions and Hydrogels mechanical 

characterization 
 

The viscoelastic and mechanical properties of the hybrid solutions and hydrogels 

were evaluated exploiting rheology and compression tests, respectively. The 

influence of total concentration and ratio between chitosan and TOCN weights were 

evaluated and the results were compared with the case of pure TOCNs and chitosan 

materials. In Table 10.1 the investigated concentrations (Chitosan, TONCs and total) 
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and ratios are summarized. As visible, the samples and experiments were divided 

into three blocks to allow a systematic study the influence of different variables. In 

the first part, the total concentration was varied in the range 0.9 - 2.8 wt%, keeping 

fixed the TOCN:Cht weight ratio to 0.5. The concentration range was chosen in such 

a way to obtain manageable solutions and self-standing hydrogels: concentrations 

smaller than 0.9 wt% did not lead to strong enough hydrogels while concentrations 

higher than 2.8 wt% resulted in solutions too viscous to be managed in an easy and 

reproducible manner. In the second and third part, instead, the TOCN:Cht weight 

ratio was varied keeping fixed respectively the TOCNs concentration and the total 

concentration. 

 

Table 10.1: Summary of the different samples prepared and studied, in terms of TOCN:Cht 

weight ratios, Chitosan, TOCNs and total concentration. The samples and experiments were 

divided into three parts, by varying one parameter at a time (yellow columns) and keeping 

fixed the other one (gray column). Samples of pure TOCN and pure Chitosan were 

considered for comparison. 

 

P
A

R
T 

1
 

TOCN/Cht ratio Cht conc TOCN conc tot conc 

  wt% wt% wt% 

0.5 0.6 0.3 0.9 ± 0.1 

0.5 1.0 0.5 1.5 ± 0.1 

0.5 1.4 0.7 2.1 ± 0.1 

0.5 1.9 0.9 2.8 ± 0.1 

    

 
 

P
A

R
T 

2
 

TOCN/Cht ratio Cht conc TOCN conc tot conc 

  wt% wt% wt% 

pure TOCN 0.00 0.75 0.75 ± 0.05 

1 0.70 0.70 1.4 ± 0.1 

0.5 1.47 0.73 2.2 ± 0.1 

0.33 2.33 0.78 3.1 ± 0.1 

     
     

P
A

R
T 

3
 

TOCN/Cht ratio Cht conc TOCN conc tot conc 

  wt% wt% wt% 

1 0.70 0.70 1.4 ± 0.1 

0.5 0.93 0.47 1.4 ± 0.2 

0.33 1.05 0.35 1.4 ± 0.2 

pure Cht 1.40 0.00 1.4 ± 0.1 
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10.1.1  Rheology of TOCN/Cht solutions 

 

The influence of TOCN:Cht weight ratios and concentrations on the viscoelastic 

properties of TOCN/Cht solutions were investigated by SS and FS rheological tests. 

Fig. 10.2 shows an example of SS and FS curves obtained for a solution with a 

TOCN:Cht weight ratio equal to 0.5 and a total concentration equal to 2.2±0.1 wt%. 

 
Fig. 10.2: Example of SS test (left panel) and FS test (right panel) for a TOCN/Cht solution 

with a TOCN:Cht weight ratio of 0.5  and 2.2±0.1 wt% total concentration. G' and G'' refer 

to elastic modulus and viscous modulus respectively. Rheological measurements were 

performed using a cone-plate geometry (Rotor: C25/1°  Ti) with a 0.052 mm gap and 

temperature fixed at T=25±1 °C. Measurements were performed in triplicate. 

 

SS tests enabled to find the linear viscoelastic region, that is the stress range in 

which elastic modulus G' and viscous modulus G'' are quite constant and the tests 

can be carried out without destroying the structure of the sample. From FS tests it is 

clear that the sample behaves as a structured (gelled) system, being G'>G'' in the 

considered frequency range and both of them quite independent from frequency. 

Moreover, the sample shows a shear thinning profile, with viscosity decreasing 

increasing the shear rate. Different values but similar trends were obtained for all 

the tested samples, apart from the case of pure chitosan, which showed instead the 

typical flow properties of solutions (not constant G', G'' in the considered ranges 

and very low viscosity values).  

In Table 10.2 the main parameters obtained from SS curves and FS curves for the 

different tested samples are reported. In particular the reported G', G'' and viscosity  

values were evaluated from FS curves performing a linear fit in the 0.1-50 Hz 

frequency range and extrapolating from it the values at 1 Hz frequency. The last 
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column reports instead the stress value for which the gel-like structure of the 

sample is destroyed, that is the stress value for which G'' becomes equal or larger 

than G' (obviously this parameter cannot be evaluated for liquid samples like Cht 

solutions).  

 

Table 10.2: Rheological parameters obtained through stress sweep curves (StressG'=G'') and 

through frequency sweep curves (G', G'', Viscosity). The first and second column report the 

TOCN:Cht ratio and concentration of the considered samples. Column three, four, and five 

show the elastic modulus G', viscous modulus G'' and Viscosity values at 1 Hz evaluated 

from linear fits performed in the frequency range 0.1- 50 Hz. The last column report the 

stress value after which G'' becomes larger than G' and the gel-like structure of the material 

is destroyed. Values and uncertainties are the mean value and standard deviation over 

three measurements, respectively. 

 

P
A

R
T 

1
 

TOCN/Cht 
ratio 

conctot  
(wt%) 

G'  
(Pa) 

G''  
(Pa) 

Viscosity 
(Pa*s) 

StressG'=G'' 
(Pa) 

0.5 0.9 ± 0.1 66 ± 8 4 ± 1 11 ± 1 29 ± 8 

0.5 1.5 ± 0.1 366 ± 22 53 ± 5 60 ± 4 70 ± 19 

0.5 2.1 ± 0.1 1021 ± 62 145 ± 28 174 ± 2 124 ± 33 

0.5 2.8 ± 0.1 2626 ± 174 316 ± 45 428 ± 24 220 ± 60 

       

P
A

R
T 

2
 pure TOCN 0.75 ± 0.05 19950 ± 1277 3412 ± 308 3263 1210 ± 267 

1 1.4 ± 0.1 2103 ± 63 282 ± 8 277 221 ± 61 

0.5 2.2 ± 0.1 2956 ± 507 409 ± 61 483 125 ± 35 

0.33 3.1 ± 0.1 2460 ± 76 351 ± 41 404 125 ± 35 

       

P
A

R
T 

3
 1 1.4 ± 0.1 1994 ± 161 222 ± 41 323 217 ± 57 

0.5 1.4 ± 0.2 571 ± 193 60 ± 28 92 89 ± 25 

0.33 1.4 ± 0.2 207 ± 37 29 ± 13 33 89 ±24 

pure Cht 1.4 ± 0.1 0.0019 ± 0.0005 0.037±0.001 0.074   

 

 

As visible in Table, G'>G'' for all the considered samples, independently from 

concentration and TOCN:Cht weight ratios, apart from the case of pure chitosan. 

