
 
 
 
 
 
 
 

Dottorato in ingegneria dell’innovazione tecnologica. 
Dipartimento dell’innovazione industriale e digitale-DIID 
Ingegneria Chimica, Gestionale, Informatica, Meccanica 

 

 

Xyloglucan-based hydrogels:  

A biomaterials chemistry contribution towards 

advanced wound dressings 

 

 

 

          IL DOTTORE                   IL COORDINATORE 
 ALESSIA AJOVALASIT                                        Prof. ANTONIO CHELLA 
  
 
            IL TUTOR   
 Prof. CLELIA DISPENZA 
 
 
 
 

CICLO XXX 
2018 



I 
 

CONTENTS 

CONTENTS……………………………………………………………………......I 

ABSTRACT…………………………………………………………………….....V 

KEY OBJECTIVES…………………………………………………………….VII  

STRUCTURE OF THE THESIS……………………………………………....VII  

ACKNOWLEDMENTS………………………………………………………….IX 

LIST OF ABREVIATIONS……………………………………………………..XI  

LIST OF FIGURES…………………………………………………………......XV 

LIST OF TABLES……………………………………………………………XXIII 

LIST OF SCHEMES………………………………………………………....XXIV 

1. Hydrogels……………………………………………………………………….1   

1.1. Hydrogel definition and classification…………………………………….1  

1.2. Hydrogels biomedical applications………..…………………………........4 

1.2.1. Hydrogels as wound dressings (passive systems)…………………...6 

1.2.2. Hydrogels as scaffolds in regenerative medicine………………........7 

1.2.3. Hydrogel sensors …………………………………………………....9 

References………………………………………………………………….......10  

2. Wound management…………………………………………………..……...17 

2.1. Wound healing physiology………………...…………………………….17 

2.2. Chronic wound management: economic and social impact…….………..19  

2.3. Wound dressings………………………………...………………...……..20 

2.3.1. Traditional wound dressings…………………...…………………...21 

2.3.2. Modern dressings…………………………………………………...21 

2.3.2.1. Passive dressings…………………………………………….23 

2.3.2.1.1. Hydrocolloids………………………………………....23 



II 
 

2.3.2.1.2. Alginates……………………………………………....24 

2.3.2.1.3. Foams…………………………………………………24 

2.3.2.1.4. Hydrogels……………………………………….…….25 

2.3.2.2. Bioactive dressings…………………………………………..26 

2.3.2.2.1. Medicated dressings………………………………..…26 

2.3.2.2.2. Tissue engineered scaffold and skin substitutes...…….28 

2.3.2.2.3. Wound management sensors and actuators devices…..31 

References……………………………………………………………………...35  

3. Polysaccharide as candidate for wound dressing and wound healing 

applications……………………………………………………………………43   

3.1. Polysaccharides used in wound dressing applications...…………………43 

3.2. Polysaccharide modification………...…………………………………...46  

3.2.1. Crosslinking of polysaccharide for wound dressings fabrication......46 

3.2.2. Polysaccharide functionalization……………………………….......48 

3.3. Xyloglucan…………………………...…………………………………..49 

3.3.1. Origin, composition and physico-chemical properties……………..49 

3.3.2. Xyloglucan biomedical applications……………………...………..53 

3.3.3. Xyloglucan modifications……………………………………….....56 

References …………………………………………………………………....57 

4. Xyloglucan-based hydrogel films for wound dressing: structure-property 

relationships…………………………………………………………………..67 

4.1. Introduction and aim……………………………………………………..67 

4.2. Materials and methods…………………………………………………...69 

4.2.1. Materials……………………………………………………………69 

4.2.2. Methods…………………………………………………………….69 

4.3. Results and discussion…………………………………………………...74 

4.3.1. Preparation of XG-based hydrogel films and physico-chemical 

characterizations…………………………………………………....74  

4.3.2. Biological evaluations…………………………………………..….90 



III 
 

4.4. Conclusions……………………………………………………………....98 

References……………………………………………………………………...99 

5. Synthesis and characterisation of carboxylated xyloglucan……………...103 

5.1. Introduction and aim……………………………………………………103 

5.2. Materials and methods………………………………………………….109 

5.2.1. Materials…………………………………………………………..109 

5.2.2. Methods …………………………………………………………..110 

5.3. Results and discussion………………………………………………….114 

5.3.1. Carboxylated xyloglucan physico-chemical characterisation….....114 

5.3.2. Biological evaluations………………………………………….....122 

5.3.3. Preliminary study on interactions between CXG and polycations 

through DLS……………………………………………………....123 

5.4. Conclusions……………………………………………………………..132 

References…………………………………………………………………….133  

6. Carboxylated xyloglucan-peptide amphiphile co-assembled scaffolds for 

wound healing……………………………………………………………….139  

6.1. Introduction and aim…………………………………………………....139 

6.2. Materials and methods………………………………………………….144 

6.2.1. Materials…………………………………………………………..144 

6.2.2. Methods …………………………………………………………..144 

6.3. Results and discussion………………………………………………….152 

6.3.1. Gel formation and characterisations……………………………...152 

6.3.2. Biological assessment…………………………………………….167 

6.3.3. Future perspective………………………………………………...174 

6.4. Conclusions…………………………………………………………….177 

References……………………………………………………………………178 

7. RFID epidermal sensor including xyloglucan-based hydrogel films: wound 

dressing and wound monitoring applications…………………..………...185 

7.1. Introduction and aim…………………………………………………...185 



IV 
 

7.2. Materials and methods………………………………………………….188 

7.2.1. Materials ……………………………………………………….…188 

7.2.2. Methods …………………………………………………………..188 

7.3. Results and discussion……………………………………………….…194 

7.3.1. XG-PVA hydrogel film complementary characterisations……….193 

7.3.2. Electrical properties of the XG-PVA film………………………..198 

7.3.3. Serum absorption and antibacterial properties characterisations…203  

7.4. Conclusions…………………………………………………………….207 

References……………………………………………………………….……208 

CONCLUSIONS………………….....…………………………………………...211 

FUTURE DEVELOPMENTS………………….....…………………………….212 

APPENDIX A………………….....……………………………………………....215 

 

 

 

 

 

 

 



V 
 

ABSTRACT 

 

The last two decades have witnessed the introduction of several new wound dressings, 

with many of them being hydrogels for the advantages that these materials can offer 

in the application. However, despite the advancements and the wide range of dressings 

available, wound management is still an extremely challenging task due to its 

subjectivity, complexity and scarce knowledge of the wound healing process itself, 

and patient variability. For this reason, an interdisciplinary approach to wound care 

that can help reducing the incidence and prevalence of wounds is needed. 

 

One important goal would be to develop “smart” wound dressings that are easy to 

apply, wear and be removed, that are able to maintain a good balance between 

hydration of the wound bed and fluid absorption, that can act as a barrier against 

bacteria to prevent infections, yet allowing oxygenation, that are able to provide the 

physician with relevant information on physico-chemical and biological parameters 

to monitor the state of the wound and the healing process without requiring direct 

inspection, that can (eventually) release drugs or play regeneration functions to sustain 

and enhance the healing process.  

This very ambitious goal can only be achieved by merging contributions from 

different fields of research and expertise. In particular, the field of (bio)materials 

science and technology for the development of materials with the required 

combination of physico-chemical, mechanical and barrier properties, skin electronics 

for the integration of sensors and actuators, and tissue engineering to explore the 

possibility of including in the “smart” dressing also tissue regeneration functions (Fig. 

I). 
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Fig. I Schematic representation of the approach chosen to design a “smart” wound dressing 

 

The design of new materials for wound management applications can, in principle, 

benefit from the use of an intrinsically active polymer. 

Among all the available polymers, xyloglucan (XG) combines several favourable 

properties, which make it a suitable candidate for the scope: 

• It is abundant in nature, thus low-cost and its extraction is easy and high 

yield, 

• it is characterized by a very interesting self-assembly behaviour, 

• it is biodegradable and biocompatible; due to its vegetal origin it should not 

elicit the response of the human immune system, 

• there are a few studies concerning the possibility to employ this 

polysaccharide for biomedical applications, and it has been shown to have 

intrinsic activity such as anti-inflammatory properties for application 

through the skin and potential beneficial effect in reepithelization and 

remodelling,  

• it has film-forming properties, 
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• and it is approved by FDA as food additive. 

For all of these reasons, xyloglucan is believed to have great potential on wound 

healing, making its application worth to be investigated.  

 

KEY OBJECTIVES 

 

This study intends to attempt the merge of some elements from (bio)materials science, 

skin electronics and tissue engineering for the production of dressings and materials 

which could stimulate wound healing.  

In particular, it is aimed to: 

• develop a new platform of materials using xyloglucan to produce hydrogel 

as wound dressings and/or scaffolds; 

• investigate co-assembly as method to produce fibrous scaffolds that are 

known to favour wound healing; 

• identify a suitable technology that can allow the development of a wearable 

sensor for advanced wound management. 

 

STRUCTURE OF THE THESIS 

 

An introduction about hydrogels, wound healing process, commercially available 

wound dressings and polysaccharides generally used for wound dressings is provided 

in Chapter 1, 2 and 3. Chapter 3 discusses also structure and properties of the main 

polysaccharide used in this thesis: xyloglucan.  

 

Chapter 4 presents the experimental work carried out for the development of 

physically and chemically crosslinked xyloglucan-based hydrogel films to be used as 

wound dressings. Structure-properties relationships were investigated through 

different complementary techniques: FTIR, rheology, thermal analysis, 
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morphological analysis, moisture retention and swelling measurements. Selected 

formulations were also subjected to in vitro cytotoxicity tests and hemocompatibility 

tests. 

 

In Chapter 5, the carboxylation of xyloglucan, performed to introduce ionisable 

groups that can drive its co-assembly with oppositely charged molecules and 

macromolecules is presented. Physico-chemical characterisations of the carboxylated 

xyloglucan (CXG) were performed using FTIR, thermal analysis, rheology and light 

scattering. In vitro cytotoxicity tests were performed in order to confirm the 

cytocompatibility of the polysaccharide after the modification. Furthermore, a 

preliminary study on the interactions of the obtained xyloglucan variant with 

oppositely charged molecules, in particular poly-D-lysine, polyethylenimine, and a 

peptide amphiphile, was conducted using dynamic light scattering. 

 

In Chapter 6, the study of the co-assembly of CXG with peptide amphiphiles (PAs) 

aimed to obtain wound healing fibrous scaffolds is presented. A PA sequence, able to 

co-assemble with CXG to yield tough and resilient gels was identified among a library 

of different PA sequences synthetized. Interactions between the two building blocks 

were probed through different experimental techniques (i.e. circular dichroism 

spectroscopy, IR spectroscopy, dynamic mechanical analysis, transmission and 

scanning electron microscopy,). Biological in vitro evaluations were performed in 

order to evaluate the suitability of the co-assembled gel for tissue engineering 

applications, with a specific focus on wound healing. Preliminary in vivo wound 

closure experiments using wild-type mouse model were performed in order to assess 

an eventual enhancement of the wound healing process. 

 

In Chapter 7, it was proved the concept of the integration of one of the hydrogel film 

presented in Chapter 4 with inexpensive, lightweight ultra-high frequency 

radiofrequency identification (UHF RFID) tags to produce a hydrogel wound dressing 
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device that can battery-less monitor temperature and moisture level of the bandage in 

contact with the skin. The characterisation of the hydrogel film was complemented 

with measurements of electrical properties and radio frequencies response, 

mechanical properties, study of hydrolytic degradation, swelling in serum as 

simulated exudate, and also with studies on the film protein retention ability and 

barrier properties against bacteria. 

 

In APPENDIX A, all the experimental procedures will be described in detail.  
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1. Hydrogels for wound healing applications 

1.1. Hydrogels definition and classification 

Hydrogels are defined as three-dimensional hydrophilic networks that exhibit the 

ability to swell and retain a significant fraction of water within their structure, without 

dissolving.[1,2] This ability arises from the presence of hydrophilic functional groups 

attached to the polymeric backbone, such as -OH, -CONH-, -CONH2 and -SO3H, 

while their resistance to dissolution is due to the presence of crosslinks between 

network chains.[3,4]  

Several classifications have been proposed for hydrogels depending on their 

preparation method, ionic charge, or physical structure. They can be distinguished in 

single-polymer hydrogels (composed of a single species of polymer), multi-polymer 

hydrogels (composed of two or more different polymers), and interpenetrating 

polymer networks (IPN) comprising two or more networks of natural or synthetic 

polymers, which are at least partially interlaced but not covalently bonded to each 

other.[5,6]  

Furthermore, the nature of the crosslinking permits to classify hydrogels as chemical 

or physical hydrogels. Crosslinking is characterized by the presence of junctions, 

which may be formed by chemical linkages, such as covalent or ionic bonds in so-

called chemical hydrogels, or physical interactions such as ionic interactions, 

hydrogen bonds, or hydrophobic interactions in so-called physical hydrogels.  

Depending on the nature of the polymer, different techniques can be used to induce 

crosslinking. Crosslinking may occur by covalent bonding between polymeric chains 

triggered by initiators and catalysts, by exposure to a radiation source, including 

electron beam exposure[7], gamma-radiation [8], or UV light [4,9] or by adding 

different chemicals (e.g., glutaraldehyde, epichlohydrin, etc.) in conjunction with 

heating and, sometimes, pressure (Fig. 1.1a-b). Otherwise, physical crosslinking may 

be obtained through coacervation or precipitation methods exploiting ionic 

interaction, crystallization, stereocomplex formation, hydrophobic interactions and 
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hydrogen bonds (Fig. 1.1c). 

 
Fig. 1.1 Schematic representation of different type of crosslinking: chemical crosslinking with the 

crosslinker incorporated into the bond (a), chemical crosslinking with the crosslinker not incorporated 

into the bond (b), and physical crosslinking (c) 

Crosslinking interconnect polymer chains, increase molecular weight and provide 

better mechanical properties.[10]  

Network properties such as swelling degree, elastic modulus and transport of 

molecules are also influenced by the type and degree of crosslinking.  Different 

degrees of crosslinking and presence or absence of crystallinity, can give rise to 

elasticity, decrease of viscosity, insolubility of the polymer, increased Tg, increase 

strength and toughness, lower melting point, etc.[10]  

According to hydrogel physical structure and chemical composition they can be 

distinguished in amorphous (non-crystalline), semi-crystalline and crystalline 

hydrogels. Furthermore, they could be either neutral or ionic depending on the 

ionisations of their pendant groups.[1]  

 

Hydrogels can also be classified as “smart” or stimuli-responsive when they are able 

to respond to changes in their environment. “Smart” hydrogels undergo gelation due 
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to one or a combination of different external stimuli such as temperature variation, pH 

change, swelling, solvent exchange, photo-crosslinking, stereocomplexation, ionic 

crosslinking and synergic interactions among different polymers.[11] 

Among all this stimuli, temperature is the most widely used. The thermodynamic 

principle at the basis of thermo-responsive polymer solubilisation-insolubilisation 

equilibrium, which is affected by the change in the solubility of the polymer chain or 

by the formation of a complex among polymer chains that may accompany 

temperature variations. Generally, the solubility of solute molecules changes 

drastically with the change in temperature. Besides, the behaviour of polymer in a 

given medium reflects the balance of interactions among its own segments and the 

surrounding solvent molecules.[12] In a positive thermo-reversible system, polymers 

having an upper critical solution temperature (UCST) shrink by cooling below the 

UCST.  While in a negative thermo-reversible hydrogel, polymers have a lower 

critical solution temperature (LCST) and they contract by heating above the LCST.  

Namely, they can be tuned to be liquid at room temperature (20-25°C) and to undergo 

gelation when in contact with body fluids (36-37°C), due to the increase in 

temperature.  

Hydrogels constituted by polymers containing weakly acidic (anionic) or basic 

(cationic) groups are defined pH-responsive. Protonation-deprotonation mechanism 

is at the basis of their gelation. Stimuli-responsive polymers can be blended with 

polysaccharides, such as chitosan, alginate, cellulose, dextran for the development of 

stimuli-responsive hydrogels with properties like biocompatibility, biodegradability 

and biological functionality.[13] 

Hydrogels may be obtained in different forms including matrices, micro- or nano-

particles, coatings, films depending on the preparation method. [14] 
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1.2. Hydrogels in biomedical applications  

The first hydrogel with potential for biomedical application was synthesized in 1955 

by Professors Lim and Wichterle. It was a synthetic poly-2-hydroxyethyl methacrylate 

(PHEMA) used, soon after its discovery, in contact lens production.[15] Since then, 

hydrogels gained an increasing attention from the scientific community and  industry, 

so that they became widely used in biomedicine and several products are already in 

the market.[14] Indeed, hydrogels are extremely suitable for various applications in 

pharmaceutical and medical industries because they offer a combination of favorable 

properties, among them biocompatibility, hydrophilicity, non-toxicity, 

biodegradability, super-absorbency, high storage capacity for small and large 

molecules, and whole cells; and because they can be intrinsically stimuli-responsive 

and interactive.[16–18] Thanks to their structural similarity to macromolecular-based 

components present in the human body they have generally satisfying performance 

on in vivo implantation when in contact with either blood or living tissue.[19]  

Mechanical properties and structural stability in aqueous environment are necessary 

requirements for hydrogels used in biomedical applications. For this reason, hydrogels 

are generally crosslinked for these applications, and they need complete removal of 

materials breakdown products and/or residual unreacted crosslinking agents 

(glutaraldehyde, epichloridin, genepin etc.) to guarantee biocompatibility.[20]  

Several polymers have been proposed for the preparation of hydrogels for biomedical 

applications, both from natural or synthetic origin. They can be polysaccharides 

(cellulose, starch, alginate, chitin, hyaluronate etc.), proteins (collagens, pectins, 

caseins, albumins) and/or synthetic and biodegradable polymers (poly(vinyl alcohol) 

(PVA), poly(vinylpyrrolidone) (PVP), poly(ethyleneglycol) (PEG), PHEMA 

etc.).[21]  

Synthetic polymers are man-made polymers, produced by chemical reactions and do 

have good mechanical properties and thermal stability, much better than several 

naturally occurring polymers. However, they can contain residues of initiators or other 
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agents coming from polymerization reactions, and other compounds/impurities that 

prevent cytocompatibility. PVA is one of the most frequent and oldest synthetic 

polymers used for hydrogels fabrication; due to its biocompatibility it has been 

applied in several advanced biomedical applications, and particularly in wound 

dressing.[22] 

On the other hand, natural polymers, also called biopolymers,[23] are generally 

abundant in nature,  extracted from renewable sources and thus they are obtained at a 

relatively low cost due to their easy availability.[24] Natural polymers have several 

promising applications in drug delivery, tissue engineering, biomedical sensing, skin 

grafting, medical adhesives, textiles etc.[25,26]  

In the last decades, the development of hydrogels based on the blends of a natural and 

a synthetic polymer have gained increasing attention. Polymer blends allow to 

synergically combine different properties into one versatile material. Indeed, synthetic 

and natural polymers have complementary properties. Synthetic polymers are easier 

to use owning to their well-defined structure and tunable polydispersity, but natural 

polymers are generally more biodegradable. [24] Several examples of blends have 

been reported for the fabrication of hydrogels for biomedical applications with 

improved elasticity, stiffness, hydrophilicity, etc.. For instance, PVA and gelatin 

superabsorbent hydrogel membranes as drug delivery systems and moist wound 

dressing have been produced by esterification reaction.[27] Blending can come also 

with three components. For instance, agar, gelatin and κ-carrageenan as well as their 

two-components blends, have been used for the development of hydrogels for 

controlled release of drugs.[28] 

 

Moreover, thermoresponsive hydrogels are very interesting for biomedical 

applications because they can undergo gelation upon physiological condition, having 

the LCST below human body temperature. Among the thermoresponsive polymers 

used for biomedical applications there are both synthetic polymers such as poly(N-

isopropylacrylamide (PNIPAM) or natural polymers (degalactosylated xyloglucan, 
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gelatin, cellulose derivatives etc.).[29] These hydrogels are generally used for 

injectable applications but they find also use in drug delivery [30] or wound 

dressings.[31] 

1.2.1. Hydrogels as drug delivery systems 

Hydrogels are considered excellent candidates for controlled release applications. 

Their structure allows drug diffusion, sensitivity to surrounding environment, or 

recognition of a specific target by incorporation of specific functional groups within 

the matrix.[18] Their typical porous structure facilitates the drug loading into the 

matrix and also allows subsequent drug release at a rate dependent on the diffusion 

coefficient of the small molecule or macromolecule through the gel network. 

However, the homogeneity of drug loading within the matrix can result difficult to 

achieve due to hydrophobic nature of most of the drug molecules.[32] 

The benefit of using hydrogels as drug delivery systems is mainly pharmacokinetic: 

hydrogels can be employed as a depot formulation from which the active molecule 

can slowly diffuse, either maintaining a high local concentration of the drug in the 

surrounding tissues or for systemic delivery over a prolonged period. 

In general, hydrogels for drug delivery are formed outside the body and impregnated 

with drug before placement or implantation in the body.[32] For many applications, 

especially oral-delivery, drug-loaded hydrogels are employed in the dehydrated form. 