The dependence of G', G'' and viscosity values on samples concentrations and 

weight ratios between TOCN and chitosan are reported in Fig. 10.3.  

As shown in Fig. 10.3a, the rheological properties of the samples, increase with the 

total concentration following approximately a quadratic law. Considering the 

dependence on TOCN:Cht weight ratio, it appears that the G', G'' and viscosity 

values increase increasing the relative weight of TOCNs with respect to chitosan at 

constant total concentration (Fig. 10.2d) while they remain quite constant if the 

TOCN concentration is kept constant (Fig. 10.2b). These observations suggest that 

the gel-like behavior of the samples is mainly due to TOCNs, which act as reinforcing 

agent in the hybrid TOCN/Cht material. As a comparison the case of pure TOCN 
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samples at concentration 0.75 wt% and pH around 2.3 is reported in Fig. 10.3c (Pure 

TOCN), showing an increase of the G' value of an order of magnitude with respect 

to hybrid TOCN/Cht samples. 

 
Fig. 10.3:  Rheological parameters (Elastic Modulus G', Viscous modulus G'' and Viscosity) of 

TOCN/Cht solutions as a function of: total concentration at fixed TOCN:Cht weight ratio (a), 

TOCN:Cht ratio at fixed TOCN concentration (b), TOCN:Cht ratio at fixed total concentration 

(d). Panel (c) shows a comparison between TOCN/Cht hybrid solutions (TOCN concentration 

0.75wt% + variable amounts of Cht solution) and a pure TOCN solution at the same pH and 

concentration (pH around 2.3 and concentration 0.75wt%). The reported values and error 

bars are the mean value and SD over three replicated measurements, respectively. 

Rheological measurements were performed using a cone-plate geometry (Rotor: C25/1°  Ti) 

with a 0.052 mm gap and temperature fixed at T=25±1 °C.  

 

These findings confirm the reinforcement capability of TOCN crystallites (Aitomäki 

and Oksman, 2014; Lee et al., 2014; Mondal, 2017) and the impressive mechanical 

properties of TOCN hydrogels spontaneously formed in acidic conditions (Saito et 

al., 2011; Way et al., 2012). 

Despite the gel-like rheological behavior shown by TOCN/Cht samples, self-standing 

hydrogels could not be obtained simply by mixing TOCN solutions and chitosan 

solutions. For this reason we exploited disodium succinate as a crosslinker and 

stabilizing agent, being it able to electrostatic interact with the amino groups of 

chitosan and to originate well shaped and stable hydrogels. The incubation in the 

disodium succinate solution is expected to increase the pH inside the hydrogel and, 
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probably, deprotonates some of the carboxylic groups of TOCN. It is also expected 

that a small and flexible molecule such as disodium succinates diffuses in the 

hydrogel matrix and crosslinks chitosan chains more easily than the rigid and large 

TOCN crystallites.  

 

 

10.1.2  Compression tests on  TOCN/Cht hydrogels 

 

Physical properties such as hardness, cohesiveness and elasticity are important 

factors for the protection of encapsulated drugs during hydrogel migration from the 

oral cavity to the intestine and were thus evaluated by texture profile analysis 

(TPA). Texture Analyzers are commonly used to study the mechanical properties of 

hyrogels, quantifying their deformation under compression (Singh et al., 2018; 

Jones et al., 1997, 1996). 

As schematically shown in Fig. 10.1 (panel I,) TOCN/Cht hydrogels with malleable 

and cylindrical shapes were prepared using 3 mL polystyrene culture plate wells as 

moulds. The wells were covered with dialysis membrane and placed in 0.5 M 

Disodium Succinate solution, enabling Disodium Succinate to diffuse during the 

moulding process, interact with TOCN/Cht and stabilize the structures.  

The hydrogel cylinders were subjected to axial compression tests, keeping the 

maximum deformation smaller than 13%. This upper limit was determined by the 

brittleness of the samples at low TOCN:Cht ratios and concentrations, the surface of 

which is visibly perturbed when undergoing deformations higher than 13%. 

Measurements were performed on both cylinder sides (being the top side and 

bottom side in contact, during the gelation process, respectively with the gelling 

solution through the dialysis membrane and with the well). Then, by cutting out the 

cylinders in two parts, the physical properties inside the bulk of the composite were 

tested too (central part).  

Fig. 10.4 shows the results in terms of hardness obtained for samples with different 

concentrations and TOCNC:Cht weight ratios. In particular, panel a) refers to 

measurements on hydrogels with fixed TOCN:Cht weight ratios and variable total 

concentrations, panel b) and panel c) to tests on samples with different TOCN:Cht 

weight ratios and fixed TOCN concentration and total concentration, respectively. 

Finally, to allow a comparison, panel d) shows the results for pure TOCN hydrogels 

obtained starting from neutral TOCN solutions crosslinked with 0.5 M calcium 

chloride.  
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Fig. 10.4: Results of compression tests performed on TOCN/Cht hydrogels at different 

concentrations and TOCN:Cht weight ratios (figure a-b-c) and on TOCN hydrogels at two 

different concentrations (figure d). TOCN/Cht hydrogels and TOCN hydrogels were obtained 

using respectively  0.5 M disodium succinate solution and 0.5 M calcium chloride solution 

as stabilizing agents. Different columns refer to the hardness values obtained for the 

different hydrogel layers tested: top (meaning the up side of the cylinder, which was in 

contact with the gelling solution through the dialysis membrane during the gelation 

process), center (meaning the central part of the cylinder) and bottom (meaning the face of 

the cylinder, which was far from the gelling solution and in contact with the bottom of the 

well). The measurements were performed at least in triplicate and the reported values and 

error bars are the resulting mean values and SD. 

 

The comparison with pure Cht samples was not possible because, in absence of the 

reinforcing nanocellulose crystallites, Cht solutions are not able to form durable, 

self-standing hydrogel structures in the considered concentration range, even in 

presence of crosslinker agents. Indeed, while cylinders of TOCN/Cht hydrogels or 

TOCN hydrogels soaked in PBS are stable for months, Cht cylinders almost 

immediately dissolve. 

The different behavior of chitosan can be ascribed to the bigger dimensions and 

smaller surface to areas of chitosan molecules with respect to TOCN crystallites, 

which reduce both the degree of possible arrangements achievable and the ability 

of chitosan molecules to interact among them and with the surrounding water and 
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salt molecules. The result is a less structured and less viscous material, as shown by 

rheological measurements too.  

An first interesting property emerging from Fig. 10.4 is the fact that the hardness 

values are always higher for the top face of the hydrogel, that is the one in contact 

with the dialysis membrane and closer to the disodium succinate solution during 

the gelation process, with respect to those resulting from measurements performed 

on a central section and on the bottom face of the hydrogels. This is probably due 

to a progressively more hindered and slow diffusion of disodium succinate moving 

away from the hydrogel exposed surface, which reflects in the formation of a 

material with weaker mechanical properties at higher distances from the interface 

with the gelling solution. A similar behavior was reported in a literature study, 

which investigates the formation of cylindrical chitosan hydrogels upon diffusion of 

OH- ions from an external bath. In this study, the observed different mechanical 

properties are ascribed to the diverse porosity and orientation structures created by 

chitosan at different distances from the hydrogel surface, as a consequence of the 

decreased  diffusion of  OH- (Nie et al., 2016, 2015). 

 

The trends of the hardness values for the top hydrogels surface as a function of the 

considered concentration and weight ratio parameters are shown in Fig. 10.5, 

where the hardness values for the three compression cycles are also compared. As 

visible, there are not significant differences among the three cycles, suggesting that 

the hydrogel structure is not disrupted by the first compression and the samples are 

able to withstand subsequent deformations without losing their organization. 

Considering the dependence on concentrations and weight ratios, panel a) shows 

that the hardness increases with the total concentration of the two precursors 

following a non-monotonic trend similar to that observed for the rheological 

parameters of the starting TOCN/Cht solutions (Fig. 10.3a). Differently, hardness 

values do not show a clear dependence on TOCN:Cht weight ratios, even if the 

maximum strength was always measured for the case of 0.5 TOCN:Cht weight ratio 

(Panel b) and c)). While in the case of the starting TOCN/Cht solutions the main 

contribution to the mechanical strength of the samples (evaluated through G', G'', 

viscosity values) was given by TOCNs, in this case the introduction of a chitosan 

crosslinker agent clearly contributes to the mechanical properties. As a 

consequence, both the TOCNs reinforcing capability and the presence of crosslinked 

chitosan contribute to the hydrogel hardness. The result is a clear increase of the 

mechanical properties with the total concentration, as the contributions of TOCNs 

and Cht sum up, and a more complex dependence on TOCN:Cht weight ratio, 

because the two contributions are in competition among them. 
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Fig. 10.5: Hardness of TOCN/Cht and TOCN hydrogels at different concentrations and 

TOCN:Cht weight ratios. TOCN/Cht  and TOCN hydrogels were stabilized with 0.5 M 

disodium succinate solution and 0.5 M calcium chloride solution respectively. Cycle 1, cycle 

2 and cycle 3 refer to the subsequent compression cycles to which the hydrogel cylinders 

were subjected.  The measurements were performed at least in triplicate and the reported 

values and error bars are the resulting mean values and SD. 

 

The increase of hardness with concentration is coherent with the results reported in 

literature both for chitosan hydrogels (Hurler et al., 2012) and other materials 

(Jones et al., 1996; Karavana et al., 2012). A quantitative comparison of the 

numerical values is made difficult by the fact that the TPA results partially depend 

on the test parameters such as compression speed and distance (Rosenthal, 2010). 

However, it appears that the hardness of hybrid TOCN/Cht hydrogels (at total 

concentration 2.7 wt%)  is an order of magnitude higher with respect to that 

reported for pure chitosan hydrogels (at concentration 5 wt%) and around three 

times higher than that of glycerol-reinforced chitosan hydrogels (at concentration 

2.5 wt%) (Hurler et al., 2012).  

The Elasticity, Cohesiveness and Resilience values obtained from compression tests 

measurements on the top face of hydrogel samples are reported in Fig. 10.6.  
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Fig. 10.6: Elasticity, Resilience and Cohesiveness percentage values, as defined in Chapter 9, 

Section 9.2.2, obtained through compression tests on TOCN/Cht hydrogels (figure a, b, c) 

and TOCN hydrogels (figure d) as a function of concentration or TOCN:Cht weight ratios. 

TOCN/Cht  and TOCN hydrogels were stabilized with 0.5 M disodium succinate solution and 

0.5 M calcium chloride solution respectively. The measurements were performed at least in 

triplicate and the reported values and error bars are the resulting mean values and SD. 

 

From this figure it appears that all the plotted parameters are quite independent 

from both concentrations and TOCN:Cht weight ratios. In particular, the Resilience 

values are always lower than 30%, the Elasticity values always approach 100% and 

the Cohesiveness values appear to be between 60% and 100%. Cohesiveness 

measures the effect of repeated stresses on the structural properties of the sample 

and the degree of difficulty in breaking down the hydrogels structure (Lau et al., 

2000; Sanderson, 1990). The high values obtained indicate  a strong structuring of 

the hydrogel, which is able to stand subsequent compressions without being 

disrupted. Elasticity and Resilience are both related to the ability of a deformed 

material to return to its original position after the deforming force is removed 

(Mazzuca et al., 2014). In our situation, high Elasticity values and low Resilience 

values show the flexibility of the tested samples, which are capable of recover the 

initial structure completely and in a small period of time.  
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We conclude this Section reporting in Fig. 10.7b the Young Modulus obtained 

through compression tests on TOCN/Cht hydrogel samples at fixed 0.5 TOCN:Cht 

weight ratio and variable total concentrations. The reported values were estimated 

from the slope of the linear region of the stress-strain curves, as shown in Fig. 

10.7a. The obtained trends are coherent with both the results of rheological 

measurements on Cht:TOCN solutions (Fig 10.3a) and the hardness values found for  

the hydrogels (Fig. 10.5a).  

 
Fig 10.7: (a) Examples of axial stress-strain curves obtained through compression tests on 

TOCN/Cht hydrogel samples (TOCN:Cht weight ratio fixed to 0.5 and variable total 

concentrations, as reported in the legend) during the first compression cycle. The gray 

region highlights the linear deformation range from which the Young Modulus E of the 

samples was evaluated. (b) Young Modulus E as a function of the total concentration for 

TOCN/Cht (0.5 weight ratio) hydrogel samples. The values were obtained from the slopes of 

the linear fits performed on the stress-strain curves in the 2% - 6% deformation region. 

Measurements were performed at least in triplicate and the obtained mean value and SD 

were assumed as experimental value and uncertainty.  

To sum up, the high values of hardness and Young modulus and the linear 

relationship between stress and strain, which holds till to stress values of the order 

of 10-50 kPa (depending on TOCN/Cht concentration), support the presence of a 

rather stable hydrogel network, able to withstand stresses higher than those in the 

digestive tract without collapse. At the same time, their highly elastic character 

renders them easy to be handled without risk of breakage or permanent 

deformation.  
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10.2  TOCN/Cht Hydrogels morphology and structure  
 

The structure and homogeneity of TOCN/Cht hydrogels (concentration 2.3 wt% and 

TOCN:Cht weight ratio 0.5) were studied by microscopy techniques. TOCN/Cht 

hydrogels cylinders were prepared, as explained in Chapter 9 and schematically 

shown in Fig. 10.1, using, as moulds, Teflon tubes closed at the two extremities with 

a dialysis membrane (molecular weight cutoff 10000). The cylinders were stabilized 

by the diffusion of disodium succinate during the moulding process.  