In this form they usually appear glassy, thus the release of water-soluble drugs 

involves a simultaneous absorption of water and desorption of the drug. They can 

show different diffusion kinetics ranging from Fickian to Case II extremes, depending 

on many variables such as temperature, polymer relaxation, thermodynamic 

compatibility between the solvent and the hydrogel, drug distribution in the matrix, 

etc.[33,34] 

This characteristic is very interesting in hydrogel wound dressings, because they can 

be loaded with antimicrobial or antibiotic agents [35,36] as it will be discussed in 

detail in Chapter 2.  
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Furthermore, thermoresponsive hydrogels are of great interest in therapeutic delivery 

systems as injectable depot systems. For instance, crosslinked chitosan with 

PNIPAAM forms a thermoresponsive IPN for the delivery of diclofenac with 

improved drug loading capacity and sustained release behaviour. In fact, the presence 

of the cationic chitosan network in the IPN provides the high affinity for anionic drugs 

in an aqueous medium. In the presence of a relatively high concentration of ions, a 

competition with the drug for the binding to the network occurs and the drug can be 

released. Under these conditions, the drug diffusion is delayed by the collapsed 

PNIPAM network at 37°C.[30] 

1.2.2. Hydrogels as scaffolds in regenerative medicine 

Regenerative medicine is a promising field of research, aiming to improve current 

medical options, especially in the field of tissue replacement or repair of damaged 

tissues with an enhancement of healing processes. Hydrogels have been proposed as 

tissue scaffolds not only for their structural and compositional similarities to 

extracellular matrix (ECM) and their exceptional framework function for cells 

proliferation and survival, but also because their mechanical properties can be tailored 

to mimic those of natural living tissues.[17] Hydrogel scaffolds are able to provide 

bulk and mechanical backing to the tissue construct they are in contact with, either if 

cells are adhered on them or suspended within their 3D network.[1]  

The design of a hydrogel for tissue engineering requires the control of a number of 

criteria to be appropriately effective. These criteria involve physico-chemical and 

mechanical parameters and biological activity.[37] Starting from physical parameters 

that must be taken into account, mechanical properties of hydrogel-based biomaterials 

are important parameters and, in general, they vary depending on anatomical location, 

cell types, and special applications they are addressed for. For example, relatively 

strong mechanical properties may be required in situations where the device may be 

subjected to weight-loading or strain, or where the maintenance of a specific 

cytoarchitecture is needed, such as for cartilage or bone scaffolds. In other situations, 
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looser networks may be needed or even preferable.[38] For instance, hydrogels 

elasticity plays a critical role in engineering soft and elastic tissues such as skin and 

blood vessels.  

Synthetic polymeric hydrogels provide a good control over mechanical properties, but 

other desirable features such as degradability or cell adhesion are lacking and must be 

further incorporated into these matrices.[39] 

Degradation is a critical requirement in tissue engineering; in fact, scaffold has a time-

limited architectural role and after the accomplishment of that function it will 

disappear, leaving a pure biological system.  This mechanism can be due to hydrolysis, 

enzymatic reaction, and/or dissolution. [20]   

Biological activity is one more parameter that must be considered to provide guidance 

cues to improve cells adhesion and proliferation.  Indeed, it is well-known that specific 

biochemical and physical signals can enhance the “bioactivity” of the scaffold, 

rendering them instructive for cells and promoting tissue regeneration.[37] Biosignals 

can be either specific amino acid sequences, like the well-known RGDS-sequence, 

which promote cell-adhesion, others such as topography, elasticity, and porosity, or 

stiffness of the materials which are known to direct cell differentiation and 

function.[16,39,40] 

 

Hydrogel scaffolds for regenerative medicine can come both with or without cells 

inside, being classified as cellular scaffolds and acellular scaffolds, respectively.[41] 

Cellular scaffolds combine cells from the body of patients with highly porous 

hydrogels. This approach is quite expensive due to the process of extraction of cells 

from patient’s body, generally stem cells, followed by seeding and growth in the 

scaffold before its implantation. There are many examples in literature of cellular 

scaffolds, they mostly use collagen as main polymer because it is the most common 

protein in the body and provides strength and structural stability to several tissues 

including skin, blood vessels, tendons, cartilages and bones.[41,42]  
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On the other hand, acellular scaffolds aim to influence cellular processes such as 

apoptosis, angiogenesis or recruitment of stem cells, inducing at last the regeneration 

of the damaged tissue they are in contact with. An example of acellular scaffold is a 

dextran crosslinked hydrogel that was developed for the treatment of third-degree 

burns, showing remarkable improvements of the healing process in vivo over 3 weeks, 

and promoting neovascularisation and skin regeneration.[43] Some scaffolds for 

tissue regeneration can be loaded with active compounds or growth factors for the 

enhancement of the healing. For instance, a collagen scaffold loaded with collagen 

binding vascular endothelial growth factor (CBD-VEGF) was proposed and tested in 

in vivo diabetic rat model for chronic wound healing. It was demonstrated that CBD-

VEGF scaffold induced the formation of blood vessels and cell migration, which 

accelerated tissue regeneration in chronic wound.[44] Other examples of release of 

growth factors that led to a speeding up of wound healing include the release of 

fibroblast growth factor (bFGF) from  nitrocinnamate-derived polyethylene glycol 

(PEG-NC) [45] or  collagen-mimetic engineered proteins from PEG-diacrylate 

(PEGDA) microspheres. [46]  

1.2.3. Hydrogel sensors  

Hydrogel sensors are commonly made by stimuli-responsive polymers.[47] These 

“smart” biomaterials have a high potential not only for their special properties but also 

for technological and biomedical applications. Sensing is triggered by chemical 

signals, such as pH, metabolites and ionic factors which alter molecular interactions 

between polymer chains or between polymer chain and solutes present in a system as 

well as by a physical stimulus such as temperature or electrical potential that may 

provide various energy sources for altering molecular interactions. These interactions 

modify the properties of polymeric materials like solubility, swelling behaviour, 

configurations of conformational change, redox (reduction-oxidation) state and 

crystalline/amorphous transition.  
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Among these “smart” hydrogels, temperature- and pH-responsive hydrogels have 

been the most widely investigated for their biomedical applications, including wound 

dressings, because these two factors have a physiological significance.  

Furthermore, there is another type of hydrogels used for sensing applications that are 

hydrogel-based biosensors. They exploit the ability of certain hydrogel to sense their 

environment on a molecular level, through the detection or reaction with biological 

molecules which lead to a change of swollen volume. Biomolecules such as receptors 

or enzymes are usually immobilized within a stimuli-responsive hydrogel matrix to 

yield to a biosensing material. The most common example of these is glucose-oxidase 

within pH-responsive hydrogels to make glucose-sensors.[47] 

Hydrogels or stimuli-responsive hydrogels can be integrated in devices for developing 

sensors. Some examples specifically addressed to wound management will be 

mentioned in Chapter 2.  
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2. Wound management 

2.1. Wound healing physiology 

A wound is a type of circumscribed injury of the skin caused by a physical or 

thermal damage or due to a pathological condition. The specific biological process 

that leads to tissue regeneration is defined as wound healing. This process is very 

complex and involves different stages[1,2]:   

• Haemostasis: It is characterized by bleeding with the role to flush out 

bacteria, but it is immediately followed by the activation of platelets, which 

start the coagulation cascade. Platelets start to release factors that initiate 

the healing process, like platelet-derived growth factor (PDGF) or 

transforming growth factors (TGFs), the fibroblast growth factors (FGFs), 

and vascular endothelial growth factor (VEGF). 

•  Inflammation: This phase lasts from 3 to 7 days in which the wound 

presents pain, redness, warmth, and swelling due to specific enzymes and 

various mediators that are secreted by inflammatory cells on the wound 

bed. The main active cells at this stage are phagocytic cells, such as 

neutrophil and macrophages. Neutrophils secrete reactive oxygen species 

(ROS) and proteases for preventing bacteria contamination and for cleaning 

the wound bed from debris, while blood monocytes arrive to the wound site 

and differentiate in macrophages, which remove bacteria and non-viable 

tissue by phagocytosis. The latter also release growth factors and cytokines 

to recruit fibroblast, endothelial cells and keratinocytes for repairing the 

tissue.  

• Proliferation: This phase is characterized by granulation, new blood 

vessels formation (angiogenesis) and epithelisation. All of these processes 

are stimulated by the presence of growth factors, like TGF-β, connective 
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tissue growth factor (CTGF), VEGF, keratinocyte growth factors (KGFs) 

and TGF-α. 

• Remodelling: This is the last phase of healing. At this stage, inflammatory 

cells leave the wound bed; cells releasing growth factor are diminishing and 

the provisional matrix is remodelled into organized collagen bundles.  

All these phases occur in an ordered manner overlapping one with each other and 

involving well-connected biochemical and cellular processes and, in particular, 

interactions among cytokines, growth factors, blood and the extracellular matrix. 

The important role of cytokines includes the stimulation and the production of 

components of the basement membrane, prevention from dehydration, increasing 

inflammation and  formation of granulation tissue.[3] Furthermore, the healing 

process could be altered by local factors such as hypothermia, pain, infection, 

radiation and tissue oxygen tension that can affect directly the characteristic of the 

wound, otherwise could be influenced by systemic factors including the overall 

health or the presence of comorbidities that can affect the ability to heal. In addition, 

poor nutrition, age and protein, vitamins and/or mineral deficiency can delay the 

wound healing.[4] 

Depending on the nature of the healing process, wounds can be classified in acute or 

chronic. An acute wound is a wound that heals completely within an expected 

period of time, usually 8-12 weeks, with an expected rate and according to a normal 

healing process. The primary cause of acute wounds is mechanical injures, including 

penetrating wounds caused by knives and gun shots, and surgical wounds caused by 

surgical incisions. Burns and chemical injures are considered another category of 

acute wounds, they can be caused by chemicals, electricity, radiations or thermal 

sources. Depending on the temperature of the thermal sources or the time of the 

exposure, it is possible to distinguish different degree of burns. 
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Chronic wounds are those that do not progress through a normal healing process 

due to the presence of physiological conditions such as diabetes, obesity, cancer, 

persistent infections or other patient related conditions. Chronic wounds also 

include diabetic foot ulcers, venous leg ulcers and pressure ulcers. These ulcers 

can last over 12 months and they can cause to loss of function and decreased 

quality of life, leading in some cases to amputation of limbs or death. [5]  

In conclusion, the time of the wound healing process strongly depends on the type 

of wounds and on the presence of some disease, but the selection of the right 

material for the dressing is also critical to have a faster healing. 

2.2. Chronic wound management: economic and social impact  

Among all the type of wounds, chronic non-healing wounds represent a substantial 

economic issue to healthcare systems in western countries. 

Older people are subjected to a higher risk for chronic wounds, also due to the 

slowing down of the healing process related with aging. Furthermore, chronic 

wounds are also related to other diseases such as cardiovascular diseases, diabetes 

or obesity, incidence of which is significantly increased in the last decades.[6]  

Because chronic wounds are generally treated as co-morbidities, the importance of 

the development of new treatments is often hidden.  Clinicians are not specialised 

in wound care and there is a lack of effective treatments and adequate approaches 

for the prevention of those medical conditions. These inefficiencies are also 

surrounded by a lack of deep knowledge on the biological processes associated 

with wound healing, which make this issues also a scientific challenge.[7] 

The costs of these treatments are very high also due to the prolonged time of 

treatment that is related with the long time that these wounds can take to heal, 

from several years to decades.[8] Costs estimated in USA can reach US$20 billion, 

while in UK they represent the 3% of the total healthcare expense.[8] 
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The rate of amputation of limbs as consequence of chronic wounds is frightful 

(globally there is one amputation every 30 seconds) and the 5-years mortality after 

amputation is between 40% and 70%. Infections are another main drawback of these 

type of wounds, being the major causes of amputation and they could be avoided 

with early stage diagnosis and an accurate care.[9]  

In the following paragraphs it will be given an overview of the different type of 

existent wound dressings and wound healing scaffolds. 

2.3. Wound dressings 

The progress on wound dressing has led from the crude application of plant herbs, 

animal fat and honey to new materials for tissue engineering. Design of effective 

wound dressings needs a deep understanding of the healing process taking into 

account several parameters such as the conditions of the patient, the presence of 

comorbidities and the effect that each of the materials used may have on the wound. 

A summary of all the type of dressings is reported in Fig. 2.1 and they will be 

discussed individually in the following paragraphs. 

 

 
Fig. 2.1 Scheme of the different types of wound dressings 
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2.3.1. Traditional dressings  

In the past, many traditional medicinal plants have been employed for the treatments 

of wounds thanks to their antibacterial and antioxidant properties, i.e. Guiera 

senegalensis, Commelina diffusa and Spathodea campanulata, etc. However, these 

plants or their crude extracts applied directly on the wounds may contain 

microorganisms that can cause infections, and also some potentially harmful 

chemical components that may affect the healing process. Other traditional wound 

dressings were natural or synthetic bandages, cotton wool, lint and gauzes all with 

varying degrees of absorbency. Their primary function was to keep the wound dry 

by allowing evaporation of wound exudates and preventing bacterial infection.  

Plain gauze is still one of the most commonly employed products in hospitals 

because is certainly cheap, readily available and suitable for different types of 

wounds. It can be also impregnated with some active ingredients such as iodine, zinc 

oxide/zinc ions, or petrolatum to enhance their performance. Iodine provides 

antimicrobial properties, whereas zinc oxide could promote wound cleansing and re-

epithelialization.[10] However, the use of gauze often produce discomfort and side 

effect related to its removal, as it may cause trauma by stripping off newly formed 

epidermis.  

To overcome these limitations, research has been focused on the design and 

development of new wound dressings, and it has produced advanced materials with 

better physical and chemical properties, that are discussed in the following sections. 

2.3.2. Modern dressings 

Studies on wounds and wound healing have indicated the optimal features of a 

wound dressing.  

In particular, in early ‘60s, Winter announced the first generation of wound 

dressings that represented a breakthrough in the field.[11] In his pioneering work, he 
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discovered that maintaining the wound hydrated improved the epithelial repair of 

wounded pig skin at least twice compared to the air-exposed wounds.[12]  On the 

basis of his studies it was designed for the first time the ideal wound dressings, 

which should keep a wet environment with high biocompatibility and prohibit the 

bacterial infection for accelerating the tissue regeneration.[13] 

Thus, the ideal dressing needs to fulfil the following requirements: 

• absorb excess of exudates and toxins, 

• provide or maintain moist environment,  

• enhance epidermal migration,  

• allow gas exchange between wounded tissue and environment, 

• maintain appropriate tissue temperature to improve the blood flow to the 

wound bed and enhances epidermal migration,  

• promote angiogenesis and connective tissue synthesis,  

• provide protection against bacterial infection,  

• be easy to remove without further trauma to the wound, 

• provide debridement action to enhance leucocytes migration and support 

the accumulation of enzyme and 

• must be sterile, non-toxic and non-allergenic. 

 

Modern dressings can be divided in two categories: passive and bioactive dressings. 

The formers fulfil the above mentioned functions, while the latters can enhance the 

healing process through more advanced functions (e.g. drug delivery or scaffolds). 

Furthermore, they are themselves classified according to the materials from which 

they are composed, including hydrocolloids, alginates and hydrogels and generally 

they occur in the form of gels, thin films and foam sheets.[6]  
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2.3.2.1. Passive dressings  

2.3.2.1.1. Hydrocolloids 

Hydrocolloids are a class of wound dressings obtained from colloidal (gel forming 

agents) materials combined with other materials, such as elastomers and adhesives. 

They are composed by an active surface which is coated with a crosslinked adhesive 

matrix containing a dispersion of gelatin, pectin and carboxy-methylcellulose 

together with other polymers and adhesives forming a flexible wafer, for instance 

polyurethane foam or film carrier, to create an absorbent and self-adhesive sheet. 

Several hydrocolloid dressings are already in the market, for instance GranuflexTM 

and AquacelTM (Conva Tec, Hounslow, UK), ComfeelTM (Coloplast, Peterborough, 

UK) and TegasorbTM (3M Healthcare, Loughborough, UK). These dressings are 

capable of absorbing low to moderate levels of fluids and can be used to promote 

autolytic debridement of dry, exuding, or necrotic wounds. They are indicated for 

light to moderately exuding wounds, such as pressure sores, minor burns and 

traumatic injuries. Thinner versions are generally used on wounds that are dry or 

have low levels of exudate. Additionally, hydrocolloids are suitable for promoting 

granulation tissue. The presence of an occlusive outer cover in this type of dressing 

prevents water vapour exchange between the wound and its surroundings and this 

can be disadvantageous for infected wounds that require a certain amount of oxygen 

to rapidly heal. Furthermore, these dressings can release residuals that are deposited 

in the wound and often have to be removed during dressing change.[1] 

2.3.2.1.2. Alginates  

Another class of modern dressings are the alginates. They are produced starting 

from sodium and calcium salts of alginic acid, a polysaccharide composed by 

mannuronic and guluronic acid units. Alginate dressings have a high absorbency and 

they are able to form gels upon contact with wound exudates, thus they are indicated 
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in the treatment of unshaped wounds that present cavities. They are usually 

employed as sodium salt alginate and in the dry state. When administered to the 

wound, the gelling property of the sodium alginates is attributed to the exchange of 

the sodium ions with calcium ions present in exudate and blood which help to form 

a crosslinked polymeric gel that degrades slowly.[14] Various alginate dressings are 

already in the market and they can be distinguished in those rich in mannuronate, 

such as SorbsanTM (Maersk, Suffolk, UK), which form soft flexible gels upon 

hydration, and those rich in guluronic acid, like KaltostatTM (Conva Tec), which 

form firmer gels upon absorbing wound exudate. Others commercial products 

include Silvercel®, Sorbalgon®, Algicell®. Furthermore, it has been demonstrated 

that calcium ions present in alginate dressings may help the healing process, 

stimulating fibroblasts proliferation and having haemostatic properties.  However, if 

the amount of exudates is not sufficient to gel the polymer, they may require further 

moisturizing, which could lead to infections. They can be subjected to autoclaving 

for their sterilisation. They also require a support, generally in fabric to maintain 

them in place.[4] 

2.3.2.1.3. Foams 

Foams are porous dressings commonly composed by polyurethane, which come 

sometimes with adhesive borders. They are easy to handle and provide thermal 

insulation and high absorbency. Foam dressings available in the market include 

TielleTM, 3M Adhesive FoamTM, or AllevynTM. Thanks to their high absorbance 

these dressings are indicated for the treatment of heavily exuding wounds. The 

absorbance capacity can be controlled by foam properties, such as texture, thickness 

and pore size, and their open structure guarantees high vapour transmission, which is 

important to maintain the wound environment with the right level of oxygenation 

and moisture.[1] 
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2.3.2.1.4. Hydrogels  

Hydrogels have been applied for many years in wound management, since they 

combine the features of moist wound with good fluid absorbance.[15,16] Thanks to 

their unique properties, they are considered as the closest to an ideal dressing and 

they are suitable for use in all stages of wound healing, i.e, haemostasis, 

inflammation, granulation, epithelialization and reconstruction phase.[1] Their 

moisturizing effect of the wound environment can promote granulation, 

epithelialization, autolytic debridement and the high water content of hydrogel 

dressings cools the wound, giving pain relief and soothing that can last for long.[17]  

However, the moisture that they provide can cause maceration of peri-wound tissue, 

(tissue surrounding the wound) and the exudate accumulation may lead to bacterial 

proliferation. For this reason, it is important that they can act as barrier for bacterial 

infections. Moreover, it is important to guarantee a good mechanical strength to 

avoid difficulties in handling.  

Hydrogels can be applied in different forms, such as a gel, gauzes impregnated with 

hydrogel or as elastic films. The latter have the remarkable advantage to be self-

standing, and their partial adhesion to the wound surface reducing the dressing-

change discomfort and pain. 

Crosslinking of polymeric components in order avoid the dissolution of the matrix is 

one of the common methods to produce wound dressings. [18,19] 

Various polymers from both natural and synthetic origin have been proposed in the 

preparation of hydrogels wound dressings, such as hyaluronic acid, alginate, 

collagen, chitosan, PVA, PVP, etc.[14,20,21] They can be used alone or in blends, 

especially PVA has been extensively investigated in blends with natural polymer 

(chitosan, gelatin, glucans, dextran, startch..) or synthetic ones (PVP, PEG, poly-N-

isopropylacrylamide (NIPAAm), etc.).[11,22–24] 
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Furthermore, several hydrogel dressings are already commercially available, such as 

Nu-gel™, Purilon™, Aquaform™ polymers and Intrasite™.[21] Tegaderm® is a 

widely used array of commercial hydrogels that is sold in different forms, like films 

or wound filler gel.  

Although hydrogels are the closest materials to the ideal wound dressings, wound 

healing process is very complex and advanced functions are required specially to 

target the complex chronic wounds. For this reason, scientific efforts have been 

focused in the development of advanced hydrogel materials, that are able to provide 

multiple functions beside their usual barrier, moisturizing and absorbent functions 

and they are classified as bioactive dressings. 

2.3.2.2. Bioactive dressings 

2.3.2.2.1. Medicated dressings 

Medicated dressings, which incorporate therapeutic agents, play an important role in 

the wound healing, helping and speeding up the process. Generally, the incorporated 

compounds are antiseptic agents that prevent infections and promote tissue 

regeneration. Medicated dressings with antiseptic activity usually are silver- or 

iodine-impregnated, but the prolonged use of these substances can cause skin 

irritation and staining.[3] For instance, Das et al. have produced an amorphous 

hydrogel based on carboxymethylcellulose (CMC) and silver nanoparticles as a new 

cost-effective hydrogel wound dressing. It was demonstrated to have good 

antimicrobial properties with a good absorbency of exudates to maintain the moist 

environment.[25] Some of these hydrogel dressings loaded with antimicrobial agents 

are already available in the market, among all Silvasorb® gel, SilverMed®, 

Iodosorb® etc., contain colloidal silver, iodine or others antimicrobial agents. 

However, the number of commercial dressings in the form of hydrogel films is not 

elevated; one of those is Silverseal® that is commercialized in only in U.S. 
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In addition to antimicrobial agents, also antibiotics resulted to be efficacious and to 

help the healing process. For instance, cross-linked hydrogel films composed by 

PVA and dextran obtained through the freezing–thawing method have been reported 

as new potential wound dressings loaded with gentamicin. These films resulted 

swellable, flexible, and elastic and they displayed a good in vivo enhancement of the 

healing due to the delivery of the antibiotic.[26] Moreover, ciprofloxacin, that is a 

water insoluble drug, has been embedded into a PVP matrix by using acetic acid as 

co-solvent in water. The obtained transparent films showed good plasticity and 

softness, together with a good antiseptic properties coming from the residual acetic 

acid in the matrix and antibacterial activity against Escherichia coli and Bacillus 

subtilis.[27] Also PVA/chitosan-based crosslinked hydrogel films shown a 

significant improvement of the wound healing due to the embedding of minocycline 

as antibiotic.[22]  

However, while the use of antiseptics is not related with bacterial resistance, the 

release of topical antibiotics needs to be carefully controlled so that it can prevent 

wound infection without contributing to the emergence of antibiotic-resistance.[28] 

A more recent approach is based on the incorporation of cell-signalling elements 

such as growth factors or stem cells. This method is particularly suitable for the 

treatment of chronic wounds in which the normal wound healing process is 

disrupted. These elements allow an external modulation of the wound environment 

taking an active physiological role in the wound healing process. They usually act 

stimulating angiogenesis and cellular proliferation, which affect both the production 

and the degradation of the extracellular matrix and also play a role in inflammation 

cells and fibroblasts activity. Several growth factor-loaded dressings have been 

reported and the most commonly used growth factors for skin regeneration include 

EGF, bFGF, KGF, VEGF, PDGF, TGF-β, etc. each one involved in a different step 

of the complex healing process. Some reported examples of those dressings are 
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spongy sheets of crosslinked hyaluronic acid (HA) embedded with arginine and 

EGF that have shown to promote epithelialisation;[21] a photo-crosslinked hydrogel 

composed by the mixture of glycidyl methacrylated chito-oligosaccharide (COS), di-

acrylated pluronic and a recombinant human epidermal growth factor (rhEGF) that 

has been reported to significantly enhance in vivo epidermal differentiation during 

the wound healing process;[29] star-poly-ethylene glycol (PEG)-heparin hydrogels 

functionalized with TGF-β that have been demonstrated to release the growth factor 

with consequent growth and differentiation of fibroblast.[30] 

Furthermore, also some supplements such as vitamins or minerals such as vitamins 

A, C and E as well as zinc and copper, can be added to dressings to improve the 

healing and the type of dressings used for this delivery include oil based liquid 

emulsions, creams, ointments, gauze and silicone gel sheets.[1] 

2.3.2.2.2. Tissue engineered scaffold and skin substitutes 

The field of regenerative skin tissue engineering aims to facilitate faster wound 

healing and consequently restoration of skin, either generating novel or 

biocompatible substitutes or by reconstruction of the tissues. In the last decade, the 

invention of numerous skin substitutes represented a significant advancement in skin 

regeneration. These bioengineered skin substitutes not only repair the wounds, but 

can also be embedded with therapeutic agents, such as growth factors, antibiotics, 

anti-inflammatory drugs that can eventually enhancing the healing process.[31]  

Skin regeneration benefits mainly from the use of suitable scaffold matrices, which 

are considered the best materials for restoring, maintaining and improving tissue 

functions. These scaffolds can be composed by natural (i.e. proteins and/or 

polysaccharides) or synthetic polymers, but can also be composite materials that 

include both natural and synthetic polymers. There are several different techniques 

to fabricate a scaffold including the use of extracellular matrix (ECM)-secreting cell 
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sheets, pre-made porous scaffolds of synthetic, natural and biodegradable 

biomaterials, decellularized ECM scaffolds, and cells entrapped in hydrogels. There 

are also different types of scaffolds, i.e. porous, fibrous, microspheres (each of 

which can be in the form of hydrogel), and acellular, etc. (Fig. 2.2).[32] All of these 

scaffolds can be seeded with cells in order to enhance the biological response. 

 

 
Fig. 2.2 Different categories of scaffolds for wound healing 

 

An ideal porous scaffold in skin engineering is the one that mimics the natural 

environment for skin growth through appropriate cell infiltration, proliferation and 

differentiation. It should be biodegradable, permeable to oxygen, water and nutrient 

exchange and should be protective against infection and mechanical damage. 

However, different pore sizes are required for the specific cell types. Most of these 

porous scaffolds are composed of collagen and keratinocytes or fibroblasts are 

seeded into them. There are also several synthetic biodegradable polymers, such as 

(PEG, poly(lactic acid) (PLA), poly(glycolide) (PGA), poly(lactic-co-glycolic acid) 

(PLGA), poly(caprolactone) (PCL), poly(D,L-lactic acid or D,L-lactide) (PDLLA), 

poly(ester) elastomer (PEE) based on poly(ethylene oxide) (PEO), and 
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poly(butylene terephthalate) (PBT)[33–35] used for the fabrication of porous 

scaffolds. Some commercial products are already into the market, such as Orcel®, 

Biobrane®, Terudermis® and Pelnac® that is made up of collagen of porcine origin, 

differently from all the others which are composed mainly by bovine-collagen. All 

of these products are particularly indicated for the treatment of burns.  

Nano-fibrous scaffolds can be also included in the category of porous scaffolds. 

Their highly microporous structure is particularly suitable for cell adhesion, 

proliferation and differentiation. Some of the techniques commonly used for the 

synthesis of nanofibres are self-assembly, phase separation, drawing, template 

synthesis and the most common electrospinning technique.[36] Nanofibres can also 

be functionalised to carry biosignals by simple blending or coating techniques or by 

surface grafting to physically attach through non-covalent interactions, or covalently 

bind on the fibres adhesive proteins or ligand molecules that can help and speed up 

the healing process.[37,38] Recently, nanofibrous scaffolds based on a blend of 

mussel adhesive protein (MAP) as natural biomaterial and PCL to provide 

mechanical reinforcement have been fabricated through electrospinning process. 

These scaffolds have shown to accelerate wound regeneration, also suggesting that 

the successful application of these mats for wound healing is due to the adhesive 

property of the scaffold conferred by MAP. Another mat for wound dressing 

applications loaded with an antibiotic has been produced by electrospinning of a 

water/acetic acid PVP and ciprofloxacin solution.[27] All of these electrospun mats 

are generally non-transparent, hindering a direct visual inspection of the wound, thus 

requiring the dressing to be removed for check-ups.  

 

Another category of scaffolds for skin regeneration is the collagen rich matrices 

created by removing all cellular components from living tissues, such as kidneys, 

skin, etc., commonly called “acellular scaffolds”. These scaffolds are not only used 
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for skin regeneration; indeed, depending on the type of cells seeded on them, they 

can be used also for other tissue types. These scaffolds require a careful and 

complete decellularization to avoid immune response and rejection after 

implantation and, even if they are very promising, they rise up ethical concerns.  

In recent years, other scaffolding approaches involving microspheres have gained 

increasing attention mainly for the possibility that they offer to effective deliver 

drugs, such as antibiotics. The microspheres approach has several benefits, such as 

easy fabrication, controlled morphology and physicochemical properties, resulting in 

versatile use of the pharmacokinetics of the encapsulated molecules and the size of 

the microspheres can be adjusted to obtain an optimal controlled release of the 

actives molecules.[32] 

2.3.2.2.3. Wound management sensors and actuators devices 

“Smart” dressings are an emerging field that is going to revolutionize wound care. 

These dressings are similar to “wearable” or “epidermal” electronics and exploit 

biochemical signals that are immediately converted to readable outputs, with 

diagnostic value for wound management.[39] The complexity of the wound healing 

process offers an abundance of these biochemical targets, such as pH, temperature, 

reactive oxygen species (ROS), bacterial load, growth factors, hormones, 

inflammatory mediators, etc. and they can be used to develop sensors for wound 

management. This new generation of dressings are believed to have an enormous 

potential and their popularity is rapidly growing due to the possibility to apply this 

technology to both acute and chronic wounds. Benefits in sensing the wound 

environment include reduction of hospitalization time, prevention of amputations 

and better understanding of the processes which impair healing.[39]  
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Sensors that detect infection at the wound site have been developed and use very 

different approaches. Zhou et al. have developed a sensor which use toxins produced 

by bacteria in wounds as biochemical signal indicating early infections. Using the 

same mechanisms, as phospholipase-A2 and α-haemolysin toxins from S. aureus 

and P. aeruginosa permeabilize or hydrolyse cell membranes, they proposed Trojan-

like phospholipid vesicles, which are recognized by the bacteria as eukaryotic cells 

but instead release a fluorescent dye cargo when attached by bacteria-secreted 

toxins. Thus, the occurrence of fluorescence is directly related with the presence of 

infection.[40]  

Another indicator of infection is the temperature of the wound site that is possible to 

measure it with hand-held infrared thermometers. A novel approach is to use 

dressing which change colour upon heating with high sensitivity, reportedly ± 0.5 

ºC. This approach is possible using stimuli-responsive polymers attached to poly-Si, 

which change conformation depending on the temperature and resulting in a change 

of colour of the matrix.  

Another stimulus that can be monitored is the pH. For example, a pH-sensitive 

poly(vinyl alcohol)/poly(acrylic acid) hydrogel was studied for the development of a 

passive hydrogel-based device. This device resulted able to wirelessly track the pH 

of the wound and the moisture level (Fig. 2.3).[41]  
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Fig. 2.3 pH sensitive gel between inductance coils for continuous in situ pH monitoring; figure 

reproduced from [41]  

Moisture of wounds is another parameter that can be monitored in order to have 

useful information about the healing process and about the state of the wound itself. 

Indeed, it is well-know that an excessive or insufficient moisture levels can lead to 

maceration or drying out, respectively, and both these conditions are not favourable 

for a normal healing pathway.[42] For this reason, sensors based on electrical 

impedance have been developed for real-time monitoring moisture levels in a 

wound.[43] In addition, it was experimentally demonstrated that the uptake of 

biological fluids by a hydrogel membrane sensibly impacts on the matching and 

radiation performance of a RFID tag, which can be exploited as a wireless battery-

less epidermal radio-sensor. The significant advantage of using RFID antennas is 

related to their extremely low-cost and their lightweight; moreover, these antennas 

do not need any battery to be integrated with them because they passively collect the 

data and return them when asked by an external source. In contrast to all the other 

devices and technologies, this is an important characteristic that make these 

technology wearable and comfortable. Thus, as described by Occhiuzzi et al., the 

coupling of a hydrogel and a RFID antenna can be exploited for the development of 

a sensor to monitor the amount of exudate loss from a wound (Fig. 2.4). The plaster-
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sensor designed is a passive device that can measure the wound bed temperature, pH 

and fluid loss, and remotely transmit this information when interrogated by another 

radio-emitting/absorbing device near to wound dressing.[44] 

 

 

Fig. 2.4 Pictorial representation of the RFID epidermal sensor working as intelligent plaster for wound 

treatment.[44] 

Another class of wound management device is represented by actuators.  

In this field, a very important advancement has been recently reached by Mostafalu 

et al.[45] They developed a textile patch able to release different therapeutic agents 

or growth factors for the treatment of chronic wounds. The patch is made up by 

composite conductive fibres coated with a hydrogel layer of poly(ethylene glycol) 

diacrylate (PEGDA)-alginate containing thermoresponsive drug carriers. The fibres 

are loaded with different drugs and growth factors and are then assembled into 

fabrics and connected to a microcontroller that will individually power them up. 

Each of the fibres can be individually heated to enable on-demand the release of 

different drugs with a controlled temporal profile using an external input from a 

smartphone. The in vitro and in vivo experiments confirmed the effectiveness of the 

release of antibiotics (cefazolin and vancomycin) and of the growth factor (VEGF) 

proving the enhancement of angiogenesis and the eradication of bacteria.[45] 
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Although this report results very innovative, the presence of the microcontroller 

does not answer to the need of a lightweight device, as battery-less RFID antennas 

do. 
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3. Polysaccharide as candidates for wound dressing and wound healing 

applications   

3.1. Polysaccharides used in wound dressing applications 

Polysaccharides are polymers composed of carbohydrate monomers attached by 

glycosidic linkages. They offer a wide range of different compositions and structures; 

they can be linear or branched, and depending on the monosaccharides that constitute 

the chain, their composition, and source, they can offer a variety of different 

properties.[1] In particular, their structural characteristics, such as degree of 

substitution (DS) and molecular weight (MW), etc., have a big impact on their 

properties like solubility, physiological activity, chemical reactivity, and 

biodegradability.[2]  

Polysaccharide are abundantly present in nature and readily available from a number 

of natural sources such as algae, plants, animals, and microorganisms.[3]. They 

represent the most abundant renewable source of polymers for several applications, 

ranging from eco-commodities, to food supplements, cosmetics, pharmaceuticals, and 

biomedical devices.[4]  

Many polysaccharides are approved in the U.S. by FDA (Food and Drug 

Administration) and this may speed up the process of commercialisation of 

polysaccharide-based biomedical products with a wide range of polysaccharides 

products already in the market.[3]   

These natural polymers are broadly used in pharmaceutical, biomedical and cosmetic 

industries. In particular, they have been used for drug delivery, tissue engineering, 

wound healing, skin hydration and protection, ocular preparations etc.[4] 

In wound healing applications, polysaccharide biopolymers are slowly becoming 

popular as modern wound dressings materials because they are absorbent, non-toxic 

and non-allergenic. Their ample structural diversity gives the opportunity to exploit 

their wide range of properties to prepare wound dressing specific to a wound 

aetiology.[5] 
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Natural polysaccharides can also provide intrinsic bioactivity towards wounds which 

can enhance the healing process. Indeed, they are able to trigger non-specific immune 

response by activating the macrophages that clean up the wound site after the injury. 

In particular, macrophages can be activated for initiating the healing process by 

galectin receptors, that are able to recognise β-1,3-D-glycan bonds present in many 

natural polysaccharide.[6]  

Furthermore, polysaccharides containing glycosaminoglycans (e.g. hyaluronic acid) 

are present in the extracellular matrix. They participate during the healing process by 

binding to proteins with hierarchical specificity and are mainly involved in cell 

differentiation, cell adhesion, cell signalling and cell-matrix interactions.[7]  

Alginate, gellan, chitosan and hyaluronic acid are the most widely used 

polysaccharides to produce hydrogel wound dressings, and also used for drug delivery 

systems and tissue engineering. Some of these polysaccharides, such as alginate, are 

present in commercial products in the form of gels or as film dressings coupled with 

a textile support (see Chapter 2, paragraph 2.3.2.1.2.), while many others 

polysaccharides such as cellulose, starch or xyloglucan have intrinsic film-forming 

properties themselves so they can be formulated as self-standing films. However, 

these films are usually brittle and with poor mechanical properties. For this reason 

they are generally blended with plasticizers, that are small molecules added to soften 

the polymer by lowering its glass transition temperature or reducing its degree of 

crystallinity or crystal size.[8]  

Polysaccharides commonly used in wound dressing include: 

• Hyaluronic acid (HA); also called hyaluronan, is an anionic, non-sulfated 

glycosaminoglycan distributed widely throughout connective, epithelial, 

and neural tissues. It is composed of alternating units of D-glucuronic acid 

and D-N-acetylglucosamine, linked together via alternating β-1,4 and β-1,3 

glycosidic bonds. HA has been widely studied for drug delivery, for dermal 

but also nasal, pulmonary or parenteral delivery. It has recently gained more 

attention for wound dressing fabrication because of its presence in the 
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extracellular matrix and involvement in the inflammation and proliferation 

stages of wound healing. Furthermore, glycosaminoglycans have been 

demonstrated to improve the wound healing process through re-

epithelialization and increased vascularization.[9] It is also widely used in 

tissue engineering for skin regeneration [10,11] 

 

• Alginic acid; also called algin or alginate, is an anionic polysaccharide 

widely distributed in the cell walls of brown algae, composed of β-D-

mannuronic acid and R-L-guluronic acid units. It is able to undergo 

ionotropic gelation in presence of multivalent cations. The mechanism of 

gelation of alginate and its application in wound dressings have been already 

discussed in Chapter 2 (paragraph 2.3.2.1.2). Its biocompatibility, non-

immunogenity and mucoadhesivity are well known and they have been 

exploited for the development of alginate-based drug delivery systems, 

wound dressings and scaffolds.  

 

• Cellulose; is the most abundant organic polymer on Earth, consisting of a 

linear chain of several hundred to many thousands of β-(1→4) linked D-

glucose units. Cellulose is an important structural component of the primary 

cell wall of green plants and many forms of algae. Some species of bacteria 

secrete it to form biofilms.  

It is not soluble in water and for this reason its derivatives (carboxymethyl-

cellulose, hydroxymethyl-cellulose etc.) are preferred for biomedical 

applications. They have been extensively used for the development of 

bioactive wound dressings with drug delivery and scaffold functions.  For 

instance, carboxymethylcellulose backed by a film has been used as 

hydrocolloid dressing.[12] The use of cellulose as hydrogel wound 

dressings is relatively recent and it is often used in blend with other 

polymers such as collagen.[13,14]  
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• Chitin and chitosan are linear polysaccharides composed of randomly 

distributed β-(1→4)-linked D-glucosamine (deacetylated unit) and N-

acetyl-D-glucosamine (acetylated unit). The two terms chitin and chitosan 

are employed to define different degree of acetylation (DA) of this 

polysaccharide, which represents a percentage of N-acetyl-D-glucosamine 

unit with respect to the total number of the two units; however, even though 

the term chitosan is usually considered when DA is below 50%, there is no 

clear limit which unequivocally defines chitosan and chitin.[15] Can 

primarily be extracted from the exoskeleton of arthropods (e.g., shells of 

crabs and shrimp) and from the cuticles of insects, however it has been 

found also in the cell walls of fungi and yeast. Chitosan is used in wound 

bandages thanks to its haemostatic and antibacterial properties. In particular, 

in in vivo experiments it has been shown to improve healing of both infected 

and non-infected wounds.[16] 

3.2. Polysaccharide modification  

3.2.1. Crosslinking of polysaccharide for wound dressings fabrication 

Crosslinking is a common method to produce polysaccharide-based wound dressings 

that do not disintegrate when in contact with biological fluids.  

Although crosslinking improves polysaccharide properties, most of the crosslinkers 

causes undesirable changes to the polymer chain or results in high cytotoxicity. 

Glutharaldehyde (GA) has been widely used to crosslink most of the polysaccharides 

employed in biomedical applications including wound dressings. GA is a bifunctional 

crosslinker able to react both with amino and hydroxyl groups, and for this reason, it 

has been particularly used to crosslink blends of polysaccharide both with protein or 

with synthetic polymers.[17] For instance, GA has been used to crosslink 

alginate/collagen [18] or collagen/hyaluronic acid wound dressing membranes.[19] 

GA has been also used to immobilize chitosan hydrogel onto poly(N-



Polysaccharide as candidates for wound dressing and wound healing applications 
_____________________________________________________________________________________ 

47 
 

isopropylacrylamide) gel/polypropylene unwoven surface, in order to enhance 

antibacterial ability in wound dressings.[20]  

Crosslinking with GA was also used for other biomedical applications to obtain drug 

delivery systems such as chitosan beads for the release of diclofenac, interpenetrated 

microbeads of xyloglucan and alginate for the prolonged release of diltiazem or kappa 

carrageenan pH-sensitive hydrogels.[21–23]  

However, contradictory results are reported in literature regarding the in vitro 

cytotoxicity of glutaraledehyde-crosslinked materials, so a careful characterisation of 

materials is necessary for their biomedical applications.[17] 

In addition to glutaraldehyde, several other reagents including epichloridin, genepin 

and carbodiimide have been used for the crosslinking of polysaccharide but with poor 

improvement of mechanical properties and resilience due to their low crosslinking 

efficiency. For instance, genepin possesses significantly less cytotoxicity compared 

to GA and it has been used to crosslink chitosan films as wound dressings. The 

antimicrobial activity of chitosan was maintained after crosslinking, was found that 

crosslinking of a chitosan membrane using genipin increased the ultimate tensile 

strength of the film increased and the strain-at-fracture and swelling ratio decreased, 

as one would expect from a crosslinked film.[24]  

Recently, citric acid was proposed as benign crosslinking agent of  polysaccharides: 

in particular cellulose and starch, leading to improvements of the mechanical 

properties and the chemical and mechanical stability of the crosslinked films without 

compromising the cytotoxicity.[25,26]  

Furthermore, high energy irradiation is a well-established technology that allows gel 

manufacturing and its sterilization in one process. Recently, the fabrication of a 

hydrogel dressing based on poly(N-vinyl pyrrolidone) (PVP) and agar containing also 

chitosan as antimicrobial compound has been reported. [27]  

Polysaccharide for wound healing applications can also be physically crosslinked. The 

gelation of alginate in presence of calcium ions described in Chapter 2 (paragraph 

2.3.2.1.2) is an example of physical hydrogel wound dressing. 
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Another recent example is the physical crosslinking of sacran (a megamolecular 

natural polysaccharide newly extracted from cyanobacterium Aphanothece sacrum) 

hydrogel films by a solvent-casting method. These films showed a considerably 

improved wound healing ability, probably due to not only the moisturing effect but 

also the anti-inflammatory effect of sacran.[28] 

3.2.2. Polysaccharide functionalization 

Polysaccharides can be modified to meet the specific needs of medical applications, 

bearing even greater potential for tissue engineering. 