In the case of fluorescence microscopy images, around 2% of the TOCNs forming 

the hydrogel cylinders were previously fluorescent-labeled with FITC as explained in 

Chapter 9, Section 9.2.3. Fig. 10.8 shows some fluorescence microscopy images of 

hydrogel cylinders. In particular, panel (a) is a lateral image of the entire cylinders, 

while panel (b) and (c) show respectively a cross-section view and a lateral view and 

of a cylinder slice.  

 

 
 

Fig. 10.8: Fluorescence microscopy images of TOCN/Cht hydrogel cylinders. The green 

colour is due to FITC-labeled TOCNs. (a) Lateral view of two cylinders, where the irregularity 

of two faces (top part of the image) is due to the contact with the wrinkled dialysis 

membrane. Cross section (b) and lateral view (c) of a cylinder slice.  

The irregular aspect of the cylinders faces visible at the top of panel (a) is due to 

their contact with the wrinkled dialysis membrane during the stabilization in 

disodium succinate solution. To have a more regular cylindrical geometry and 

facilitate the subsequent measurements, the two faces were usually cut before 

degradation and release tests obtaining more flat faces (as the one visible in the 

left, bottom part of panel (a)). As qualitatively visible from the fluorescence 

intensity, the TOCNs are quite homogeneously distributed in all the hydrogel 

volume. 
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To investigate both the external and internal structure of TOCN/Cht hydrogels 

(concentration 2.1 wt% and TOCN:Cht weight ratio 0.5) through SEM microscopy, 

the cylindrical samples were fractured in liquid nitrogen, freeze dried and sputtered 

with an ultrathin layer of gold. In Fig. 10.9 and 10.10 are reported some 

representative imaged of the internal structure and external surface, respectively. 

 

 
 

Fig. 10.9: SEM images of the internal porous structure of TOCN/Cht hydrogel 

cylinders (concentration 2.1 wt%, TOCN:Cht weight ratio 0.5). Cylindrical hydrogel 

samples were fractured in liquid nitrogen, freeze dried and sputtered with an 

ultrathin layer of gold before measurements. 

 

As visible in Fig. 10.9 and Fig. 10.10, the arrangement of chitosan and cellulose 

nanocrystals on hydrogel surface is remarkably different from that assumed in the 

inside. Indeed, the matrix structure of the hydrogel shows a porous architecture 

with pore size around 10 - 50 m. On the contrary, the hydrogel surface is 

characterized by a more compact organization, with appearance of a continuous 

film, covering the underlying porous structure.  
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Fig. 10.10: SEM images of the film-like structure observed on the external hydrogel surface 

(in contact with the Teflon tube during the incubation in disodium succinate) of TOCN/Cht 

hydrogel cylinders (concentration 2.1 wt%, TOCN:Cht weight ratio 0.5). Cylindrical hydrogel 

samples were fractured in liquid nitrogen, freeze dried and sputtered with an ultrathin layer 

of gold before measurements. 

 

10.3 Release kinetics and biodegradability  
 

In this Section, we focus on the results obtained investigating the behavior of 

cylindrical TOCN/Cht hydrogels loaded with fluorescent-labeled BSA and incubated 

in PBS solution both in presence and absence of lysozyme. Measurements were 

performed to study both BSA release kinetics and  TOCN/Cht scaffold degradation,  

in order to evaluate the potential use of TOCN/Cht hydrogels as gastro-intestinal 

drug delivery systems.  Fixed TOCN/Cht concentration and weight ratio were 

considered  (2.7 wt% total concentration and 0.5 TOCN:Cht weight ratio). Pure 

TOCN hydrogels (concentration around 2 wt%) were investigated for comparison. 
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10.3.1 Biodegradability of TOCN and composite TOCN/Cht hydrogel 

scaffolds 

 

It is well known that chitosan can be enzymatically degraded in vivo by lysozyme, a 

polyanionic protein commonly present in various human body tissues and fluids 

(Lee et al., 1995; Onishi and Machida, 1999; Vårum et al., 1997).   

Fig. 10.9 shows the  degradation in vitro, of TOCN and TOCN/Cht hydrogel cylinders 

incubated in HEPES solution and PBS solution, respectively, at 37°C and in presence 

of 3 mg mL-1 lysozyme enzyme. The hydrogels degradation was evaluated 

measuring their weight loss at different incubation times and comparing the results 

with those obtained in absence of enzyme.  

 

Fig. 10.11: Weight loss for TOCN hydrogel cylinders (a) and TOCN/Cht hydrogels (b) 

incubated in 20 mL HEPES solution and PBS solution both in presence and absence of 

lysozyme enzyme at 37°C. TOCN/Cht hydrogels were obtained from a 0.5 TOCN:Cht weight 

ratio solution (total concentration 2.7 wt%) using a 0.5 M disodium succinate solution as 

crosslinker. For TOCN hydrogel cylinders instead, a 2.0 wt% TOCN solution and a 0.5 M 

crosslinker CaCl2 solution were used. The initial weight of the cylinders was around 0.4- 0.6 

g.  Error bars refer to the SD over 3 repeated measurements. 

 

As expected, pure TOCN hydrogels are stable in solution both in absence and 

presence of lysozyme (Panel a). The small (0.05-0.1 g) weight loss detected is 

probably due to the partial and progressive spoiling of the samples consequent to 

their frequent handling during the long-lasting experiments. On the contrary, a 

significant weight reduction was noticed in the case of hybrid TOCN/Cht hydrogels 

incubated in presence of lysozyme (Panel b). Indeed, after 3 days incubation, the 

measured weight loss was approx. 0.22 g (corresponding to around 50% of the 
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initial weight), while the corresponding weight loss in absence of enzyme was 

approx. 0.075 g (corresponding to around 15% of the initial weight).  

The timing of the  degradation process was of the order of days,  in accord with the 

results reported in literature for crosslinked chitosan hydrogels of similar 

dimensions, incubated in 1mg ml-1 PBS solutions (Hong et al., 2007; Jin et al., 2009). 

In particular, Jin et al. followed the degradation process for 21 days and reported a 

final weight loss between 20% and 60%, depending on hydrogel concentration (in 

the range 1-3 wt%), while Hong et al. observed a complete shape loss after 8 days 

for 1% chitosan hydrogels. 

Changes in hydrogel shapes and dimensions were monitored in parallel to weight 

loss measurements. Fig. 10.12 shows some pictures of the TOCN/Cht samples 

before and after 3 days incubation in PBS solution, both with and without lysozyme. 