Functionalisation of polysaccharides can change their chemical structures, for 

instance, making them more hydrophobic or hydrophilic, depending on the desired 

application.  

Other reactions on polysaccharide may lead to the introduction of different 

functionalities, such as carboxyl, carboxymethyl, esters, sulfonate groups etc. and for 

these reactions it is preferable to react homogeneous solutions to have a uniform 

derivatisation of the polymer, hence it is very important to choose the appropriate 

solvent for polysaccharide substrates.[29] 

Typical reactions on polysaccharides use the saccharide oxygen as nucleophile that 

reacts and is retained in the product which may be either an ester or an ether, or the 

substitution of saccharide oxygen with a heteroatomic nucleophile. The latter 

approach requires in the first instance that the saccharide oxygen is transformed into 

a good leaving group, thus susceptible to a nucleophilic attack.[29] 

Another very common reaction for polysaccharide functionalisation is the oxidation 

which may lead to different structures depending on the way of oxidation. 

Polysaccharides may be oxidized at the primary alcohol simply giving the aldehyde 

or further to the carboxylic acid level, or they may be subjected to an oxidative 

cleavage of 1,2-diols which lead to a dicarbonyl compound. Oxidation of primary 

alcohol to carboxylic acid results in a polysaccharide chain with uronic acid similar 
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to natural occurring polyuronic polysaccharides such as pectin or alginate. This topic 

will be discussed in details in Chapter 5 (paragraph 5.1). 

Another method to obtain the oxidation at primary hydroxyl groups is the enzymatic 

oxidation and the enzyme commonly used for this purpose is galactose-6-oxidase, 

which is selective for the C6 of galactose residues.  

Grafting of synthetic monomer on a polysaccharide chains represents another way to 

control polymer solubility in desired solvents, water uptake and degradation. These 

semi-synthetic polymers offer the best features of both natural and synthetic polymers. 

3.3. Xyloglucan  

Xyloglucan (XG) was used in this PhD project due to the combination of several 

favourable properties that make it particularly suitable for biomedical applications 

such as wound healing. It is very abundant in nature and this determines its low cost, 

is able to form either films or gels depending on the processing conditions, is 

biocompatible and biodegradable and has been already studied for some tissue 

engineering applications.[30,31] An overview on XG origins, physico-chemical 

properties and biomedical applications will be provided in the following paragraphs. 

3.3.1. Origin, composition and physico-chemical properties 

Xyloglucan is a hemicellulose found in the primary cell walls of dicotyledons and 

non-graminaceous monocotyledons. It can also be found as a storage polysaccharide 

in different seeds, such as Tamarindus, Impatiens, Annona, Tropaeolum, Hymenaea, 

and Detarium. In these seeds it represents 50% (w/w) of the storing energetic 

resources.[32] 

Xyloglucan backbone is formed by β-(1→4)-D-glucan, similar to cellulose. The 

glucose backbone it partially substituted by α-(1→6)-linked xylose branches that in 

turn may be further derivatized by β-(1→2)-linked galactose residues. In Fig. 3.1 is 

reported an idealized chemical structure, because, as for all the polysaccharide from 

natural sources, the real distribution of the repeating units is not homogenous and 

varies according to many external conditioning factors, such as the polysaccharide 



 
_____________________________________________________________________________________ 

 

50 
 

origin, the extraction process from seeds and so on.[33] In particular, the branching 

pattern in xyloglucan is strongly dependent on the natural source.  

Xyloglucans extracted from different seeds have different chain flexibility, that are at 

the basis of the different physiological activities or physico-chemical properties.  

Xyloglucan from Tamarind seeds, which is the most studied xyloglucan is that 

extracted from Tamarindus Indica, thanks to its commercial availability, has a high 

molecular weight, with reported average molecular weight (Mw) values in the range 

650 to 2,500 kDa. This is a marked difference compared with wood-derived 

hemicelluloses, which have lower molecular weights, in the order of 10,000 – 50,000 

Da after the extraction process.[34] 

 

 
 

Fig. 3.1 One representative xyloglucan repeating unit 

 

Four different monomers have been identified in xyloglucan from Tamarind seeds, 

that differ for the number and the distribution of galactose residues (Fig. 3.2). These 

different monomers are Glc4Xyl 3 heptamer, two types of Glc4Xyl 3Gal octamers and 

Glc4Xyl 3Gal2 nonamer. The molar ratio of these repeating units in Tamarind seed 

xyloglucans is typically 1:0.42:2.08:6.20.[35,36]  
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Fig. 3.2 Chemical structure of four monomers of xyloglucan 

 

 

Differently from cellulose, that is insoluble in water because of its crystaline structure 

that involves intra- and inter-molecular hydrogen bonding, xyloglucan is water-

soluble due to the presence of xylose and galactose residues of its side chain that 

causes steric hindrance, preventing the cellulose-like chain crystallization.  

However, xyloglucan tendency to self-assembly in aqueous solution prevents its 

complete dissolution, as also observed for other biopolymers. Xyloglucan shows a 

balance between hydrophilic and hydrophobic character: macromolecules do not fully 

hydrate and supramolecular, flat, ribbon-like aggregates form even in very dilute 

solutions.[30]  

In aqueous solutions, xyloglucan molecules behave as flexible random coil polymer 

and they do not show any conformational change such as coil-helix transition like 

other polysaccharides, i.e. xantan gum, gellan or carrageenan. Solutions of XG (>0.5 

%w) have a non-Newtonian (pseudo-plastic or shear-thinning) rheology and it shows 

random-coil polymer.[37] 

Hindered rotation and the specific aggregation in solution are responsible for the 

stiffness of the polymer and the “hyper-entangled” behaviour.[34]  

The thermal stability of xyloglucan at high temperature (below 280°C) is also 

attributed to its “hyper-entangled” structure, while chemical the stability in mild acids 

and bases can be attributed to the high degree of substitution of the backbone, which, 

to some extent, shields it from hydrolysing agents.[30,34,38] 
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Xyloglucan can form a gel in cold water only in the presence of alcohols or high levels 

of sugar. Gelation is the result of a localized increase of polymer concentration due to 

water sequestration by the alcohol, leading to polymer chain association and is 

strongly dependent on the type of alcohol.[39]  Similarly, gelation mechanism in high 

concentrated sucrose systems involves the aggregation of “dehydrated” chains.[40] 

Sugar substituents along polymer chains limit the degree of aggregation, thus 

preventing polymer precipitation and promoting gelation, instead. 

Other ways to induce xyloglucan gelation are the addition of polyphenols, such as 

epigallocatechin gallate, or mixing with helix-forming polysaccharides, such as 

galactomannans or xantan gum. Also the addition of iodine to xyloglucan solution can 

promote the formation of a coloured weak gel.[34] 

On the other hand, the partial removal of galactose residues using the enzyme β-

galactosidase, induces the ability to undergo gelation reversibly upon heating without 

the addition of any substance. 

 

Xyloglucan is biodegradable and in suitable biological environments it can be 

subjected to hydrolytic and/or enzymatic degradations. Its degradation products 

should be non-toxic since they should consist in naturally occurring saccharides. 

However, while fungi or plants produce the enzyme endo-β-(1,4)-glucanase, that is 

able to degrade xyloglucan, the human genome doesn’t contain the genes coding for 

xyloglucan degradation, even though xyloglucans are important components of most 

human diets. It has been recently found that degradation of xyloglucan in humans is 

attributable to a common human gut symbiont, called Bacteroidetes that contain in 

their genome a polysaccharide utilization locus (PUL) appointed to the expression of 

the enzyme for the degradation of different polysaccharide linkage.[41]  

3.3.2. Xyloglucan biomedical applications 

While a relevant number of publications and patents are reported for the use of 

xyloglucan as a food additive,  being approved by FDA for use as food additive, 
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stabilizing and thickening agent, [38] much less has been published about its use in 

the pharmaceutical and biomedical fields. However, the already published works 

indicate its potential for a wide variety of applications with numerous advantages 

compared with other macromolecular systems.[42,43] 

Xyloglucan, thanks to its somewhat amphiphilic nature, has been extensively used in 

drug delivery as vehicle of a variety of both hydrophobic and hydrophilic active 

molecules. In particular, it has been used to produce tablets for the sustained release 

of both water-soluble (acetaminophen, caffeine, theophylline and salicylic acid) and 

water insoluble (indomethacin) drugs.[44] 

Its intrinsic mucoadhesive properties result particularly attractive for drug delivery. 

Furthermore, the combination of xyloglucan with appropriate amounts of glycerol 

lead to an increase of its mucoadhesiveness. Xyloglucan-glycerol formulations 

suitable for the application in human mucosae such as nasal, oral, vaginal as 

moisturizers or for the release of therapeutic agent have been patented by 

Alfawassermann in 2005.[45] A similar approach was used to produce xyloglucan 

mucoadhesive films for the release of rizatriptan benzoate for the treatment of 

migraine.[46] 

Xyloglucan has been shown also safe for the ocular mucosa that is really sensitive 

and, recently, a xyloglucan film for the ocular release of ciprofloxacin has been 

described. The use of a safe polymeric film for ophthalmic drug release can 

significantly improve the effectiveness of the drug compared to common ophthalmic 

drops, increasing the precorneal residence of the drug.[47]  

Other films for drug delivery have been prepared using combination of xyloglucan 

and chitosan or starch. The combination of xyloglucan and chitosan gives place to a 

strong, stable and flexible film due to the inter-intramolecular hydrogen bonding 

established between the two polysaccharide. This film was able to encapsulate 

streptomycin (as a model drug) and successfully release the active in a controlled 

fashion by changing the pH suitably.[48]  
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Xyloglucan has also been used for tissue regeneration purposes. In this case, partially 

degalactosylated thermoresponsive xyloglucan has been used to form in-situ gels, 

incorporating the growth factor FGF-18 for the regeneration of cartilage. The growth 

factor is never released by xyloglucan matrix, in this way the uncontrolled cartilage 

growth also in healthy areas is avoided.[31] 

 

For some biomedical applications i.e. wound dressing, chemical crosslinking may be 

required in order to form permanent and stable networks. In the literature, there are 

just few reports of xyloglucan chemical crosslinking. Sravani et al. reported the 

chemical crosslinking of xyloglucan using epichlorohydrin. The crosslinking was 

considered as a release retardant of diclofenac sodium and ketoprofen.[49] Otherwise, 

more recently citric acid as chemical crosslinker was used for the fabrication of a 

hydroxypropyl methylcellulose (HPMC) and xyloglucan. These films loaded with 

gentamicin show very good antibacterial properties against Staphylococcus aureus 

and Escherichia coli and thus they have been proposed for biomedical 

applications.[50] 

Although xyloglucan is a very versatile excipient for pharmaceutical applications, in 

the last two decades, several studies have revealed that xyloglucan owns also intrinsic 

biological activity. For instance, it now recognized the anti-inflammatory effect of 

xyloglucan, in   particular, for topical administration in the treatment of inflammatory 

diseases of the skin and mucosa.[51] Xyloglucan has also been suggested as natural 

additive compound in sun creams because it has been shown that it has immune-

protective and DNA-protective effect from ultraviolet damage.[52] 

 

The wound healing properties of tamarind extracts or xyloglucan have been 

sufficiently investigated but there is still a lack for bringing these properties into 

functional materials. 

Wound healing properties of tamarind seed extracts containing 65% of xyloglucans 

have been in vivo tested. The reported results show that all extracts exhibited 
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significant increase in the rate of healing and this effect was attributed to the various 

components present in those extracts, among which alkaloids, flavonoids, saponin and 

tannin.[53] 

However, solely xyloglucan healing properties have been further investigated. 

Tamarind xyloglucans was proven to improve processes of wounds reepithelialisation 

and remodelling. This result suggests again that xyloglucan can be more than a simple 

excipient and also be beneficial for tissue regeneration.[54] 

Xyloglucan has been also demonstrated to be effective in promoting corneal wound 

healing, probably due to its influence in integrin recognition system.[55]  

It has been used also for tissue engineering applications to produce a synthetic 

extracellular matrix for hepatocytes. Indeed, the presence of galactose residues in the 

side chains of xyloglucan favour cell adhesion because they can be recognized by 

asialoglycoprotein receptors that are present in certain type of cells, such as 

hepatocytes.[56] For the same reason, XG was also used as coating for alginate 

capsules, to promote hepatocytes attachment;[57]  Seo et al. also compared the rate of 

cell adhesion of collagen type-I-coated, XG-coated and uncoated polystyrene (PS) 

surfaces and discover that xyloglucan induce an adhesion rate that is very similar to 

collagen type-I.[57]  

Another application of xyloglucan in tissue engineering involves the use of its 

thermoresponsive version to produce hydrogel for neural tissue engineering of the 

spinal cord. These hydrogels have been functionalized with poly-D-lysine to promote 

neurone adhesion and neurite outgrowth with the aim to support neural stem cells with 

a scaffold that acted as a proliferative niche to support differentiation and reduce glial 

scarring, thus facilitating repair by direct cell replacement. Xyloglucan has been 

proved to be not toxic and able to support neuronal differentiation. Degalactosilation 

of xyloglucan yielded biological scaffolds that had superior capacity to support in 

vitro neuronal survival, differentiation, and neurite extension.[58] Following this 

work, these xyloglucan-based scaffolds have been directly implanted within the brain, 

in particular in the caudate putamen of adult rats. The inflammatory response after the 
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implantation, as well as scaffolds capability to promote the controlled infiltration of 

axons, have been investigated and resulted non-toxic and able to support the growth 

and the differentiation of neurites.[59]  

3.3.3. Xyloglucan modification 

Thermoresponsive degalactosilated xyloglucan is not the only variant of xyloglucan 

that has been produced for biomedical applications. Several xyloglucan 

functionalisations are under investigation in order to replace xyloglucan hydroxyl 

groups with more reactive functional groups, such as carboxyl, amino, alkyloamino, 

thiol and carboxymethyl groups.[35,60] 

These derivative usually show different physico-chemical properties; for instance, 

they can show better water solubility, increased mucoadhesivity and they may result 

in a modification drug release profile.  

Carboxylation of xyloglucan hydroxyl groups has been performed with different 

methods. Galactose oxidase has been used to form formyl residues followed by further 

oxidation to carboxylate groups by addition of alkaline I2/I-.[35] Another way to 

obtain this modification is the regioselective TEMPO-mediated oxidation that 

selectively oxidizes primary hydroxyl groups. This reaction has been successfully 

performed on both Hymanea cubaril and Tamarind indica xyloglucan and the 

mechanism of the reaction will be discussed in Chapter 5 (paragraph 5.1).  

Another way to introduce carboxyl groups in XG polymer chain is the 

carboxymethylation. This reaction has been performed with sodium salt of 

monochloro acetic acid in the presence of sodium hydroxide. This functionalization 

was used to produce matrices for controlled drug release.[61] 

On the other hand, amination of xyloglucan has been obtained through reaction with 

ethylene diamine. The resulting product in which hydroxyl groups of XG in the C2, 

C3 and C6 position were substituted by -NHCH2CH2NH2 which was further reduced 

to -NH2 using NaBH4 as reducing agent. This xyloglucan was able to self-assemble in 

spherical nanoparticles at low concentration and form irreversible hydrogels with a 
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characteristic blue fluorescence at higher concentration, showing an anti-microbial 

activity higher than chitosan.[62] 

Another finest xyloglucan modification has involved the coupling of a short peptide 

sequence on the polymer chain. In this case, xyloglucan was first partially degraded 

in order to obtain xyloglucan oligosaccharides and then coupled with –GRGDS 

sequence. These modified oligosaccharides have been finally integrated with bacterial 

cellulose nanofibrils to obtain a composite material that promote cell adhesion and 

proliferation.[63] 

More recently, xyloglucan has also been functionalised with the addition of thiol 

groups by esterification of its hydroxyl groups with thioglycolic acid. This 

functionalisation led to a remarkable increase of the mucoadhesive strength of this 

polymer that encourage further evaluations for new formulations of different 

pharmaceutical dosage form.[64] 
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4. Xyloglucan-based hydrogel films for wound dressing: structure-property 

relationships 

4.1. Introduction and aim 

As discussed in Chapter 1 and 2, hydrogels are the best suitable for wound dressing 

applications, because they can offer a combination of favourable properties, including 

high absorbency of biological fluids, biocompatibility, biodegradability, stimuli-

responsiveness, high storage capacity and release ability of small and large therapeutic 

molecules.[1–3] Their tuneable network density allows engineering their mechanical 

properties to get an optimal balance among softness, conformability, strength, 

swelling degree, permeability and barrier properties.  

The hydrogels designed for wound dressing may accomplish several functions, 

playing an important role in the healing processes. They can absorb and retain the 

wound exudates, stimulating fibroblast proliferation and keratinocyte migration and 

promoting re-epithelialization.[4,5] They can protect the wound bed from 

contaminations and infection, by preventing microorganisms as bacteria to reach the 

damaged area, and from impact and abrasion by being resilient and compliant. They 

can incorporate, protect and release antibiotics or growth factors to the wound in a 

controlled fashion.[6] 

As mentioned in Chapter 1 and 2, materials traditionally used to make hydrogels for 

wound dressing are both synthetic polymers (i.e. such as poly(methacrylates), 

poly(vinlypyrrolidone), poly(vinyl alcohol), natural (i.e. alginate or gelatin collagen, 

hyaluronic acid and chitosan)[2,7] or a combination of both.[8] 

The main component of the formulations here presented is xyloglucan (XG) due to 

the combination of several favourable properties that have been introduced in Chapter 

3, section 3.2, including abundancy, low cost, biocompatibility, drug loading capacity 

etc. XG has been also demonstrated to have also intrinsic anti-inflammatory properties 

and exerts a synergic effect in combination with other anti-inflammatory agents, 
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especially when used for topical administration to the skin or the buccal mucosa [9]. 

In wound healing applications, tamarind seed XG extracts, that contain about 65% of 

xyloglucan, have shown to promote skin regeneration favouring the processes of re-

epithelialization and remodelling.[10,11]  

Likewise for many other polysaccharides, pure XG films have poor mechanical 

properties in terms of tensile strength and toughness. The addition of plasticizers to 

polysaccharides, such as glycerol (GL) or polyethylene glycerol, is a way to overcome 

these limitations.[12,13] As mentioned in Chapter 1, improvements in mechanical 

properties can be achieved by blending polysaccharides with synthetic polymers.  

To the best of my knowledge, there are no previous reports on XG-based wound 

dressings. 

In this work, the influence of PVA, chemical crosslinking induced by glutaraldehyde, 

and glycerol content on the XG-based hydrogel film molecular structure were 

investigated by rheological and thermal analyses. The changes in hydrogel 

morphology, water retention and swelling behaviour in water and physiologic buffer 

were also studied. The aim of the present work was the elucidation of the network 

architecture and the specific role of the various components, that is key to further 

optimization of their applications, in particular the incorporation of Radio Frequency 

Identification (RFID) antennas to transform them in epidermal sensors able to gather 

and remotely transmit information on the conditions of human skin. Biological in vitro 

tests were also carried out to assess the cytotoxicity of the films and the eventually 

released components or degradation products. Furthermore, a study on the 

hemocompatibility of the obtained films was also carried out. 

4.2. Materials and methods  

4.2.1. Materials  

Xyloglucan (XG) was kindly provided by DSP Goyko Food and Chemical Co. 

(Japan). Poly(vinylalcohol) (PVA, MW=16kDa, 98% degree of deacetylation), 

aqueous glutaraldehyde at 25% (GA, containing 3%w monomer, 22%w hemiacetal 
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and oligomers), glycerol (GL), HCl (1M), NaOH (1M), NaCl, KH2PO4, anhydrous 

Na2HPO4, were all purchased from Sigma-Aldrich. All the reagents used in this work 

were employed as received. 

4.2.2. Methods 

Preparation of the hydrogel films 

Precursors solution of XG and PVA were prepared at 4 %wt and 2 %wt, respectively 

and their preparation is described in Appendix A.1.1. Films based on XG or on 

XG/PVA (50% v/v) with glycerol were prepared by mixing the various components 

for 30 min and casting weighed amounts of the resulting solution into a glass petri 

dish to air-dry. Chemically crosslinked films were prepared from either XG or 

XG/PVA aqueous solutions by mixing with GA for 1 hour at room temperature and 

in acidic environment. Then, pH was neutralized, glycerol added and the solution 

casted in a petri dish. The two amounts of glycerol in the mixture are denoted with 

GL05 (the lower) and GL1 (the higher). Compositions of the casted solutions are 

reported in Tab. 4.1.  

The amount of residual water (H2O-i) was determined by weighing the samples after 

air drying. The thicknesses of the obtained films were in the range of 35-50 µm. The 

amount of unreacted GA was estimated by UV-Vis spectroscopy and resulted under 

1% with respect to the initial amount of GA (details in Appendix A.2.1). 
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Tab. 4.1 Composition of solutions for casting  

Solutions 
XG 

(%wt) 

PVA 

(%wt) 

GAtot 

(%wt) 

GL 

(%wt) 

XG(GL05)_sol 2.8 - - 5.9 

XG(GL1)_sol 2.6 - - 11.1 

XG-PVA(GL05)_sol 1.8 0.95 - 5.9 

XG-PVA(GL1)_sol 1.7 0.88 - 11.1 

XG(GL05)_CX_sol 2.4 - 3.3 4.9 

XG(GL1)_CX_sol 2.2 - 3.1 9.4 

XG-PVA(GL05)_CX_sol 1.6 0.79 3.3 4.9 

XG-PVA(GL1)_CX_sol 1.5 0.75 3.1 9.4 

 

Gel fraction  

Pre-conditioned specimens of the various films (equilibrated at room temperature and 

RH 50%) were placed inside small filter-paper bags, soaked in MilliQ water for 48 

hours at 70°C in order to remove the soluble fractions and dried in a thermo-ventilated 

oven at 40°C to a constant weight. The gel fraction (GF, %) was calculated as: 

GF = ��/(�� − ��� ) x 100 

Where, Wi and Wf  are the initial and the final weight of the specimen after extraction 

and air drying, respectively. 

 

Water retention and swelling degree 

The ability of films to absorb water from air was studied at 22 °C and 11, 50 and 75% 

relative humidity (RH), and at 37 °C for 50 % RH. Samples were weighed at several 

time intervals until a constant weight was reached. The moisture uptake (MU, %) was 

calculated as: 

MU = 
	
�(	��	������)

	�
 � 100 
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Where, Wf is the final weight of the film and �� − ��������  is the weight of all 

components of the films except water. 

The swelling ability of the chemically crosslinked films was evaluated by immersing 

them in either MilliQ water or isotonic PBS at pH 7.4. Samples were weighed at 

predetermined time intervals, after the excess of water was removed by placing them 

on a filter paper.  

The swelling degree (SD %) was calculated as: 

 

SD % = 
(	� – 	�) 

	�
 � 100 

 

Where, Ws corresponds to the weight of the swollen sample and Wi represents the 

initial weight. 

 

Rheology 

Shear viscosity and dynamic-mechanical measurements were performed on XG, 

PVA, XG/PVA and XG/PVA plus glycerol solutions using a stress-controlled 

Rheometer AR G2 (TA Instruments) with an acrylic cone-plate geometry at 25 ± 0.1 

°C. Flow curves were collected by imposing logarithmic ramps in the 0.1-10000 sec-

1 range of shear rate. Dynamic-mechanical measurements were performed on films 

precursor solutions with the same geometry and temperature conditions. Dynamic-

mechanical spectra were recorded in the frequency range 0.01-100 Hz at 0.01 strain. 

Films were also subjected to frequency sweep tests, both “as prepared” and “swollen” 

(crosslinked films, only). Acrylic parallel plate geometry (diameter 2 cm) was 

employed and the gap was set at about 35-50 μm and 700 μm. for dry and swollen 

films, respectively.  

 

Thermal Gravimetric Analysis 
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Thermal-gravimetric analysis (TGA) was conducted with a Setaram, Labsysevo, 

TGDTA/DSC. Samples were pre-conditioned at 20°C and 11% RH, and tested in a 

temperature range of 20−500 °C at a heating rate of 10 °C/min. 

 

FTIR analysis 

FTIR analysis was performed using a Fourier Transform Infrared Spectrometer 

(FTIR) (Spectrum Two, Perkin Elmer). Before the analysis, samples were washed 

with MilliQ water, lyophilised in the presence of KBr and then compressed into 

tablets. Spectra were collected by accumulation of 32 scans between 4000 and 450 

cm-1, with a resolution of 4 cm-1. 

 

Scanning Electron Microscopy (SEM) 

Surface morphology was imaged by a Field Emission Scanning Electron Microscope 

(FESEM-JEOL) at an accelerating voltage of 10 kV. Samples were previously 

swollen in MilliQ water, frozen in liquid nitrogen and freeze-dried. Freeze-dried 

samples were cut to expose their inner structure, mounted on SEM aluminum stubs 

by means of a graphite adhesive layer and coated with a gold layer by JFC-1300 gold 

coater (JEOL) for 90 s at 30 mA before scanning.  

 

Biological evaluations  

Cell culture 

For this work, A549 epithelial cells were used and the cell culture conditions are 

described in Appendix A3.1. 

 

Determination of cell viability 

For cytocompatibility experiments (MTS assay) 4 (8 mm2) and 8 (16 mm2) mg of XG-

PVA and XG were layered on a A549 epithelial cells monolayer (6x104 per well) in a 

96-well flat-bottom plate and incubated for 24 hours. For the release test, XG-PVA 

and XG films were incubated with cell culture medium at different times at 37°C. 
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After this incubation, the medium was collected and administered to a A549 epithelial 

cell monolayers at 37°C for 24 hours. 

Cell viability was measured by MTS assay. After treatment, 20μL of the MTS solution 

was added to each well, and the incubation was continued for 1 h at 37°C in 

humidified incubator with 5% CO2. Treated and untreated cultured cells were 

morphologically analyzed by microscopic inspection. More details are discussed in 

Appendix A.3.2. 

 

Blood compatibility and immune response assays 

A volume of 3 ml of blood from human volunteer donors were drawn directly into 

K2-EDTA-coated Vacutainer tubes to prevent coagulation, and incubated with XG 

and XG-PVA hydrogel (1 cm2) for 3 hours and mixed by gentle manual inversion. An 

aliquot of the blood was utilized for cell count and another aliquot for thrombolytic 

and hemolytic assays. Total White Blood Cells (WBC) number and composition, Red 

Blood Cells (RBC) number and parameters, hemoglobin concentration (Hgb) Mean 

Corpuscular Volume(MCV), Mean Corpuscular Hemoglobin (MCH), Mean 

Corpuscular Hemoglobin Concentration (MCHC), Red Cell Distribution Width 

(RDW), platelet number and parameters mean platelet volume (MPV) and distribution 

with (PDW) and plateletcrit (PCT), were measured by a Beckman Z1 Coulter Particle 

Counter.  For thrombolytic assays the blood was centrifuged at 4000 rpm for 5 min 

and the plasma collected and analyzed for: prothrombin time (PT) assay, expressed as 

international normalized ratio (INR); activated partial thromboplastin time assay 

(aPTT); fibrinogen concentration and antithrombin III assay by using the ACL 

Laboratory Instrumentation. For hemolysis assays, the blood was centrifuged at 500 

g for 5 min, and hematocrit and plasma levels were marked on the tube. The plasma 

was eliminated and the hematocrit tube was filled with 150 mM NaCl solution to the 

level of a reference mark on the capillary tube and gently inverted a few times and 

centrifuged at 500 g for 5 min. After centrifugation the supernatant was removed and 

replaced with PBS at pH 7.4. Then, erythrocytes (1ml) were dilute 1:50 in PBS and 
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200 μl dispensed into a 96-well plate. Thereafter, XG-PVA and XG or 10 µl of 20 % 

Triton X-100, as positive control, were added to each well. The plate was incubated 

at 37 °C for 1 h. The RBCs were visualized at microscopy (Axio Scope 2 microscope; 

Zeiss) to ascertain their integrity. Successively, the plate was centrifuged at 500g for 

5 min and the pellet, containing erythrocytes was eliminated and 100 μl of the 

supernatant transferred into a 96-well plate. The absorbance was measured with a 

plate reader (Wallack Instrument, wavelength 490 nm). All the experimental data 

were normalized with this mean absorbance value, which represents 100 % hemolysis 

(Triton). Moreover, we analyzed C3 and C4 to detect activation of the complement 

system, in the plasma, by an enzyme-linked immunosorbent assay (ELISA, Abcam) 

4.3. Results and discussions 

4.3.1. Preparation of XG-based hydrogel films and physico-chemical 

characterizations  

Optical transparency for wound bed inspection and flexibility are important features 

of a hydrogel wound dressings. Therefore, a preliminary evaluation of various 

formulations and preparation conditions was focused on a visual assessment of the 

optical transparency and homogeneity of the produced films, and by testing their 

ability to withstand folding.  

In this work, two type of films were produced: physical or chemical crosslinked 

hydrogel films. The first type relies only on physical interactions among the 

components to yield a network; the second type (CX-type) is obtained from the same 

polymer solutions with addition of GA as chemical crosslinking agent. 

All the investigated formulations are reported in Tab. 4.2 and in particular they refer 

to four physical and four chemical hydrogels films either with XG or with XG/PVA 

and with two different amounts of glycerol.  
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Tab. 4.2 Composition of air-dried films 

Films 
XG 

(%wt) 

PVA 

(%wt) 

GAtot  

(%wt) 

GL 

(%wt) 

H2O-i 

(%wt) 

XG(GL05) 25.8 ±0.1 0 0 53.0 ± 0.1 21.2 ± 1.0 

XG(GL1) 15.38 ±0.2 0 0 62.6 ± 0.2 21.9 ± 1.5 

XG-PVA(GL05) 16.75 ± 0.1 8.2 ± 0.1 0 55.3 ± 0.1 19.6 ± 0.2 

XG-PVA(GL1) 10.3 ±0.1 5.3 ± 0.1 0 61.7 ± 0.2 22.5 ± 0.5 

XG(GL05)_CX 20.15 ± 1.8 0 29.0 ± 1.3 40.9 ±1.5 9.9 ± 4.7 

XG(GL1)_CX 13.8 ±0.8 0 18.8 ± 1.1 55.1 ± 2.7 11.2 ± 4.7 

XG-PVA(GL05)_CX 13.07 ±0.3 6.8 ± 0.2 28.8 ± 0.7 40.7 ± 0.9 10.6 ± 2.1 

XG-PVA(GL1)_CX 8.5 ±0.2 4.4 ±0.1 18.7 ± 0.5 52.9 ± 1.0 15.4 ± 1.9 

 

 

The aqueous solutions of XG, PVA, their mixtures before and after addition of 

glycerol are optically clear and transparent. Upon casting and air-drying, XG films 

are still perfectly transparent (Fig. 4.1a) while XG/PVA films look homogeneous but 

slightly opaque (Fig. 4.1a). All these films are easy to handle, thanks to the glycerol 

in the formulation, and their flexibility and conformability increase at increasing 

glycerol content (Fig. 4.1b-c).  
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Fig. 4.1 Digital photographs of XG-PVA type and XG type hydrogel films (a) and of XG-PVA type 

hydrogel films folded (c) and stretched (c)  

 

The glutaraldehyde-induced crosslinking reaction parameters, and more specifically 

(i) reaction time before addition of sodium hydroxide, (ii) GA content, (iii) modality 

of addition of GA, and (iv) the reaction temperature, were selected by visual 

inspection of the mixtures and obtained films. The screening of different reaction 

times showed that all systems that were kept reacting for longer than one hour before 
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casting formed white and dense granules dispersed into a viscous matrix, while 

mixtures that were basified after 1h of reaction resulted transparent and homogeneous. 

No benefits were obtained by increasing the reaction temperature above room 

temperature or by increasing the GA content, conditions that actually exacerbated the 

heterogeneity of the formed films. Indeed, prolonging the reaction time (before 

addition of sodium hydroxide and then glycerol), as well as increasing the reaction 

temperature or the concentration of crosslinking agent lead to the formation of densely 

crosslinked domains that may undergo phase-separation. The optimal temperature for 

the drying process was also investigated. While air-drying at room temperature leads 

to flexible films, drying at temperatures above 60 °C produces very brittle films. Non-

crosslinked films are completely dissolved in water within two hours, while CX-type 

films have gel fractions in the 93- 96 % range, confirming that a permanent network 

is formed. 

 

New chemical bond formation was investigated through FTIR analysis on the blend 

of PVA and XG as well as on the GA crosslinked films, after extraction of glycerol 

and other soluble fractions. Spectrum of XG-PVA blend obtained by drying the 

aqueous solution of the two polymers present in the same weight ratio as in the film, 

does not show any evidence of interaction between the two chemical species, resulting 

the mere superimposition of the spectra of the two individual components (Fig. 4.2).  
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Fig. 4.2 FTIR spectra of XG, PVA and XG/PVA (50 %v/v) upon casting and air drying  

 

Spectra of CX-type films containing only XG as polymeric component do not show 

significant differences with respect to pure XG spectrum (see Fig. 4.3a-b), except for 

the appearance of a peak at 1720 cm-1, shown as a peak for XG(GL05)_CX and as a 

shoulder of the band at 1650 cm-1 for XG(GL1)_CX. 

In the formulations containing PVA the new band at 1720 cm-1 is also present and 

increases in intensity for the lower glycerol content (Fig. 4.3c-d). 

This peak can be assigned to the carbonyl group of glutaraldehyde grafted to the 

network and it becomes only a shoulder or disappear in systems with the higher 

glycerol content, probably because in this system the grafted GA can be more 

favourably end-capped by glycerol. 
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Fig. 4.3 FTIR spectra of crosslinked films; comparison between (a) XG-based chemically crosslinked gel 

with two glycerol contents (XG powder, as reference) from 4000 to 2000 cm-1 and from 2000 to 800 cm-1 

and (b) XG-PVA based chemically crosslinked gels with two glycerol contents (XG and PVA powders, 

as reference) from 4000 to 2000 cm-1 (c) and from 2000 to 800 cm-1 (d) 

 

These results suggest that GA can bind not only two XG chains (XG-GA-XG) or XG 

to PVA (XG-GA-PVA) by formation of hemiacetals and acetals, but also it could be 

simply grafted to XG (XG-GA) or to PVA (PVA-GA) and can also be end-capped by 

glycerol that is added after neutralization of the reaction mixture while the system is 

progressively concentrating due to water evaporation (XG-GA-GL). The possible 

reactions and the structures of the forming products are shown in Fig. 4.4. 
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Fig. 4.4 Possible reaction products of xyloglucan (XG) with glutaraldehyde (GA), glycerol (GL) and 

poly(vinyl alcohol) (PVA): (a) GA-mediated XG crosslinking; (b) GA-mediated crosslinking between 

XG and PVA; (c) grafting GA to XG; (d) grafting of GA end capped GL to XG 

 

The shear viscosity as a function of shear rate for the 1.8 %w XG solution and for the 

system obtained by mixing XG and PVA polymeric solutions and adding the same 

amount of glycerol used to prepare the XG-PVA(GL1) film is reported in Fig. 4.5. 

For the three systems, the flow curves are dominated by the characteristic shear 

thinning behavior of XG.[14–16] The presence of PVA does not change the viscosity 

while the presence of both PVA and glycerol causes only a slight reduction of 

viscosity.  
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Fig. 4.5 Rotational shear viscosity of XG at 1.8 %w and XG-PVA aqueous solutions with the addition of 

glycerol XG-PVA(GL1)_sol 

 

Aqueous XG or XG-PVA solutions before and after addition of GA and also after the 

addition of glycerol have been subjected to dynamic mechanical rheological analysis 

in frequency sweep mode (Fig. 4.6a-b). All the systems behave as viscoelastic liquid 

systems, showing the loss modulus, G” higher than the storage modulus, G’, in the 

investigated frequency range, with the latter increase steeper than the former at the 

increase of frequency. Samples before and after the addition of glycerol do not show 

any significant difference. The crossover point between G’ and G’’ moves towards 

lower frequencies when GA is present in the blend. Finally, the addition of PVA 

lowers both G’ and G’’ values.  

Dynamic mechanical spectra of physical and chemical films are reported in Fig. 4.6c 

and Fig. 4.6d, respectively. XG(GL05) shows the typical rheological behaviour of a 

weak gel; storage modulus is higher than loss modulus and almost invariant with 

frequency, while loss modulus increases with frequency. These results confirm the 
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ability of XG to form physical gels in the presence of glycerol.[12,17] The increase 

of the amount of glycerol has no effect on both storage and loss modulus. The addition 

of PVA (see XG-PVA(GL05) system) has no significant effect on both storage and 

loss modulus. This could be due to the relatively low molecular weight PVA that does 

not contribute to the physical gelation of the bulky XG chains, but actually favours 

XG chains slippage.[18]  

The combined presence of PVA and a higher amount of glycerol (XG-PVA(GL1) 

system) causes a significant reduction of both G’ and G”, probably increasing further 

the distance among the polymer molecules and reducing their packing order.[18]  

The influence of the chemical crosslinking on the mechanical spectra of the films is 

reported in Fig. 4.6d. With reference to the XG(GL05) sample, the presence of the 

crosslinker on the XG film casted with the lower amount of glycerol (XG(GL05)_CX) 

causes (i) a significant increase of both G’ and G” and (ii) the invariance of G” with 

frequency, which is the typical behaviour of a strong (covalent) gel. Increasing the 

amount of added glycerol (see XG(GL1)_CX) results in a marked decrease of G’ and 

a less pronounced decrease of G”. Considering that the impact of glycerol in the G’ 

and G” curves for the physical hydrogel films was much less significant, we can argue 

that glycerol interferes with the GA-mediated chemical crosslinking of xyloglucan, as 

suggested in the scheme in Fig. 4.3.  

The effect of the presence of PVA on the chemically crosslinked films is also 

investigated. The presence of PVA in CX-type systems (XG-PVA(GL05)_CX system 

produces a significant decrease of storage modulus and a less marked decrease of loss 

modulus. This effect is similar to the effect of higher glycerol content in XG_CX 

films. Increasing glycerol content in XG-PVA CX-type films causes a further 

decrease of G”. 
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Fig. 4.6 Dynamic mechanical analysis in frequency sweep mode of precursor solutions and films. Solid 

symbols: storage modulus; open symbols: loss modulus. (a) Aqueous XG and XG/PVA before (XG_sol 

and XG-PVA_sol) and after addition of glycerol (XG(GL1)_sol and XG-PVA(GL1)_sol). (b) Precursor 

aqueous solutions of the chemical films obtained by addition of glutaraldehyde in the same samples 

illustrated in panel (a). (c) Comparison among the various physical hydrogels. (d) Chemically crosslinked 

films 

 

Thermal analysis of physical and chemical films can be used to understand the 

interactions among the components of the formulation and the effect of crosslinking 

treatment. 

Results of TGA analysis are reported in Fig. 4.7a-f. All systems show an initial mass 

loss in a range between 75°C and 120°C associated to the evaporation of the “residual 

water” and a more pronounced mass loss with multiple flexes at higher temperature 

(280°C-370°C), due to the thermal degradation of the various components present in 

the formulations. Glycerol and PVA do not leave any residual mass at 500°C [19], 

Frequency (Hz)

0,01 0,1 1 10 100

G
' G

'' 
(P

a)

0,01

0,1

1

10

100

1000

XG_CX_sol
XG(GL1)_CX_sol
XG-PVA_CX_sol
XG-PVA(GL1)_CX_sol

Frequency (Hz)

0,01 0,1 1 10 100

G
' G

'' 
(P

a)

0,01

0,1

1

10

100

1000

XG_sol 
XG(GL1)_sol 
XG-PVA_sol
XG-PVA(GL1)_sol

a

Frequency [Hz]

0,1 1 10 100

G
' G

'' 
[P

a]

103

104

105

XG(GL05)
XG(GL1)
XG-PVA(GL05)
XG-PVA(GL1)

Frequency [Hz]

0,1 1 10 100

G
' G

'' 
[P

a]

103

104

105

XG(GL05)_CX
XG(GL1)_CX
XG-PVA(GL05)_CX
XG-PVA(GL1)_CX

b

dc



 
_____________________________________________________________________________________ 

 

84 
 

therefore the residual masses in the various systems are strongly affected by the 

different content of XG and moisture content initially present in the system. A more 

detailed analysis of the curves reveals that xyloglucan (see Figure 4.7a) is fairly 

hydroscopic (water loss at about 75°C) and characterized by good thermal stability, 

with an onset of degradation at about 314°C and 38 %wt residual mass at 500°C. This 

exceptional high thermal stability could be attributable to its characteristic “hyper-

entangled” supramolecular structure, which is responsible for its relatively high 

stiffness and high local packing density in the solid state.[20,21] 

PVA (see Fig. 4.7b) shows the characteristic two-stage thermal degradation behavior 

with characteristic peaks at 300 °C and 440°C and the release of moisture occurs at 

higher temperature if compared with XG.[22]  

In TGA curves of physical hydrogel films containing only XG as polymeric 

component (Fig. 4.7c), the temperature of the loss of water increases with respect to 

the pure polysaccharide, shifting from 75°C in pure XG to 105 °C and 115°C for 

XG(GL05) and XG(GL1). 

This change suggests that the residual water shift from “free water” in XG powder to 

mainly “bound water” in the physical gels where also glycerol is present. This 

behavior supports the interpretation of XG gelation as the result of a localized increase 

of polymer concentration leading to association due to water sequestration by the 

alcohol. The films also show a second flex associated to glycerol vaporization and 

simultaneous thermal degradation (DTG peaks at 277 °C and at 288 °C for XG(GL05) 

and XG(GL1), respectively)[23], and a third flex due to the XG thermal degradation. 