For completeness, the pictures  of pure TOCN cylinders incubated in HEPES solution 

in presence of lysozyme are reported too. Coherently with weight loss 

measurements, only the TOCN/Cht cylinders incubated in presence of lysozyme 

undergo a significant degradation process, as shown by their progressive 

dimensions reduction and loss of shape. From these pictures it appears also that the 

degradation process of TOCN/Cht cylinders catalyzed by lysozyme is preferentially 

oriented along the cylinder axis.  

 
 

Fig. 10.12: Pictures of TOCN/Cht hydrogel cylinders (TOCN:Cht weight ratio 0.5, total 

concentration 2.7 wt%) before and after 3 days incubation in PBS solution both in presence 

and absence of lysozyme (3 g L-1). In the last column, two pictures of pure TOCN hydrogels 

(concentration 2 wt%) before and after incubation in HEPES solution in presence of 

lysozyme (3 g L-1) are reported. 
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To get more quantitative information, the height H and diameter D of the cylindrical 

samples were measured in time and their dimensions losses (expresses as 

difference ∆D and ∆R with respect to the starting diameter D and height H) 

calculated. These data are reported in Fig. 10.13 for the case of TOCN/Cht cylinders 

in presence and absence of lysozyme. 

 

 
Fig. 10.13: Dimensions variations for TOCN/Cht hydrogels (TOCN:Cht ratio 0.5, total 

concentration 2.7 wt%) in PBS solution both in presence and absence of lysozyme. Left and 

right panel refer to the height reduction and diameter reduction of  TOCN/Cht hydrogel 

cylinders, respectively. The initial height and diameter of the cylinders were around 15-20 

mm and 6-7 mm, respectively. The reported points and error bars refer to the mean value 

and SD over 3 repeated measurements.  

 

From both Fig. 10.12 and 10.13 it appears that, while the cylinders height  

progressively decreases, the diameter does not undergo significant variations. In 

principle, a spatially-oriented degradation process could be due to a preferential 

access of the catalyst to the catalysis sites from the two cylinder faces or to a 

reduced permeability of the composite at the lateral cylinder interface. In this 

regard, we must take into consideration that: a) the degradation process is enzyme-

catalysed, where the water soluble and strongly basic lysozyme (pI 10.4) must 

diffuse inside the quasi-solid hydrogel matrix; b) the gelation process occurs inside a 

mould, which is a Teflon tube, open at the two extremities to allow the diffusion of 

the hydrogel stabilizer (that is succinate). A gradient of negatively charged succinate 

could be present along the cylinder axis and favour the access of the positive 

lysozyme from the two extremities. This hypothesis is supported by the results of 

the compression tests (Section 10.1.2), which showed that hydrogel mechanical 

properties and structure are strongly related to direction and easiness of diffusion 

of sodium succinate. The second important question is the difference between the 
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sol-gel transition at the interface with respect to the process occurring in the bulk. 

We can expect that the two polysaccharides, and in particular the rigid rod-like 

TOCN, gel at the interphase in a more ordered manner, following a self-orientation 

process driven by the presence of the Teflon mould. This hypothesis is proven by 

the SEM images, which show a compact film-like layer on the lateral cylinder 

surface, while the porous network is directly exposed at the cylinder bases. Film 

compactness and, probably, an increased presence of TOCN hinders lysozyme 

penetration and slow down the lateral corrosion of the cylinders. 

 

 

10.3.2  Release profile of BSA from TOCN and composite hydrogels 
 

Fig. 10.10 shows the cumulative releases from TOCN hydrogels (panel a) and 

TOCN/Cht hydrogels (panel b) loaded with FITC-BSA, both in presence (black 

squares) and absence (empty circles) of lysozyme. 

 

Comparing panel (a) with panel (b), it appears that the release kinetics obtained 

with hybrid TOCN/Cht hydrogels are significantly different from those obtained for 

pure TOCN hydrogels. Indeed, the relatively fast release observed in the latter case 

is substituted by a slower, delayed release in the case of TOCN/Cht samples, since 

the time required to obtain a 50% release shifts from 9-10 hours to 30-50 hours.  

Moreover, the release profile changes too. While the experimental curves obtained 

for TOCN hydrogels can be fitted according to Higuchi model (Siepmann and 

Peppas, 2011), suggesting a diffusion-controlled drug release, the release profile of 

TOCN/Cht hydrogels shows a sigmoidal, biphasic pattern, with an acceleration from 

time equal to approx. 20 hours.  

According to different literature works, sigmoidal release profiles of small molecules 

from hydrogel materials can be described combining the diffusion of the drug 

through the hydrogel scaffold with other two phenomena: polymer degradation 

and a non uniform distribution of the drug within the hydrogel (Chen et al., 2017; 

Raman et al., 2005). In our specific situation it is reasonable that both the processes 

contribute. Indeed, the TOCN/Cht cumulative release is slightly higher in the case of 

hydrogel incubation in lysozyme, i.e. in the case of enzymatic degradation, however, 

a sigmoidal profile was obtained in the absence of lysozyme too. 
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Fig. 10.14: Cumulative release of FITC-labeled BSA from: TOCN hydrogels (a) and TOCN/Cht 

hydrogels (b). TOCN hydrogel cylinders were obtained starting from a 2.0 wt% TOCN 

solution, using a 0.5 M CaCl2 solution as crosslinker, while TOCN/Cht hydrogels were 

obtained from a 2.7 wt% TOCN/Cht solution, using 0.5 M disodium succinate solution as 

crosslinker. The time course of the fluorescence released in the buffer at 37°C was 

monitored in 20 mL HEPES solution or PBS solution for respectively TOCN hydrogels and 

TOCN/Cht hydrogels. Error bars refer to the SD over 3 repeated measurements. Dotted 

lines are guides for the eyes, while continuous lines are fits performed on the experimental 

data. In particular, as shown in the inset of panel (a), a linear relationship between 

cumulative release and square root of time was assumed valid for TOCN hydrogels at short 

times, according to the Higuchi model (Siepmann and Peppas, 2011). In the case of hybrid 

TOCN/Cht hydrogels, instead, data were fitted using a sigmoidal function        

              . 

 

10.4  Mucoadhesion studies on Cht:TOCN hydrogels 
 

As last Section of this Chapter, I report the results of some mucoadhesion 

measurements performed on TOCN/Cht hydrogels. Chitosan mucoadhesion 

properties have been widely studied and documented (Bonferoni et al., 2009; 

Ganguly and Dash, 2004). The cationic nature of chitosan, due to the presence of 

amino groups, protonated at low pH values, provides strong electrostatic 

interaction with negatively charged components of mucus, such as sialic acid and 

epithelial surfaces. Moreover, hydrogen bonding and hydrophobic interaction are 

supposed to positively affect chitosan mucoadhesion too (M. Ways et al., 2018; 

Sogias et al., 2008). 
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Fig. 10.15 shows the results of the mucoadhesion tests performed on our TOCN/Cht 

hydrogels using a Texture Analyzer and measuring the detachment force and total 

work of adhesion. Among the numerous methods to quantify the mucoadhesion 

properties of pharmaceutical dosage forms, the use of a Texture Analyzer is one of 

the most published techniques (Woertz et al., 2013).  

It can be immediately observed from Fig. 10.15 that both adhesion force and 

adhesion work do not significantly change by varying the concentrations or 

TOCN:Cht weight ratios. Moreover, similar values are obtained for the case of pure 

TOCN hydrogels.  

 

 
Fig 10.15: Mucoadhesion Force and Mucoadhesion Work for Cht:TOCN hydrogels as a 

function of: Cht:TOCN total concentration keeping fixed the Cht:TOCN ratio (a); Cht:TOCN 

weight ratio keeping fixed TOCN concentration (b); Cht:TOCN weight ratio keeping fixed the 

total concentration (c). Panel (d) shows the mucoadhesion Force and Work obtained for 

TOCN hydrogels at two different total concentration (the TOCN hydrogels were obtained at 

neutral pH using calcium chloride as a crosslinker). The reported values and error bars are 

mean values and SD over at least 6 measurements. 

 

A quantitative comparison of the obtained values with results reported in literature 

for other chitosan-based devices is hardly feasible, because they strongly depend on 

the particular parameters and geometries used in the experiments (Woertz et al., 

2013). Indeed, this method allows to get an idea of the high-low-no mucoadhesive 
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potential of a formulation, but rarely enables to compare absolute values due to 

major differences in the experimental set-ups. For example, Jones et al. 

demonstrated that mucoadhesion force increases increasing the contact time 

between tested gels and mucosa (Jones et al., 1997).   

The obtained adhesion work (around 0.08-0.15 mJ) is similar to the 0.05 mJ value 

reported in literature for lyophilized or air dried solutions of chitosan (Grabovac et 

al., 2005) and not-crosslinked carboxymethylcellulose (Hägerström and Edsman, 

2001). However, the measured adhesion force (around 0.05-0.15 N) is much lower 

than that reported for chitosan gels crosslinked by glutaraldehyde by Alsarra et al., 

2009 (around 8 N).  

The quite poor adhesion performances shown by our samples and the fact that they 

seem not to depend neither on total concentration nor on hydrogel composition, 

are partially related to the non optimal experimental conditions, which did not 

allow us to use higher contact times or pressing forces. Indeed, the wet nature of 

the hydrogels together with their compactness and lack of spreadability rendered 

the cohesion between the hydrogel and the instrument moving arm very poor, 

forcing us to perform measurements at low contact times and pressing forces. In 

this sense, in order to obtain more significant results, a different experimental 

protocol should be developed, which meets the specific mechanical and structural 

properties of the tested samples. After that, a possible evolution could be the 

chemical modification of chitosan with thiol groups, which are known to increase 

both gelling and mucoadhesion properties of chitosan (Bernkop-Schnürch et al., 

2003; Esquivel et al., 2015). 

10.5 Conclusions  
 

In this section hybrid TOCN/Cht hydrogels were investigated, with the purpose of 

obtaining a hydrogel material, which can be digested by human enzymes and used 

as protein therapeutics delivery system in the gastrointestinal tract. Here I 

summarize the main results obtained, in terms of mechanical properties, structural 

characterization, degradation properties and BSA release kinetics: 

1) A mechanical characterization of both TOCN/Cht solutions and cylindrical 

TOCN/Cht hydrogels stabilized by disodium succinate was performed by 

rheological measurements and compression tests respectively. In both 

cases, the mechanical properties of the samples appeared to increase with 

the total concentration. Moreover, the increase of  G', G'' and viscosity 

values with the relative weight of TOCNs with respect to chitosan (at 

constant total concentration) demonstrated the reinforcing capability of 

TOCNs in hybrid materials. The hardness and Young modulus values 

obtained through compression tests suggested that TOCNs and chitosan are 
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arranged in TOCN/Cht hydrogel cylinders forming a rather stable network, 

able to withstand stresses as high as 10-50 kPa without collapse.  Moreover, 

the obtained high elasticity and low resilience values show that samples are 

capable of recovering the initial structure completely and in a small period 

of time. These results suggest on one side that samples are able to 

withstand stresses higher than those in the digestive tract, on the other side 

that they can be easily handled without risk of breakage or permanent 

deformation. 

 

2) SEM images revealed that TOCN/Cht hydrogel cylinders are characterized by 

an inner porous architecture with pore size around 10-50 m. However a 

more compact, film-like structure was observed on the lateral surface of the 

hydrogel cylinders. The presence of such an external shell was ascribed to  

the contact of chitosan and especially TOCNs with the hydrophobic Teflon 

tube used as a mould, which induced the formation of a thin interfacial film. 

 

3) Weight reduction and dimensions reduction were detected in  TOCN/Cht 

hydrogels incubated in presence of Lysozyme, showing that the material is 

slowly degraded by the tested digestive enzyme (50% of the weight lost in 

three days). On the contrary,  pure TOCN hydrogels are stable in solution 

both in absence and presence of lysozyme. Curiously,  the degradation 

process of TOCN/Cht cylinders is preferentially oriented along the cylinder 

axis. This fact could be due to a favored access of the positive lysozyme from 

the two extremities of the cylinders as consequence of the presence of a 

negatively charged succinate gradient along the cylinder axis or to a 

different structure of the hydrogel at the lateral interface with respect to 

that in the bulk, which hinders lysozyme penetration and slow down the 

lateral corrosion of the cylinder. The first hypothesis is  supported by the 

results of the compression tests, which showed that hydrogel mechanical 

properties are strongly related to direction and easiness of diffusion of 

sodium succinate, getting  worse moving away from hydrogel surface. The 

second hypothesis is instead proven by SEM images, which showed the 

presence of a compact film-like layer on the lateral cylinder surface. 

 

4) Release kinetics studies showed that the fast, diffusion-controlled release 

profile obtained for pure TOCN hydrogels is substituted by a slower release 

with sigmoidal profile in the case of TOCN/Cht samples. The observed 

biphasic pattern was noticed for TOCN/Cht incubated both in presence and 

absence of enzyme and could be due to the combination of drug diffusion 

with polymer degradation and a non uniform initial distribution of the drug 

within the hydrogel. 
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In conclusion, it was demonstrated that the combination of TOCNs with low 

molecular weight chitosan enables to obtain hybrid hydrogels with the desired 

mechanical properties for being used as protein delivery system in the 

gastrointestinal tract. However, further studies are required to better investigate 

and eventually enhance the material mucoadhesion properties. Another  interesting 

aspect to be further investigated is the observed presence of a preferential 

degradation direction, related to a different structural organization of TOCNs and 

Cht in different areas of the hydrogels, which could allow to design delivery systems 

with spatially controlled degradation and release properties. 
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Chapter 11 
Final Remarks 
 

11.1: Conclusions 

The aim of this thesis was the isolation of cellulose nanocrystals and the 

investigation of their assembly processes through weak interactions to produce 

hydrogel and film structures. TEMPO-oxidized cellulose nanocrystals (TOCNs) with a 

rod-like shape and dimensions around 3-5 nm in diameter and some hundred 

nanometers in lengths were obtained, starting from cellulose pulp, by a two step 

process consisting in an oxidation reaction followed by a sonication treatment. 