XG decomposition is slightly shifted to higher temperature at 318°C and 320°C for 

XG(GL05) and XG(GL1), respectively, as a consequence of physical crosslinking. 

The addition of GA to XG (Fig. 4.7e) induces profound modifications to the thermal 

degradation of the films. The two flexes associated to glycerol evaporation and 

xyloglucan degradation are much closer to each other (the glycerol evaporation is now 

detectable as a shoulder of the main peak of XG thermal decomposition in DTG 

curves) and significantly shifted to higher temperatures (295°C and 357°C for 
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glycerol and XG, respectively). This further supports the hypothesis that glycerol is 

partly grafted to the chemical network that binds also, as proposed in Fig. 4.3. 

PVA has not significant influence either on glycerol or XG thermal degradation in 

both physical (Fig. 4.7d) and chemical gels (Fig. 4.7f). Only an evident increase of 

the water evaporation temperature due to the combined effect of crosslinking and 

presence of PVA (130-140°C) in GA-crosslinked films can be highlighted.  

 
Fig. 4.7 Thermogravimetric analysis of air-dried films and the polymer powders. (a) XG-based physical 

and chemically crosslinked gels (XG powder, as reference). (b) comparison between the XG-based 

physical gel (XG(GL05)) and XG-PVA based physical gels with two glycerol contents (XG and PVA 

powders, as reference). (c) comparison between chemically crosslinked gels 
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SEM analysis on the fracture surfaces was performed in order to characterize the 

morphology of the films. Water-swollen chemically crosslinked gels, after extraction 

of glycerol and other soluble fractions, quenching with liquid nitrogen and freeze-

drying have been analyzed and their representative micrographs are reported in Fig. 

4.8.  

XG-based films show a different morphology depending on the amount of GL. XG- 

based film with a lower content of glycerol (Fig. 4.8a) show a layered morphology 

with regularly stacked thin sheets connected by transverse walls, while the one with 

higher glycerol content results into a denser structure, made by closer sheets 

connected by thin filaments (Fig. 4.8b).  

Interestingly, a similar lamellar morphology was observed for physical gels produced 

with a temperature-responsive, partially degalactosylated XG (Deg-XG). [24] This 

suggests that the obtained morphology is essentially governed by the xyloglucan self-

assembly. For the aqueous solutions of Deg-XG the auto-organisation in lamellae is 

promoted by an increase of temperature that worsens the quality of the solvent and 

favors hydrophobic interactions. In the present contest, the role of temperature is 

played by glycerol, which competes with XG for the hydration water. The formed 

microstructure is then fixed by the chemical crosslinks promoted by GA. 

The presence of PVA interferes with XG chain alignment yielding to a morphology 

with interconnected porosity. This porous microstructure has an average pore size of 

about 10 μm for the lower glycerol content (Fig. 4.8c), that increases to about 25 μm 

for the higher glycerol content (Fig. 4.8d). 
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Fig. 4.8 Morphological characterization of (a) XG(GL05)_CX; (b) XG(GL1)_CX; (c) XG-

PVA(GL05)_CX and (d) XG-PVA(GL1)_CX after equilibrium swelling, quenching and freeze-drying 

 

In the perspective of the integration of those films in a device for the development of 

smart plasters for wound healing, their ability to retain moisture was investigated. 

Results of the moisture retention in the various films, “as prepared” and after 

treatments at different temperatures and relative humidity % (RH%), are shown in 

Fig. 4.9.  

First of all, it is important to notice that the initial moisture content of the “as 

prepared” chemical films is higher (ca. 20%w) than in the physical gel (ca. 10%w) 

(see also Tab. 4.2). 

Furthermore, in systems containing PVA, the higher amount of glycerol results in 

slightly higher moisture retention than the corresponding formulations with lower 
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glycerol content. On the other hand, XG based films both with high and with low 

glycerol content, do not show significant differences. The incubation at 37°C for 2h 

and 50% RH, causes in all systems the loss of most of the water, leveling to a residual 

moisture content to 5 %wt, except for the two chemically crosslinked XG-PVA 

systems which almost completely dry out.  

Upon incubation at room temperature (about 22°C) and 50% RH, all films 

progressively absorb humidity from the environment, reaching equilibrium in 24 h.  

Thereafter, relative humidity of the environment was increased up to 75% leading to 

a significant further increase of the absorbed water that levels off in 24 h. One week 

cycles of moisture absorption (75% RH 22°C) and desorption (37°C RH 50%) were 

carried out for three months and beyond, showing no modification of the equilibrium 

water content in both conditions. 

   

 
Fig. 4.9 Moisture uptake percentage as a function of the incubation time and relative humidity 

 

The swelling behaviour was investigated only on chemically crosslinked variants, 

since all the physical hydrogels quickly swell and soon after dissolve when immersed 

in water. The swelling at plateaux percentages (SD%) of the chemically crosslinked 

films, both in MilliQ water and isotonic PBS, are reported in Tab. 4.3 and the 

corresponding swelling curves are shown in Fig. 4.10. Upon immersion, all systems 

take up water. The films containing more glycerol show higher SD% if compared with 

the corresponding systems with less glycerol.  
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The equilibrium swelling values of films with PVA and in particular with the higher 

glycerol content are even higher, in good agreement with their larger interconnected 

porosity observed by SEM.  

The effect of saline solution is not very significant on the XG-based gels and the slight 

decrease in SD% at the increase of ionic strength is attributable to the reduction of the 

osmotic pressure. An opposite effect is shown by XG-PVA based systems, which 

show an increase of SD% at the increase of ionic strength. This behaviour could be 

explained with some degree of H-bonded interpolymer association between XG and 

PVA, which is perturbed by the presence of phosphate anions and other multivalent 

ions of the buffer.[25]  

 

 

Tab. 4.3 Swelling degree (SD) percentage of chemically crosslinked films 

System SD % - water SD % - PBS 

XG(GL05)_CX 109 ± 20 90  ± 2 

XG(GL1)_CX 210 ± 20 210  ± 15 

XG-PVA(GL05)_CX 220 ± 25 250 ± 20 

XG-PVA(GL1)_CX 325 ± 20 355 ± 25 
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Fig. 4.10 Swelling degree in MilliQ water (black) and in PBS (grey) 

 

The rheological behaviour of the equilibrium-swollen CX-type films was investigated 

and the dynamic mechanical spectra are reported in Fig. 4.11a-c. The corresponding 

curves of the “as prepared” films are also displayed for comparison. All the swollen 

systems still show the typical behaviour of chemical gels with G’ curves being one 

order of magnitude higher than the corresponding G” curves, and invariant or slightly 

increasing with frequency. As expected, both G’ and G” decrease for the softer 

swollen systems, when compared to the corresponding “as prepared “systems. The 

reduction of G” is more pronounced than the reduction of G’, probably because water 

partially displaces the more viscous glycerol. 
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Fig. 4.11 Dynamic mechanical spectra of equilibrium-swollen CX-type films 

 

4.3.2. Biological assessment 

New biomaterials need to be firstly tested in vitro to evaluate their cytotoxicity. To 

this aim, it was performed a contact assay on four systems, namely XG(GL 1)_CX, 

XG-PVA(GL1)_CX, XG(GL1) and XG-PVA(GL1), selected for their superior 

performance in terms of flexibility and water retention ability. Samples were placed 

on A549 epithelial cells monolayers. After 24 hours the films were removed and the 

cells subjected to MTS viability assay. The obtained results are summarized in Fig. 

4.12a-b. No cytotoxic behavior was detected for XG(GL1)_CX and XG-

PVA(GL1)_CX films after the treatment, and the cell viability was as high as 90 %. 

In contrast, XG(GL1) and XG-PVA(GL1) films showed a moderate cytotoxicity (Fig. 

4.12a). These results were confirmed by microscopic morphological inspection (Fig.  

4.12b); cells incubated with both the CX-type films did not displayed altered 
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morphology compared to the control cells. In the contact area with the hydrogel and 

in its proximity no alteration in cellular outgrowth, extension of cellular body, 

morphology or proliferative behavior was observed. To test a possible toxic effect due 

to components that can be released by the crosslinked films during prolonged 

application on a wounded area, a viability assay was performed by using the cell 

medium in which both films were separately incubated. The medium was collected at 

different times, within a two-week time interval, and administered to cells. No 

cytotoxic behavior was detected for all the samples, the cells maintaining a viability 

value of about 90 % (Fig. 4.12c-e). It must be highlighted that no significant statistical 

difference was recorded between treated and control cells (p ≥ 0.05), These results 

were confirmed by cells microscopic morphological inspection. 
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Fig. 4.12 MTS assay of A549 cells: untreated (Control), and incubated with XG(GL1)_CX, XG-

PVA(GL1)_CX, XG(GL1) and XG-PVA(GL1) films at different concentrations (4 and 8 mg) for 24 h (a). 

Morphological images of A549 cells: untreated (Control) and incubated with the above films (b). MTS 

assay of A549 cells: untreated (Control) or treated with cell media in which XG(GL1)_CX and XG-

PVA(GL1)_CX were immersed for different times (1, 3, 7, 14 days) (c and e); Morphological images of 

A549 cells treated with the cell media as described above (d and f) 
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On the basis of the better performance of the XG(GL1)_CX and XG-PVA(GL1)_CX 

films, only these two were used for further biological experiments.  

 

The hemocompatibility test of the films is an essential step for the wound dressing 

manufacture. Ideally, films should neither induce hemolysis nor activate the blood 

defense systems, coagulation and fibrinolysis.  

Hemolysis is a fundamental test to understand if the interaction of the material with 

erythrocytes affects the membrane integrity, leading to plasma hemoglobin 

release.[26] To investigate this effect of the films, they were incubated for 3 hours 

with blood (collected from healthy volunteers). The number of erythrocytes and their 

parameters were measured by a cell counter system. Results in Fig. 4.13a-b, show no 

significant difference with respect to the control. Moreover, hemolysis was analyzed 

by using a photometrical colorimetric test, which determines the amount of free 

hemoglobin (Hb). Results illustrated in Fig. 4.13c evidenced that the blood samples 

incubated with the films did not show any hemolysis if compared to the control. Triton 

was used as positive control. These results were confirmed by microscopic analysis 

of erythrocytes (Fig. 4.13d). 
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Fig. 4.13  Blood from a human volunteer donors was incubated or not (Control) with XG(GL1)_CX, XG-

PVA(GL1)_CX films and the following analysis performed: Red blood cell (RBC) count (a); RBC 

parameters (MCV=Mean Corpuscolar Volume, MCH=Mean Corpuscolar Hemoglobin, MCHC=Mean 

Corpuscular Hemoglobin Concentration, RDW= Red Cell Distribution Width (b); Hemolysis assay of 

erythrocytes, Triton-X as positive control (c); Microscopic images of erythrocytes incubated or not 

(Control) with films or with Triton X. *p<0.05 vs. control (d) 

 

Platelet activation and aggregation studies were performed to investigate the effect of 

the films on hemostasis, which is a multicomponent cascade that helps in maintaining 

the fluidity of the blood. As for hemolysis experiment, films were incubated for 3 

hours with blood (collected from healthy volunteers). The platelet number and others 

parameters (Fig. 4.14) such as mean platelet volume (MPV), distribution width 

(PDW) and plateletcrit (Pct), resulted well within the normal range of the control. 

These results clearly demonstrated that the films did not prevent the normal platelet 

functions.  
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Fig. 4.14 Blood from a human volunteer donors was incubated or not (Control) with XG(GL1)_CX and 

XG-PVA(GL1)_CX  films and the following analysis performed: platelet count (a); platelet indices 

including: mean platelet volume (MPV) (b), plateletcrit (Pct) (c), and distribution with (PDW) (d) 

 

Plasma coagulation analysis is a sign of the thrombogenic potential.[27,28]  The 

coagulation cascade includes intrinsic and extrinsic pathways leading to prothrombin 

activation and conversion of fibrinogen to fibrin.[27] It has been demonstrated that 

the interaction of biomaterials with blood, can induce in many cases negative effect 

on coagulation, platelet and hemostatic properties.[29,30] The effect of the films on 

the coagulation cascade was evaluated by the prothrombin time (PT) and activated 

partial thromboplastin time (aPTT) tests. PT measures the aberrations in the extrinsic 

pathway, aPTT is instead, a check for irregularities in the intrinsic pathway. The 

results (Fig. 4.15a-b) showed that both the PT and aPTT values were within the normal 

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

P
la

te
le

t c
ou

nt
 [x

 1
0

3 /
µl

]

0

100

200

300

400

500

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

M
P

V
 (

fl)

0

5

10

15

20

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

P
ct

 (%
) 

0,0

0,1

0,2

0,3

0,4

0,5

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

P
D

W
 (

%
)

0

5

10

15

20

25

a b

c d



Xyloglucan-based hydrogel films for wound dressing: structure-property relationships 
_____________________________________________________________________________________ 

97 
 

range. Furthermore, to measure the occurrence of plasma coagulation, the 

antithrombin-III (atIII) and fibrinogen concentrations were measured and, as shown 

in Fig. 4.15c-d, the values of the film incubated samples were comparable to the 

control.  

 

Fig. 4.15 Blood from a human volunteer donors was incubated or not (Control) with XG(GL1)_CX and 

XG-PVA(GL1)_CX  films and the following analysis performed: Prothrombin time (PT) (a); Activated 

partial thromboplastin time (aPTT) (b); antithrombin-III (aTIII) (c); fibrinogen concentration (d) 

 

Elicitation of immune response is another important parameter that has to be 

investigate.  

For this reason, samples of XG(GL1)_CX, XG-PVA(GL1)_CX were incubated again 

in blood (collected from volunteers) and an in vitro test of the inflammatory response  

has been performed.[26]  

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

P
T 

(I
N

R
)

0

2

4

6

8

10

12

14

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

aP
T

T
 (

se
c)

0

10

20

30

40

50

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

at
 II

I (
m

g/
dl

)

0

5

10

15

20

25

30

Contro
l

XG-PVA(GL1)_CX

XG(GL1)_CX

F
ib

rin
og

en
 (m

g/
dl

)

0

100

200

300

400

a b

c d



 
_____________________________________________________________________________________ 

 

98 
 

Results in Fig. 4.16 show that no statistically relevant differences were revealed in the 

number (Fig. 4.16a), and composition of the white blood cells (WBC) (Fig. 4.16b), 

with respect to the control. Moreover, since contact of blood with pathological agents 

or foreign materials activates the complement pathway, as a body defense reaction 

[26], the levels of C3 and C4 were measured. No significant modifications of C3 and 

C4 plasma concentrations were detected in the samples incubated with XG and XG-

PVA films (Fig. 4.16c-d). Thus, it may be concluded that the films are 

immunogenically silent because they do not cause any immune response in vitro. 

 

 
Fig. 4.16 White blood cell (WBC) count of human blood samples incubated or not (Control) with XG and 

XG-PVA films (a); Composition of the WBC population of human blood samples incubated or not 

(Control) with XG and XG-PVA films (b); C3 and C4 (c) and plasma concentrations of human blood 

samples incubated or not (Control) with XG and XG-PVA films (d) 
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4.4. Conclusions 

Xyloglucan based thin hydrogel films were synthetized and fully characterized for 

their physico-chemical, thermal, rheological and morphological properties.  

The films produced by adding glycerol to an aqueous solution of xyloglucan are 

physical hydrogels: gelation is relatively fast and the gel strength increases 

significantly upon drying. Physical films are perfectly transparent, relatively strong 

and resilient, but rapidly dissolve when exposed to aqueous solutions. Glutaraldehyde 

induces covalent crosslinking to XG chains, thus forming a permanent polymer 

network. Glycerol, that is required in the formulation to provide the necessary 

flexibility, is also partially grafted to the network through GA. In the chemically 

crosslinked variants, PVA can react with GA and graft to XG, modifying the lamellar 

structure formed by XG association into an open porous structure and increasing the 

network mesh size; this translates into higher swelling ratios if compared with systems 

with XG only and the same content of glycerol. All films can withstand repeated 

cycles of drying and rehydration by exposure to air at different temperature and 

humidity content. The chemically crosslinked films, both with and without PVA, 

displayed good cytocompatibility as demonstrated by in vitro test showing that 

viability is not affected by the presence of the film. It is also remarkable that no toxic 

components are released by the films. On other hand, the moderate cytotoxicity 

observed for the physical hydrogel films could be attributed to their rapid dissolution 

causing significant alteration of the composition of the culture medium. Furthermore, 

the tested chemically crosslinked films were also shown hemocompatible. These 

results encourage further investigations on both in vitro and in vivo biocompatibility 

and integration with RFID sensors, in order to transform this interesting material into 

a medical device for wound management (topic discussed in Chapter 7).  
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5. Synthesis and characterisation of carboxylated xyloglucan 

5.1. Introduction and aim 

Several studies have investigated into the possibility of modifying the chemical 

structure of xyloglucan by replacing some of its hydroxyl groups with functional 

groups, such as carboxyl, thiol, amino, alkyloamino, sulphated and carboxymethyl 

groups, in order to ameliorate water solubility, increase mucoadhesivity and modify 

the release profile of an incorporated drug.[1–4]  

Derivatisation of polysaccharides by oxidation is a common method to convert free 

primary alcohols into aldehydes and further into carboxylic acid groups (Scheme 

5.1a). Oxidation to the carboxylic acid level results in polysaccharides based on uronic 

acids, which then resemble the structure of natural polyuronic acids, such as pectin or 

alginates. On the other hand, when the secondary alcohols are also oxidized the 

oxidative cleavage of 1,2-diols occurs, which leads to ring-opening and dicarboxyl 

compounds formation (Scheme 5.1b).[5]  

 

 

Scheme 5.1 Different modes of chemical oxidation, illustrated for a generic polysaccharide. (a) Oxidation 

of a primary alcohol; (b) Oxidative cleavage of a diol 

 

 

Since these two oxidation modes are possible, when oxidative derivatisation of a 

native (unprotected) polysaccharide is performed, it is important to guarantee a good 
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selectivity on the primary alcohol, thus avoiding oxidation of the secondary alcohols 

to yield sugar ring opening reactions.  

For instance, the oxidation of polysaccharides such as cellulose or xyloglucan with 

NaClO and NaBr results in a non-selective oxidation, meaning that both primary and 

secondary alcohols can be oxidised. The non-selective oxidation involves both 

oxidation modes described in Scheme 5.1, leading both to carboxylation of primary 

hydroxyl groups and oxidative cleavage of the sugar ring.[6,7]  

 

Van Bekkum in early ‘90s was the first to report that the catalyst TEMPO could be 

used for the regioselective oxidation of primary alcohols in polysaccharides (starch 

and inulin were included in the initial report) to give the corresponding polyuronic 

acids with an almost complete conversion.[8] 

A possible mechanism of reaction of TEMPO-NaClO-NaBr systems involves the 

initial oxidation of the persistent radical TEMPO by NaOCl, which is transformed in 

the active oxidant, an oxoammonium species. This species oxidizes the 

polysaccharide primary alcohol to aldehyde, being reduced in hydroxylamine. In 

aqueous solution, the aldehyde is hydrated and the hydrated form is then oxidized to 

carboxyl group by another oxoammonium molecule present in solution. NaOCl is 

responsible for the initial oxidative activation of TEMPO and also for the reoxidation 

of hydroxylamine in oxoammonium (see Scheme 5.2).  

The TEMPO-mediated oxidation has been demonstrated to be a viable route to the 

selective oxidation of different polysaccharides, such as cellulose, pullulan, including 

xyloglucan extracted from Hymanea Courbaril seeds.[9,10]  
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Scheme 5.2 Mechanism of TEMPO-mediated oxidation of a generic polysaccharide primary hydroxyl 

groups to carboxyl groups 

 

Along with the above described oxidation reaction, a secondary reaction occurs which 

leads to scission of the polysaccharide chain. This secondary reaction has been mainly 

attributed to β-elimination.[11] Such reaction occurs preferentially under alkaline 

conditions, when in position C6 there is an aldehyde, which is the first product of the 

oxidation. This condition favours the increase of the acidity of the hydrogen at C5, 

which is deprotonated in the alkaline reaction, leading to the formation of a double 

bond between the carbohydrate C4 and C5 as intermediate, which then evolves with 

the elimination of the group linked to the β carbon (C4) (Scheme 5.3).[6] Hence, 

alkaline conditions are necessary for the occurrence of this β-elimination. 
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Scheme 5.3 Mechanism of β-elimination 

 

However, it has been observed that chain scission occurs also when the oxidation is 

conducted at acidic pH (i.e. pH around 5), even though in this condition it is less 

emphasized and the products of the reaction are characterised by a lower decrease of 

molecular weight and a lower degree of carboxylation.[7,12] This observation 

suggests that β-elimination is not the only mechanism that leads to chain scission.  

 

In order to investigate this aspect, Shibata et al. have studied the oxidation of 

celluronic acid, a variant of cellulose that is already carboxylated. They have 

suggested that hydroxyl radicals, formed from NaBrO and TEMPO at pH 10–11, 

cause chain scission during the oxidation (Scheme 5.4). Therefore, they have 

proposed the addition of radical scavengers to the system to suppress chain scission, 

but they have observed only a mitigation of this effect.[6]  

 

 
Scheme 5.4 Possible scheme of formation of hydroxyl radicals during TEMPO-mediated oxidation  
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The relationship between the presence of TEMPO catalyst and the chain scission 

reaction is still quite controversial. 