The self-assembly of TOCNs in dry conditions resulted in the formation of 

transparent, flexible films. Both optical measurements and microscopy images 

showed the dense nature of the films, characterized by a layered, highly packed 

arrangement of TOCNs. The low porosity was confirmed by PALS analysis, which 

estimated the cross-section of pores equal to approx 0.31 nm, and is at the origin of 

TOCN-films excellent gas barrier properties. Indeed, a selective transport of gas 

molecules according to a size-sieving effect was observed, which is in agreement 

with the estimated porosity of the films.  

 

Turning to consider TOCNs assembly in aqueous solutions, it was observed that, 

despite their non-polymeric and rigid nature, TOCNs are able to form 

supramolecular hydrogel structures with good mechanical properties. In particular, 

weak hydrogels are obtained by non exhaustive sonication of TOCN solutions, while 

a clearer gel-like behavior is observed if sonication is followed by salt addition 

thanks to the strong electrostatic interactions generated by hydrogen bonds and 

between cations and carboxyl groups. The influence of sonication and cations 

addition (in particular, Na+, Ca2+ and Al3+ were considered here) on the sol-gel 

process and on TOCNs assembly and interaction with water were studied in details.  

It was demonstrated through rheology and NMR that cation valence and 

concentration affect hydrogels mechanical properties and three dimensional 

architecture. Moreover, their stability and  elasticity resulted to strongly depend on 

the duration of the sonication treatment. These results showed that hydrogels with 

tunable structures and mechanical properties can be obtained by changing both 

cation valence and sonication pre-treatment. 

In order to better understand and control the mechanism and kinetics of TOCN 

hydrogels formation, a ionotropic gelation strategy was exploited and Ca2+ was used 
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as gelling agent.  By external ionotropic gelation of TOCNs delivered in a Ca2+ bath, 

filled hydrogel structures of various size and shape (beads, wires and membranes) 

were obtained, while inverse ionotropic gelation resulted in the formation of core-

shell capsules.  For both external and inverse ionotropic gelation, the process was 

driven by Ca2+ diffusion and by its interaction with TOCNs carboxylic groups. The 

diffusion process was studied using a Ca2+ sensitive indicator and it was 

demonstrated that in the case of external gelation free diffusion conditions for Ca2+ 

inside the incipient hydrogel network hold. Considering instead the interaction 

properties, FTIR spectroscopy showed that a fraction of Ca2+ ions is tightly 

coordinated to carboxylates, while a second fraction undergoes to un-specific 

binding and could be released without compromising hydrogel structure and 

stability in water.  It was demonstrated that the control of the TOCNs ionotropic 

gelation processes, driven by the dynamics of Ca2+ diffusion, offers the opportunity 

of fabricate hydrogel microstructures with tunable size and shape simply controlling 

the diffusion time.  

In view of a possible use of TOCN hydrogels as skin patches, in vitro toxicity studies 

in cultures of malignant melanoma cells A375 were performed. Taking into account 

the ISO 10993-5:2009 suggestions for the biological evaluation of medical devices, 

experiments were done both on TOCN hydrogel membranes (obtained adding NaCl, 

CaCl2 and MgCl2 salts) and on their precursors (TOCN solutions and salt solutions). 

For this purpose, a set-up based on the use of an insert with a microporous and 

permeable PET membrane was used, which allows the free exchange of the 

molecules between cell monolayer and suspended hydrogel but avoids any shear 

effect. MTT assays and cell morphology observation demonstrated that TOCN 

hydrogels fabricated with Na+ or Mg2+ cation-mediated gelation lack of cytotoxicity. 

In addition, Mg2+-hydrogels are also stable after long-term storage in aqueous 

solution. Moreover, confocal microscopy images showed up-take of TOCNs inside 

the vesicles both in the area of the cell membrane and in the cytoplasm. The cells 

capability of crystallites internalization supports the non-toxicity of TOCNs and 

suggests possible interesting uses of TOCNs as nanomaterial in biomedical 

applications.  

Finally, hybrid TOCN/Cht hydrogels were produced and their structure, degradation 

and release properties were investigated in view of their possible use as 

enzymatically degradable material  in the biomedical field. It was demonstrated that 

the combination of TOCNs with low molecular weight chitosan enables to obtain 

hybrid hydrogels with the desired properties for being used as drug delivery 

systems in the gastrointestinal tract. In particular, rheological measurements 

showed that TOCNs act as reinforcing agent contributing to the mechanical 

properties of the samples, while the presence of Cht renders the material 

degradable by digestive enzymes. Moreover, it was observed that the degradation 

https://www.iso.org/standard/36406.html
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takes place along a preferential direction, probably related to TOCNs and chitosan 

assembly. Indeed,  as observed through SEM images, the internal porous structure 

of the hydrogel cylinders is externally covered by a film-like layer, which hinders 

lysozyme penetration from the lateral surface.  

11.2: Future Perspectives 

Considering TOCNs in dry conditions, an interesting future perspective could be the 

development  of hybrid nanocomposite films with tuned properties, by addition of 

different kinds of nanoadditives like TiO2 nanoparticles to TOCN solutions. This 

could lead to obtain innovative materials for gas separation/purification or 

advanced packaging applications. 

Another future development of this thesis work concerns the study of TOCNs 

interaction with cells, in view of the possible exploitation of TOCNs in the 

biomedical field not only as hydrogels but also as individual crystallites. In this 

sense, further experiments, both in-vitro and in-vivo, are required to better 

investigate the interaction between crystallites and cells. Moreover, the toxicity of  

TOCNs and TOCN hydrogels could be evaluated on different, non malignant, cell 

lines too (measurements already in progress). 

Finally, regarding hybrid TOCN/chitosan hydrogels, it would be interesting to further 

investigate the observed phenomenon of directional degradation, as it could lead to 

the design of delivery systems with spatially controlled degradation and release 

properties. Furthermore,  the mucoadhesive behavior of TOCN/chitosan hydrogels 

could be studied more into details through ad-hoc experiments and eventually 

optimized. 
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APPENDIX to Chapter 7   
Reaction-diffusion models 
 

Analytical model for the reaction front as a function of time 

 

Reaction-diffusion systems showing a reaction front which evolves in time are 

characteristic of many physical, chemical and biological processes (Cencini et al., 

2003; Kondo and Miura, 2010). In 1988 Racz and Galfi (Gálfi and Rácz, 1988) 

proposed an analytical model (known as ''mean field model'') for the reaction front 

in the case of a chemical reaction                                      , where the 

reagents A and B (initially separated in space) react to produce the inert species C 

and the reaction kinetics is of second order. Aim of the model is to obtain a scaling 

description for the center and width of the reaction front and for the production 

rate of C starting from a couple of reaction-diffusion equations.  

Later on, Leger et al. (Léger et al., 1999) experimentally studied the case 

                                   and demonstrated that the results obtained by 

Racz and Galfi for the movement of the reaction front as a function of time is 

independent of the reaction orders or the number of diffusing reactants (one or 

two) as long as the two species are initially separated and there is no relative 

advection of them.  

In particular, the model can be used to describe the ionotropic gelation process of 

TOCNs in presence of Ca2+ ions, where A(diffusing) = Ca2+ ions, B(static) = TOCN and 

C(inhert) = TOCN-Ca2+ hydrogel.  

Here we recall how, from the model, the characteristic distance versus time1/2 

relationship observed experimentally can be analytically obtained and how the 

apparent diffusion coefficient is introduced. The mathematical description of the 

considered reaction-diffusion process is given by the following set of reaction-

diffusion equations:  
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where a, b are the concentrations of the reactants A and B, Da and Db the diffusion 

constants and k the reaction rate constant. The model is developed in 1D, where x is 

the spatial coordinate, and considering, as an initial condition, A, B separated and 

with constant densities: a = a0 and b = 0, for x < 0 and a = 0 and b = b0 for x > 0. For 

simplicity we consider Da = Db = D (same conclusions can be obtained in the case Da 

≠ Db). We introduce the units                       and a0 to measure 

lengths, time and concentration, so that the only control parameter remains 

       . Subtracting Eq. (A2) from Eq. (A1), we obtain a diffusion equation for 

     :       

  

  
  

   

   

 
                                                          

 that can be solved with the initial conditions u = 1 (x < 0) and u = -q (x > 0) 

obtaining: 

       
   

 
 

   

 
    

 

   
                               

Where        
 

  
       

 

  
 is the Error Function. We introduce now a reference 

point xf, assumed as the center of the reaction zone, where a = b and the 

production rate of C is expected to be the largest. This point can be determined 

from Eq. (A4) by requiring                   that is          . The time 

dependence of xf is:  

                                                   (Eq.  A5) 

where Df  is the ''diffusion constant'' of the front (or apparent diffusion coefficient) 

given by the equation:  

                                              (Eq. A6) 

 

Steady state model for gel growth kinetics 

In order to explain the experimentally observed kinetics and obtain the real 

diffusion coefficient of Ca2+ ions through the TOCN hydrogel, a model is required 

that relates front propagation kinetics and Ca2+ diffusion. Different models exist in 

literaure depending on the particular experimental conditions and geometry 

(Bjørnøy et al., 2016; Braschler et al., 2011; Nobe et al., 2005; Potter et al., 1994). 

Here we report a model based on the theory developed by Braschler et al., 

(Braschler et al., 2011) who studied the Ca2+-induced gelation of alginate systems 
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both analytically and experimentally by following the sol-gel front propagation using 

fluorescence intensity signals. The presented reaction-diffusion model is essentially 

based on two mechanisms: the chemical reaction between TOCNs and Ca2+ ions and 

the diffusion of the reactants (in particular the flux JC of Ca2+ ions, as we assume the 

diffusion of TOCNs negligible). In Fig. A1 a schematic view of the 1D reaction-

diffusion system with the main quantities considered in the model is shown. 

 

Fig. A1: Schematic view of the reaction-diffusion system involved in the proposed model.  

To reach the reaction front and promote the gelation of TOCN solution by 

chemically reacting with it, Ca2+ ions have to diffuse through the already formed gel. 

The concentration of free TOCNs in the gel can be assumed to be very low, so that 

negligible reaction takes place in it. The transport of free Ca2+ ions through the gel is 

studied as a linear diffusion process. The advancement of the reaction front is 

determined by the flux of Ca2+ ions Jc and the stoichiometry of the TOCN-Ca2+ 

reaction. 

In the hypothesis that the Ca2+ ions flux converts a known amount of TOCNs and 

that the flux of nanocellulose               consumed by the reaction is equal to 

the flux of Ca2+ ions    reaching the reaction zone, we have: 

                                                   (Eq. A7) 

where R is a factor taking into account the TOCN-Ca2+ reaction stoichiometry, v is 

the advancing speed of the reaction front and        the bulk nanocellulose 

concentration. As there is little free TOCN in the hydrogel region, the reaction rate 

is very low and the transport of Ca2+ ions through the gel is regulated by the linear 

diffusion equation:  

  
        

   
 

       

  
                                  (Eq. A8) 

where Dc is the Ca2+ diffusion coefficient in the gel,        the calcium 

concentration and x the spatial coordinate of the gel growth in1D (as illustrated in 

Fig. A1). To solve Eq. (A8), two boundary conditions are required. The first one is 

obtained from the fact that the concentration of free Ca2+ ions is low in the reaction 

zone (x = G), that is:  
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The problem of a mobile boundary, which advances with a speed given by the 

diffusive transport of a reactant whose concentration is zero at the reaction front is 

known as Stefan problem (Hilhorst et al., 1996). The second boundary condition 

arises from Fick's law of diffusion at the dialysis membrane (x = 0) and results to be: 

 
       

  
 

   

 
                     

 
                                 

where L is the thickness of the dyalisis membrane and           the bulk 

concentration of Ca2+ ions outside the dyalisis membrane (x < 0). An approximated 

analytical solution of Eq. A8 with boundary conditions given by Eq. (A9) and Eq. 

(A10) can be obtained in the hypothesis that 
       

  
    (steady-state 

concentration gradient for the Ca2+ ions). This assumption is known as Kim's model 

and is typically used in alginate gel growth studies (Kim, 1990). In this 

approximation, the concentration of free Ca2+ ions in the gel is:  

                
 

   
                                   (Eq. A11) 

meaning a constant flux  Jc through the gel: 

     

      
   

   
                                          (Eq. A12) 

Combining  Eq. (A7) with Eq. (A12) and considering that   
  

  
  we obtain: 

  

  
 

   

   
                                                              

where we have introduced   
      

   

        
  as a shorthand notation for the ratio 

between the bulk Ca2+  concentration           and the nanocellulose crystallites 

concentration        multiplied by the factor R, which accounts for both the 

carboxylic content of TEMPO-oxidized TOCNs and the stoichiometry of the TOCN-

Ca2+ reaction. The solution of Eq. (A13) gives an expression for the temporal 

progression of the reaction front in the x-direction:  

                                                (Eq. A14) 

Eq. (A14) confirms the characteristic dependence of front propagation G(t) on t1/2.  

Moreover it allows to estimate Ca2+ ions diffusion coefficient in the gel starting from  

the slope of the curve   
    

  
 or from the apparent diffusion coefficient    

     

  
.  
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