In a more recent report focused on the mechanism of chain scission in xyloglucan, 

Spier et al. have studied the influence of TEMPO concentration on the molecular 

degradation of the polysaccharide, observing that increasing the catalyst 

concentration, the degree of chain scission was indeed reduced. In other words, they 

observed that the higher is the content of TEMPO, the lower is the chain scission, an 

observation that contradicts what previously reported by Shibata et al., that retains 

TEMPO responsible of the formation of hydroxyl radicals and of a higher chain 

scission because they did not study the effect of TEMPO concentration in the system. 

Thus, Spier et al. have suggested that TEMPO acts as a “sacrificial molecule”: being 

a preferential substrate for the oxidation by NaBrO, it is oxidized at the place of the 

polysaccharide chain by this oxidant specie, protecting then the polysaccharide from 

chain scission and non-selective oxidations. This means not only that a higher 

concentration of TEMPO decreases the chain scission degree, but also decreases the 

degree of carboxylation.[7]  

 

Beside the role of TEMPO in the oxidation reaction and, in particular, in the chain 

scission concurrent reaction, other authors have studied the influence of NaClO 

concentration and time of reaction on both carboxylation and chain scission 

levels.[10,13] In particular, it has been shown that in TEMPO-NaClO-NaBr reactions 

the increase of NaClO concentration causes an increase of  the carboxylate groups 

content as well as an increase of the chain scission degree. But while the degree of 

carboxylation reaches a plateau, the degree of chain scission increases proportionally 

to the increase of the oxidant species, without reaching a plateau.[13] The increase of 

chain scission after complete carboxylation of primary hydroxyl groups may also be 

related to the presence of carboxyl groups at C6 (favoured primary hydroxyl groups 

position) that, in an alkaline environment, favours β-elimination due to the increase 

of the acidity of C5, as previously explained. 
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The increase of reaction time has been shown to produce similar effects. Lucyszyn et 

al. have observed that increasing the reaction time in the oxidation of xyloglucan from 

Hymanea coubaril seeds, both carboxylation and chain scission degrees 

increased.[10]  

In conclusion, the TEMPO-mediated oxidation can be a viable strategy to introduce 

ionisable and reactive functional groups in xyloglucan chains and it also leads to 

reductions of its high molecular weight.  

Degree of carboxylation and degree of chain scission are the most important 

measurable parameters to evaluate the effect of the oxidation reaction. The most 

widely used techniques to evaluate the reduction of molecular mass are size exclusion 

chromatography (SEC) and/or dynamic light scattering (DLS), while for the 

determination of the carboxyl groups content, different techniques have been 

proposed, including titration (conductimetric or pHmetric), nuclear magnetic 

resonance (13C-NMR), high performance anion exchange chromatography. [7,14,15] 

In most reported cases, the oxidation reaction is performed at temperature below 5 °C 

and at alkaline pH (between 9.5 and 11) in order to have a good balance between 

carboxylation and chain scission.[12,14] 

In this work, the introduction of carboxyl groups in xyloglucan chains is aimed to 

promote electrostatic interactions with oppositely charge polyelectrolytes. Indeed, this 

type of non-covalent interactions are considered the main driving force of co-

assembly in interfacial systems, leading to the assembly of building blocks from 

molecular- to macro-scale. Co-assembly offers the opportunity to form 

thermodynamically stable structures without the use of chemical crosslinking and is 

considered a powerful tool for the production of complex and adaptable biomaterials 

with highly tunable properties and significant biological effects.[16–19]  

In particular, the assembly of anionic carboxylated-xyloglucan (CXG) with a 

positively charge peptide amphiphile (PA) sequence is a possible approach for the 
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fabrication of fibrous scaffolds for wound healing and this topic will be discussed in 

details in the following chapter (Chapter 6).  

The obtained CXG was characterised for its molecular structure modification, its 

behaviour in solution, by dynamic light scattering and viscosity measurements, and 

its thermal stability. 

In the prospect of its use to produce co-assembled hydrogel dressings/scaffolds for 

wound healing, a cytotoxicity test was also performed.  

Furthermore, a preliminary study to verify the ability of CXG to interact with 

oppositely charge molecules and, in particular, with poly-D-lysine (PDL), 

polyethilenimine (PEI) and a positively charge peptide amphiphile (PA-H3), was 

performed.  

5.2. Materials and Methods 

5.2.1. Materials 

Tamarind seeds xyloglucan (XG) was kindly provided by DSP Gokyo Food and 

Chemical Co. (Japan). 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO), sodium 

bromide (NaBr), sodium hypochlorite solution, sodium borohydride (NaBH4), 

ethanol, and HCl (1M), NaOH (1 M) were purchased from Sigma Aldrich and used 

without further purification. Poly-D-Lysine (PDL, MW= 150-300 kDa) and 

polyethilen imine (PEI branched, MW=800 Da) were purchased by Sigma Aldrich. 

Peptide amphiphile C16(Val)3(Ala)3(His)3, named in this chapter PA-H3 was 

synthesized as described in Appendix A.1.3 and it will be presented in detail in 

Chapter 6. 

5.2.2. Methods 

Synthesis of the carboxylated variant of XG  

The carboxylation reaction and the setup used are described in detail in Appendix 

A.1.2. Briefly, 0.2%wt XG aqueous solution was reacted with 0.128 mM TEMPO, 

0.81 mM NaBr and 15% NaOCl solution for 4h at 5 °C under an inert atmosphere, 
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providing continuous magnetic stirring. During reaction, the pH was constantly 

monitored and maintained at the constant value of 9 ± 0.2 by addition of small 

volumes of 0.1M NaOH. The reaction was stopped by addition of NaBH4 to the final 

concentration of 4 mM. The product was recovered by precipitation in ethanol 

followed by freeze drying.  

 

Fourier-transform infrared spectroscopy (FTIR) 

FTIR analysis was performed using a Fourier Transform Infrared Spectrometer 

(FTIR) (Spectrum Two FTIR spectrometer, Perkin Elmer). Samples were prepared 

starting from both the fully protonated and deprotonated CXG, prepared as described 

in Appendix A.2.3. All spectra have been normalized with respect to the peak 

correspondent to the stretching of methylene groups (2956 cm-1).  

 

Determination of carboxyl groups by titration 

The quantitative analysis of carboxyl groups of CXG was performed by acid-base 

titration as described in Appendix A.2.6. In particular, CXG was titrated with 0.05M 

NaOH solution and the equivalent point was detected at pH 7. 

 

Gel filtration chromatography 

Gel filtration chromatography was conducted using a Shodex SB HQ (804 and 806) 

columns coupled with an Agilent 1260 Infinity HPLC with a refractive index detector 

(see also Appendix A.2.7 for detail on the equipment). All samples were eluted with 

a flux of 0.6 ml/min of 0.02%wt sodium azide aqueous solution. Prior to injection in 

the column, the polymer aqueous solution was filtered with 1.2 µm cellulose acetate 

(Millipore) syringe filters. Chromatograms of the samples were compared with 

chromatograms of pullulan standard solutions.  

 

Static and Dynamic Light Scattering (SLS and DLS)  
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Static light scattering (SLS) measurements were performed using a Brookhaven 

Instrument BI200-SM goniometer (Biophysics Institute, Palermo Unit, National 

Research Council) Briefly, the scattered light intensity was measured at 10 scattering 

angles, namely 30º, 45º, 50º, 60º, 75º, 90º, 105º, 120º, 135º and 150º. CXG and XG 

samples were prepared at different concentrations (i.e. 0.5 mg/ml, 1 mg/ml, 1.4 

mg/ml, 2 mg/ml, 2.5 mg/ml) in MilliQ water. The measurements were performed at 

20 °C ± 0.1 °C. The weight-average molecular weight (Mw) was determined from a 

Zimm plot analysis.[20] 

For dynamic light scattering (DLS), all the analysed solutions were prepared starting 

from 0.1%wt aqueous solutions of XG and CXG. 

For the study of interactions between CXG and positively charged molecules, CXG, 

PDL, PEI and PA-H3 0.1 %wt aqueous solutions were prepared and then mixed in 

different weight ratios to prepare CXG/polycation systems. Compositions of the 

analysed systems are reported in Tab. 5.1. 

 

Tab. 5.1 Composition of CXG or XG and polycations (i.e. PDL, PEI or PA-H3) mixtures  

System Composition CXG/Polycation 
w/w  

CXG  CXG 1 mg/ml - 
XG XG 1 mg/ml - 
PDL PDL 10 µg/ml - 

PA-H3 PA-H3 10 µg/ml - 

CXG/PDL 100:1 CXG 1 mg/ml + PDL 10µg/ml 100 

CXG/PDL 50:1 CXG 1 mg/ml + PDL 20µg/ml 50 

CXG/PDL 25:1 CXG 1 mg/ml + PDL 40µg/ml 25 

XG/PDL 100:1 XG 1 mg/ml + PDL 10µg/ml 100 

XG/PDL 50:1 XG 1 mg/ml + PDL 20µg/ml 50 

XG/PDL 25:1 XG 1 mg/ml + PDL 40µg/ml 25 

CXG/PEI 100:1 CXG 1mg/ml + PEI 10 µg/ml 100 

CXG/PEI 50:1 CXG 1mg/ml + PEI 20 µg/ml 50 

CXG/PEI 25:1 CXG 1mg/ml + PEI 40 µg/ml 25 

CXG/PA-H3 100:1 
CXG 1mg/ml + PA-H3 10 µg/ml 

 
100 

 



 
_____________________________________________________________________________________ 

 

114 
 

All the solutions analysed through SLS and DLS were filtered with 1.2 µm syringe 

filters to remove gross contaminants and artefacts from the solution. 

For single measurements performed at 90° scattering angle and at 20°C the method of 

cumulant[21] and/or the exponential stretched method were compared to obtain 

information on the apparent hydrodynamic size and width of the size distribution.  

Further details on the instrumentation of both SLS and DLS and on the fitting methods 

are described in Appendix A.2.8. 

 

Shear viscosity measurements 

Shear viscosity measurements of CXG and XG 4%wt solutions were performed in 

rotation mode at 20 °C. Details are discussed in Appendix A.2.2. 

Due to the different viscosities of the systems, the plate-cone geometry was chosen 

for CXG 4 %wt, while for XG 4 %wt the plate-plate geometry was preferred.  

 

 

Z-potential measurements  

For ζ-potential measurements, XG, CXG, PDL, PEI and PA-H3 solutions 0.1 %wt 

solutions were prepared in MilliQ water and performed using a Malvern Nano ZS-

Series Zetasizer.  

 

Thermal analysis  

Thermal-gravimetric analysis (TGA) was conducted using a TA Instruments Q500. 

Pre-conditioned samples were analysed in a temperature range of 20−500°C at a 

heating rate of 10°C/min. For other details see Appendix A.2.4. 

Differential Scanning Calorimetry (DSC) was performed with a Perkin-Elmer 

DSC4000 calorimeter. The samples (7-10 mg) were weighed in aluminium pans and 

Scans were recorder during a heating /cooling cycle carried out in a range of 25−300

°C under nitrogen atmosphere at a heating rate of 10°C/min. A detailed description of 

the setting parameters is provided in Appendix A.2.9. 
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Biological evaluations 

Cell culture of adenocarcinomic human alveolar basal epithelial cells (A549), mouse 

embryonic fibroblasts (NIH-3T3), keratinocyte cell line (HaCat) is described in 

Appendix A.3.1. 

 

Cell viability test 

Preliminarily, cell viability was measured by MTS assay described in Appendix A.3.2. 

Different concentrations (0.5, 0.3, 0.6 and 1.25 mg/ml) of XG and CXG have been 

tested and these solutions have been seeded on a A549 monolayer in a 96-well flat-

bottom plate and incubated for 48 hours. Results were expressed as the percentage of 

MTS reduction relatively to the control.  

Other evaluations on the cytocompatibility with cells from the skin, namely 

fibroblasts (NIH-3T3) and keratinocytes (HaCat), were performed. 

Cells were seeded in a 98 well-plate at a concentration of 10*103 per well and 

incubated with 2.5 mg/ml CXG solution at 37°C in a humidified atmosphere with 5% 

CO2 and 95% air. The experiment was made in triplicate and cell monolayers were 

used as control. After 3 days of incubation cells, the medium was removed and cells 

were stained with the LIVE/DEAD® (4μM μg/ml calcein and 2 μM ethidium 

homodimer) viability/cytotoxicity kit from Thermo-Fisher Scientific. Viability was 

then qualitatively assessed using a Leica TCS SP2 Confocal and Multiphoton 

microscope.  

5.3. Results and discussion 

5.3.1. Carboxylated xyloglucan physico-chemical characterisation 

The presence of carboxyl groups after the TEMPO-catalysed regioselective oxidation 

was evaluated by FTIR spectroscopy measurements. In Fig. 5.1 the spectrum of native 

XG is compared with spectra of CXG both in dissociated (Fig. 5.1a-b) and protonated 

form (pH 7 and pH 3, respectively) (Fig. 5.1c-d).  
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XG spectra, both at neutral and acidic conditions, are characterised by the broad band 

at 3600-3200 cm-1 that refers to the stretching of the O-H bond from free and bound 

water and polymeric hydroxyl groups, also involved in hydrogen bonding. The band 

at 2925 cm-1 is attributed to the asymmetric stretching of C–H while the bands at 1150 

cm-1 and at 1050 cm-1, very common in all polysaccharides, are due to C-O and C-C 

stretching vibrations of pyranose rings.[22]  

The spectra of CXG in the fully protonated and partially deprotonated forms show 

some differences compared to the native XG. In the partially deprotonated form, CXG 

displays a peak at 1620 cm-1 attributable to the asymmetric stretching of the 

carboxylate anions. In the fully protonated form, the new peak at 1737 cm-1 is assigned 

to stretching of the carboxyl groups. [23] These are clear evidences of the successful 

derivatization of some of the XG hydroxyl groups into carboxyl groups. 

 

Fig. 5.1 FTIR spectra of XG and CXG in the 4000-2000 cm-1 (a, c) and 2000-400 cm-1 (b, d) ranges, with 

CXG in its partially dissociated (a, b) and fully protonated (c,d) forms 
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The carboxyl groups content of CXG was determined by pH-metric titration. The 

titration curves (not shown), typical of a weak acid, indicate a concentration of 

carboxyl groups of ca. 1.0 - 1.2 mmol-COOH/gCXG, corresponding to the conversion of 

about 70 ± 5% of the primary hydroxyl groups present in the polymer. 

It is expected that the presence of carboxyl groups in the oxidised xyloglucan causes 

a modification of the surface electrical charge of the polysaccharide chains in water. 

Indeed, the ζ-potential values (Tab. 5.2) of CXG dispersion measured in MilliQ water 

(at pH 6.5) are negative, while for XG were about zero. 

 

Tab. 5.2 ζ-potential values obtained in MilliQ water 

Sample pH Z Potential (mV) 

XG 6.5 0.118 ± 3.75 mV 

CXG 6.5  -21.6 ± 8.69 mV 

 

 

Furthermore, it is expected that the oxidation reaction induces a modification of the 

molecular weight distribution of the polymer. GFC chromatography of XG and CXG 

are reported in Fig. 5.2.  The CXG chromatogram is shifted towards the higher elution 

times with respect to XG, which correspond to lower molecular weights.  



 
_____________________________________________________________________________________ 

 

118 
 

 
Fig. 5.2 GFC chromatograms of XG and CXG  

 

More detailed information on the molecular weight distribution of CXG was obtained 

by comparing XG and CXG chromatograms with pullulan standards (Fig. 5.3). While 

XG shows a chromatogram overlapping pullulan standards from 2560 kDa to 400 kDa 

(Fig. 5.3a), CXG chromatogram envelops pullulan standards between 200 kDa and 

800 kDa (Fig. 5.3b). 

 
Fig. 5.3 Chromatograms of XG (a) and CXG (b) compared with pullulan standards 
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This reduction of the Mw was also confirmed by Zimm plots derived from static light 

scattering measurements at different angles, which are reported in Fig. 5.4a-b. The 

average weight molecular weights of XG and CXG resulted 1185 ± 85 kDa and 400 

± 86 kDa, respectively.  

 

Fig. 5.4 Zimm plots XG (a) and CXG (b) 

 

DLS measurements were performed at 20°C on both CXG and XG 0.1 %wt solutions. 

The stretched exponential fitting method was applied to obtain information on the 

apparent hydrodynamic size and width of the size distribution.  This fitting method 

allows to calculate the average relaxation time (τc) and the stretched coefficient (β), 

giving information on the apparent hydrodynamic size and width of the size 

distribution or changes in the interactions among the objects in solution, respectively. 

Higher τc are generally related with objects or particles with higher apparent 

hydrodynamic size, while β coefficient is comprised between 0 and 1, with smaller 

values corresponding to wider distributions.  

Decay curves of CXG and XG and parameters obtained after the fitting are reported 

in Fig. 5.5 and in Tab. 5.3, respectively. The stretched exponent β is lower for CXG 

than for XG. This could mean that CXG solution contains objects in a wider range of 

different hydrodynamic volumes (higher polydispersity), or since this parameter may 

also reflect a change in the interactions as a result of the structural and molecular 

modifications occurred upon oxidation, it can probably be interpreted as attenuation 
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of the attractive (mainly hydrophobic) interactions among polysaccharide chains 

owing to the establishment of repulsive electrostatic interactions due the presence of 

carboxylate anions. 

 

Fig. 5.5 Decay curves of functionalized XG and XG obtained by DLS measurements 

 

Tab. 5.3 Stretched exponential fitting parameters for non-functionalized xyloglucan and after oxidation 

reaction 

System τc (µsec) β 

XG 904.55 0.61 

CXG 1104.39 0.45 

 

The effect of the oxidation on the viscosity of the two polymer solutions was also 

analysed. In Fig. 5.6 shear viscosity as function of shear rate for XG 4 %wt (Fig. 5.6a) 

and CXG 4 %wt (Fig. 5.6b) aqueous solutions are reported. 
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Fig. 5.6 Shear viscosities of XG 4 %wt (a) and CXG 4 %wt (b) aqueous solutions 

 

While for XG solution the flow curve is dominated by the characteristic shear thinning 

behaviour, [24] CXG shows the typical behaviour of a Newtonian fluid with a constant 

viscosity in the whole analysed shear rate range. This result can be related to the 

decrease of the molecular weight of CXG that accompanies the oxidation reaction, 

but also to the electrostatic repulsion between the charged groups introduced in the 

polymer chains, which may limit chain entanglements.  

 

Thermogravimetric analysis on XG and CXG was performed and results are reported 

in Fig. 5.7a-b.  

As observed in Chapter 4 (paragraph 4.3.1), XG shows an extremely good thermal 

stability; the onset of thermal decomposition is at 310 °C (Tmax of DTG curve), 

followed by a steep mass loss that is almost completed at 370°C with a residual mass 

of about 34% (Fig. 5.7a). This uncommon thermal stability has been attributed to a 

“hyper-entangled” supramolecular conformation, which confers relatively high 

stiffness and local high chain packing density to the long polymer molecules.[25]  

CXG shows a significantly different degradation profile: the onset of degradation 

occurs at about 225 °C, the mass loss is very smooth and the residual mass is higher 

(Fig. 5.7a). The reduction of CXG molecular weight can be responsible of the decrease 

of onset of degradation; indeed, generally as the units in a chain increases the thermal 

stability of the polymer increases. The degradation process of CXG occurrs in a much 
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wider range of temperature, with a main peak of the DTG curve at 250°C and a long 

tail that stretches at 350°C. The Tmax of the second event is closer to the Tmax of the 

native XG. This may suggest that there is a chain-to-chain variability of the oxidation 

degree. The CXG early onset of degradation can be explained with a possible loss of 

the hyper-entagled supramolecular structure and decarboxylation.[26] 

 

Fig. 5.7 Thermo-gravimetric analysis of XG and CXG polymer powders (a) and correspondent derivative 

curves (b)  

 

The difference in the percentage of residual mass, 34% for XG and 40% for CXG,  

suggests that CXG generates a more stable degradation product. This result has been 

shown also by Freitas et al. for the carboxylation of Hymenaea courbaril xyloglucan. 

They observed a correlation between the residual mass and the level of xyloglucan 

oxidation, showing that the higher is the level of oxidation, the lower is themperature 

of the onset of degradation and the higher is the residual mass, due to increasingly 

stable products of degradation.[27] 

 

DSC thermograms of XG and CXG are reported in Fig. 5.8. Both XG and CXG show 

a broad peak between 85 °C and 100 °C. These thermic events can be related to the 

evaporation of the water retained inside the samples. Indeed, a 

heating/cooling/heating cycle between 30°C and 200°C has shown that this peak is 

not present when the samples are heated for the second time, thus confirming that is 
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attibutable to the evaporation of water. Interestingly, the evaporation of moisture is 

shifted to higher temperatures in CXG with respect to XG. Since the polymers have 

been conditioned in the same way before the analysis, this suggests that the percentage 

of “bound water” is higher for CXG than for XG, as a result of the increased 

hydrophilicity of the carboxylated polysaccharide.[28]  

 

Fig. 5.8 DSC thermogram for native xyloglucan and CXG  

5.3.2. Biological evaluation 

As already mentioned, carboxylated xyloglucan was produced for the fabrication of 

co-assembled structures to be used as scaffolds for wound regeneration. Preliminary 

cytotoxicity evaluations were performed to determine the CXG suitability for the 

application.  

MTS assay on adenocarcinomic human alveolar basal epithelial cells A549 incubated 

with CXG at 1.25 mg/ml, 0.6 mg/ml, 0.3 mg/ml and 0.15 mg/ml reveals that after 48h 

of incubation cells are 100% viable at all the tested concentrations (Fig. 5.9).  
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Fig. 5.9 Cell viability percentage of A549 cells incubated with CXG and XG at 0.15 mg/ml, 0.3 mg/ml, 

0.6 mg/ml and 1.25 mg/ml compared with a cell monolayer (CTRL) used as control 

 

This result encouraged to perform other viability tests on cells from the skin, namely 

NIH/3T3 and HaCat.  

After 3 days of in vitro cell culture, cells were stained with LIVE/DEAD® staining 

and the confocal images were recorded. Representative images are reported in Fig. 

5.10. No significant differences between the non-treated cells (control) and the cells 

incubated with CXG can be observed. The same result was obtained for all the tested 

cell types. This result, although only preliminary, encourage to proceed with the use 

of this polymer for the fabrication of skin scaffolds through co-assembly.  

 
Fig. 5.10 Confocal images of NIH/3T3 and HaCat cells incubated with 2.5 mg/ml CXG solution (dead-

red; live-green) 
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5.3.3. Preliminary study on interactions between CXG and polycations 

through DLS 

In the perspective of using CXG to prepare scaffolds through co-assembly with 

oppositely charged molecules, a preliminary study of its ability to interact with 

positively charge polyelectrolytes was performed.  

Molecules chosen for this study are poly-D-lysine and poly(ethylenimine) and peptide 

amphiphile. These three molecules were chosen as representatives of possible 

different co-assembly scenarios. Indeed, PDL is a linear macromolecule with a 

relatively high molecular weight, PEI is a small and branched molecule and a peptide 

amphiphile sequence (PA-H3) that is a small molecule that self-assemble in 

nanofibers (diameter around 6-8 nm) characterised by a marked surface charge 

density. The latter will be presented in detail in the following chapter (Chapter 6).  

Their ζ-potentials values are reported in Tab. 5.4, together with the value of CXG. 

 

Tab. 5.4 ζ-potential values of CXG, PDL, PEI and PA-H3 in MilliQ water 

Molecule pH ζ potential (mV) 

CXG 6.5  -21.6 ± 8.69  

Poly-D-Lysine (PDL) 6 +62.4 ± 4.88 

Poly(ethylenimine) (PEI) 6.5 +19.5 ± 2 

Peptide amphiphile (PA-H3) 5 +46.0 ± 1.45 

 

Dynamic light scattering (DLS) analysis of CXG solution (0.1 %wt) with small 

quantities of the various polycationic molecules was carried out to investigate if 

conformational changes and/or aggregation phenomena occur.  

The scattered light intensity decay curves of CXG in presence of polycations are 

reported in Fig. 5.11, 5.12 and 5.13. All the curves were fitted according to the 

stretched exponential method and when possible also with cumulant method to 
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determine the apparent average hydrodynamic diameter (Dh) of the objects in solution 

and the polydispersity index (PI).  

Hence, a comparison among CXG, PDL and their mixtures at different weight ratios 

is reported in Fig. 5.11a and parameters obtained from the fitting of the decay curves 

are reported in Tab. 5.5. PDL solution has a lower average relaxation time and a higher 

stretched exponential with respect to CXG. These parameters correspond to a system, 

containing smaller objects and in a narrower range of hydrodynamic volumes. In 

particular, it was possible to calculate the hydrodynamic diameter of these objects 

with cumulant fitting and it resulted of about 151 nm with a PI equal to 0.34 (see Tab. 

5.5). 

The addition of a small amount of PDL to a CXG solution causes a significant change 

of the decay curve of CXG. In particular, stretched exponential fitting of CXG/PDL 

100:1 system shows that there is a significant increase of the average relaxation time 

of the binary system compared to the precursors solutions of CXG and PDL (values 

reported in Tab. 5.5). This change can be attributed to the interactions between the 

two molecules which lead to the formation of objects in solution, having an apparent 

hydrodynamic diameter of about 511 nm. A further addition of PDL (CXG/PDL 50:1) 

provokes an increase of both τc and β which can be translated into a decrease of the 

heterogeneity of the objects in solutions with respect to the system with weight ratio 

100:1, having also a smaller Dh of about 469 nm. Furthermore, it was observed that a 

further increase of PDL content to 25:1 weight ratio seems to follow the same trend 

(decay curve not shown). However, it was believed that the observed decrease of the 

hydrodynamic size of objects in solution was actually related with the phenomenon 

of multiple scattering. This phenomenon is characteristic of larger particles systems 

with high refractive index contrast in which photons are scattered multiple times by 

the sample before to being detected. This hypothesis was confirmed by the 

observation that a further increase of PDL content (10:1 weight ratio) causes the 
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formation of dense aggregates visible with naked eyes, making the solution opalescent 

and thus not suitable for DLS analysis. 

The same study was repeated using the neutral XG (ζ-potential= 0.118 ± 3.75 mV) at 

the place of CXG and decay curves are reported in Fig. 5.12b. All the XG/PDL 

systems analysed shown similar decay curve with no significant variation of the β 

coefficient with respect to XG, while it was registered a slight increase of τc probably 

due to the sum of the scattering of the two separate molecules rather than to 

interactions between the two components. 

This result suggests that the interactions between CXG and PDL are mainly 

electrostatic, confirming the importance of introducing carboxyl groups into XG 

polymer chain in order to promote assembly with oppositely charged molecules. 

Fig. 5.11 Decay curves obtained by DLS measurements of CXG/PDL (a) and XG/PDL systems (b) 
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Tab. 5.5 Fitting parameters of the decay curves reported in Fig. 5.12; “n.a” = fitting method non-

applicable  

System  τc β Dh (nm) PI 

CXG  1104.39 0.44 n.a. n.a. 

XG 904.55 0.61 n.a. n.a. 

PDL  866.96 0.88 151.58 ± 44.2 0.34 

CXG/PDL 100:1 2109.42 0.81 511.16 ± 193.0 0.57 

CXG/PDL 50:1 2696.15 0.88 461.71 ± 179.3 0.5 

XG/PDL 100:1 1562.64 0.61 n.a. n.a. 

XG/PDL 50:1 1470.56 0.63 n.a. n.a. 

XG/PDL 25:1 1592.73 0.64 n.a. n.a. 

 

Once established the importance of electrostatic interactions, it was decided to study 

how these CXG/PDL aggregates formed in solution are modified or perturbed by 

changing the pH that, modifying the protonation/deprotonation equilibria, strictly 

affect the surface charge of molecules. 

Hence, for this study, increasing amounts of HCl were added to CXG/PDL 50:1 and 

decay curves of the resulting systems are reported in Fig. 5.12a.  

Very small amount of HCl (1mM) do not cause any change in the system. While, 

increasing 10 times the concentration of HCl (10 mM), CXG/PDL system shows 

significant increase of the average relaxation time and a drastic decrease of the β 

coefficient (see Tab 5.6). Both these two parameters progressively decrease with 

further addition of HCl (15mM and 20 mM, respectively). 

These results should indicate that the acidification (final pH with HCl 20 mM =2-3) 

cause the protonation of CXG, which lead to a decrease of the negative charges 

carboxyl groups with a subsequent weakening of electrostatic interactions with PDL. 

In particular, it is hypothesized that the objects formed by CXG and PDL are not 

affected by the small addition of HCl (1mM), while after the addition of HCl (10 mM) 

these objects start to disassemble, resulting in an increase of the hydrodynamic 

dimensions. The disassembly results then more evident after the addition of HCl 15 
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mM and 20 mM, having a decay curve that is intermediate between those of precursors 

molecules (Fig. 5.12b). 

 

 

Fig. 5.12 Decay curves obtained by DLS measurements of CXG/PDL system with increasing amount of 

HCl (1 mM, 10 mM, 15 mM and 20 mM) (a) and the comparison between CXG/PDL system with HCl 20 

mM (pH 2-3) 

 

Tab. 5.6 Fitting parameters of the decay curves reported in Fig. 5.13 

System τc β Dh (nm) PI 

CXG/PDL 50:1 1247.55 0.95 254.89  ± 57.58 0.20 

CXG/PDL 50:1+HCl (1 mM) 1289.78 0.93 254.89  ± 57.58 0.20 

CXG/PDL 50:1+HCl (10 mM) 2482.09 0.68 n.a. n.a. 

CXG/PDL 50:1+HCl (15 mM) 1929.81 0.66 n.a. n.a. 

CXG/PDL 50:1+HCl (20 mM) 1234.54 0.61 n.a. n.a. 

 

A similar investigation was performed using polyethilenimine (PEI, MW= 800 Da) as 

polycation with a significantly lower molecular weight with respect to PDL (MW = 

150-300 kDa). 

Decay curves of CXG/PEI systems and the corresponding fitting parameters are 

reported in Fig. 5.13 and Tab. 5.7, respectively. DLS measurement of PEI is not shown 

because at the investigated concentrations it does not produce any scattered light due 

to its low molecular weight.  
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The addition of PEI to CXG solution causes a significant decrease of the average 

relaxation time accompanied by an increase of stretched coefficient with respect to 

CXG solution, corresponding to a decrease of the heterogeneity (or polydispersity) of 

the system. 

The comparison among all the investigated CXG/PEI weigh ratios, reveals that 

increasing the content of PEI in the system, causes a slight increase of τc (not 

significant) as well as an increase of β, corresponding to objects in a narrower range 

of hydrodynamic sizes. In particular, hydrodynamic diameters of objects formed by 

CXG/PEI 50:1 and 25:1 are very similar, and they were estimated of about 108 nm 

and 105 nm, respectively.  

 

Fig. 5.13 Decay curves obtained by DLS measurements of CXG/PEI systems 

 

Tab. 5.7 Fitting parameters of the decay curves reported in Fig. 5.14 

System τc β Dh (nm) PI 

CXG  1104.39 0.44 n.a. n.a. 

CXG/PEI 100:1 536.22 0.75 n.a. n.a. 

CXG/PEI 50:1 541.38 0.88 108.3 ± 38.5  0.50 

CXG/PEI 25:1 572,60 0,88 105.8 ± 38.8 0.54 
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Finally, interactions between CXG and peptide amphiphile PA-H3 were studied. 

Decay curves of CXG, PA-H3 and CXG/PA-H3 system are reported in Fig. 5.14. PA-

H3 is characterised by a low average relaxation time and a high stretched exponential 

that are related with a system containing objects in a narrow range of different 

hydrodynamic volumes (low polydispersity). In particular, the estimated apparent 

hydrodynamic diameter of PA-H3 assembled objects is of about 89 nm (see Tab. 5.8). 

The addition of a small amount of PA-H3 to CXG solution (CXG/PA-H3 100:1 

weight ratio) provokes a very significant increase of the τc and an increase of β with 

respect to both CXG and PA-H3 (fitting parameters reported in Tab. 5.8) as effect of 

the interactions between CXG and the peptide amphiphile. The further increase of 

PA-H3 content (50:1 weight ratio) in the system causes the formation of an opalescent 

dispersion that was not analysable through DLS. 

 

Fig. 5.14 Decay curves obtained by DLS of CXG/PA-H3 system 
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System τc β Dh (nm) PI 

CXG  1104.39 0.44 n.a. n.a. 

PA-H3 459.47 0.88 83.9 ± 29.6 0.49 

CXG/PA-H3 100:1 14,970.5 0.68 n.a. n.a. 

 

 

A comparison among all the analysed systems having the same CXG/polycation 

weight ratios (100:1) is provided in Fig. 5.15.  

The three molecules PDL, PEI and PA-H3, due to their diverse molecular structures, 

molecular weights and assembly in solution, interact with CXG in a different way. 

From decay curves in Fig. 5.15, it is possible to argue that the interaction of CXG with 

the small and branched molecule of PEI form the smallest objects, followed by objects 

formed by CXG and PDL that have a bigger apparent hydrodynamic dimension and 

by the very big objects formed by CXG and PA-H3.  

 

 

Fig. 5.15 Comparison of decay curves obtained by DLS of CXG/PDL, CXG/PEI and CXG/PA-H3 

systems at 100:1 weight ratio  
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It is possible to hypothesize that PEI as small molecule can favour intramolecular 

“ionic crosslinking” points in CXG chains, resulting in very small objects. While PDL 

is a bigger linear molecule with a certain degree of flexibility and it can interpose 

between CXG chains inter- and intra-molecularly promoting a sort of “suture-line 

crosslinking” of CXG chains. On the other hand, the assembly of PA-H3 molecules 

in nanofibers exposing their multiple positive charges on their 3D nanostructure, can 

allow the “crosslinking” of more than two molecules on their surface resulting in 

significantly bigger objects. A pictorial representation of this hypothetic mechanism 

of interaction between CXG and the various polycations is presented in Fig. 5.16. 

 

 

 

 

Fig. 5.16 Pictorial representation of the interactions between CXG and PEI, PDL or PA-H3 (all drawings 

are not in scale) 

5.4. Conclusions  

The overall results shown in this chapter demonstrate that xyloglucan extracted from 

Tamarind seeds was effectively carboxylated by the TEMPO-mediated oxidation 

reaction. It was found that after oxidation the molecular weight of CXG was 

significantly decreased and that properties, such as water solubility and thermal 
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stability, have been also altered resulting in an increase of solubility in water and a 

lowered thermal stability. Furthermore, the overall surface electrical charge of CXG 

chains in water resulted negative. CXG resulted non cytotoxic towards two different 

cell types, therefore suitable for the assembly of hybrid polymer matrices for tissue 

engineering. Preliminary study of the interactions between the negatively charged 

CXG and positively charged molecules (PEI, PDL and PA-H3) revealed the 

importance of electrostatic interactions for the formation of objects in solution in sub-

micron scale of CXG and polycations. The interactions of CXG with these molecules 

was shown strongly affected by the nature of the polycation used. In particular, these 

results suggest that CXG is able to interact with oppositely charged small or macro-

molecules as well as with self-assembled structures as the peptide amphiphile 

nanofibers.  
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6. Carboxylated xyloglucan-peptide amphiphile co-assembled scaffolds for 

wound healing  

6.1. Introduction and aim 

The term self-assembly refers to a spontaneous phenomenon that literary means ‘to 

put together or build’ (assembly) ‘without outside help or on its own’ (self). [1] Self-

assembly of single molecules into supramolecular structures is driven by non-

covalent interactions, namely hydrogen bonds, ionic bonds, hydrophobic 

interactions, van der Waals interactions, and water-mediated hydrogen bonds. These 

interactions can be relatively weak in isolation, but, when combined together, they 

give rise to very stable constructs.[2]   

The simplest self-assembly systems are nano-sized materials composed of small 

molecules aggregated through short range interactions into supramolecular objects 

such as clusters of molecules,[3] ribbons,[4] tubes,[5] helices.[6]  

More complex systems, as observed in biology, achieve higher levels of self-

organization and form hierarchical structures. Indeed, biopolymers such as 

polypeptides, nucleic acids and polysaccharides are all capable to self-associate in 

structures of different levels of complexity.[7] 

Self-assembly can be either static or dynamic. Static self-assembly involves systems 

that reach a global or local equilibrium state, like molecular crystals or folded 

proteins, and do not dissipate energy. In this case, the formation of the ordered 

structure may require energy at the beginning, but once the structure is formed, it 

remains stable. In dynamic self-assembly building blocks operate far from 

equilibrium and the interactions responsible for the formation of structures or 

patterns between components only occur if the system is dissipating energy. Any 

living organism is a perfect example of dynamic self-assembly.[8] 

Co-assembly is a specific self-assembly mechanism that can be either static or 

dynamic and that occurs when different building blocks assemble simultaneously, 

leading to a synergic architecture, that could not be achieved by the isolated self-



 
_____________________________________________________________________________________ 

 

140 
 

assembly of either building block. Co-assembly offers the opportunity to incorporate 

multiple relevant molecules while generating new properties that go beyond the 

individual components and in particular the formation of novel hybrid materials 

exhibiting new architectures, higher and tunable mechanical properties, higher 

stability, and improved bio-functionality.[1] 

 

Supramolecular self-assembly has gained in the last two decades increasing interest 

as powerful approach for fabricating novel supramolecular architectures for 

regenerative medicine, such as non-invasive, injectable scaffolds that are 

functionalised to be bioactive or used as delivery vehicle for cell therapies.[9,10] 

A broad range of self-assembling systems have been explored as biomaterials for 

the fabrication of those scaffolds, either for healing existing damaged tissues in the 

body or to provide a favourable environment for externally transplanted components 

like stem cells.[11–13]  

The use of biological components (i.e. peptides, proteins, polysaccharides) for self-

assembly offers the additional benefit of high compatibility and low cellular toxicity, 

and are usually biodegradable and easily cleared from the body, allowing for 

“traceless” scaffolds.[2] However, the use of natural components for the fabrication 

of self-assembly materials has been hampered by the difficulty in controlling their 

conformation and nanoscale assembly with the precision required to form well-

organized constructs with predictable structure and properties. This limitation has 

driven the development of simpler and more predictable peptide-based molecules 

such as peptide amphiphile (PA).[12] 

 

PA molecules are naturally inspired and generally composed of four key structural 

features: (i) the first segment is a hydrophobic domain, typically consists of a long, 

traditionally saturated, alkyl tail; (ii) a second segment, immediately adjacent to the 

tail, consists of a short peptide sequence that promotes hydrogen bonding and the 

formation of intermolecular β-sheets secondary structures; (iii) a third segment 
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typically contains acidic or basic amino acids to provide charge and enhance 

solubility in water; and (iv) the fourth optional segment at the terminus opposite the 

hydrophobic tail is used to integrate within the molecule a bioactive signal, which 

may consist of an epitope to interact with cell receptors, a segment that binds 

proteins or biomolecules, or a pharmacological agent.[7,14]  

The mechanism of PA self-assembly has been attributed to at least three energy 

contributions: hydrophobic interactions of the alkyl tails, hydrogen bonding among 

the middle peptide segments, and electrostatic repulsions between the charged 

amino acids. The first two are attractive forces that tend to promote the aggregation 

of PA molecules, whereas electrostatic repulsions from the charged components 

favour disassociation of PA molecules. The final assembly into high aspect ratio 

nanofibers reflects a delicate balance of each of these energy contributions (Fig. 

6.1).[15] 

 

 
Fig. 6.1 Schematic representation of a peptide amphiphile (PA) molecule (a) and its assembly in 

nanofiber (b); figure adapted from Stupp et al.[7] 

 

A canonical PA nanofiber is 6–12 nm in diameter depending on the PA sequence 

and up to several microns in length. Typical PA nanofibers are highly charged, 

which helps with solubility in water. Screening of PA nanofibers charges with ions, 

primarily divalent or higher valency, or reducing charge density through changes in 

pH results in the formation of viscous liquids or gels.[16]  

When the bioactive epitope is incorporated in PA molecule, a useful strategy to 

guarantee spacing of epitopes for optimal recognition by proteins or receptors is the 
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mixing of an epitope-presenting PA with a shorter PA without the epitope, used as 

diluent molecule, which would allow the bioactive signal to be displayed protruding 

from the fibre surface. Such a strategy has been used to optimize RGDS epitope 

spacing and maximize cell adhesion to PA nanofibers.[11] 

 

PAs can easily interact with several biologically active molecules, such as 

polyelectrolytes or proteins, thus enabling the design of well-defined and 

hierarchically ordered self-assembled structures exhibiting multifunctionalities. 

[15] The range of molecules used in co-assembly with PAs includes both 

proteins[17] and polysaccharides.[18–20] In particular, hyaluronic acid (HA) has 

been the most widely used polysaccharide to co-assemble with PAs.[13,18,21] This 

polysaccharide was shown able to co-assemble with PA in a broad range of different 

structures, such as sacs or membranes addressed to tissue engineering applications. 

[13] Co-assembled systems including PA can be also addressed to skin regeneration. 

For instance, co-assembled 2D membranes incorporating HA as a structural 

component of the skin extracellular matrix (ECM), and peptide amphiphiles 

presenting RGDS as biochemical signals to promote cell adhesion, have been 

proposed to mimic the skin tissue microenvironment.[22] 

More recently, also alginate (Alg) has been reported to co-assemble with PAs and 

in particular to form multi-layered biomaterials for cell culture[19] and core-shell 

microparticles as targeted drug delivery system.[20] 

In all the above mentioned reports it has been demonstrated that strong electrostatic 

interactions are the driving force of the co-assembly in interfacial systems.[17,23] 

  

In this work, electrostatic interactions between functionalised XG variant (described 

in Chapter 5) and various peptide amphiphile molecules were exploited to obtain 

co-assembled hydrogels with the desired morphology. 

In particular, co-assembly was aimed to the development of xyloglucan-based 

fibrous scaffolds for wound healing applications.  
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The fibrous microstructure is considered particularly interesting in the design of 

wound healing scaffolds, because of its efficiency to promote nutrients exchange 

and metabolic waste elimination.[24]  

To achieve this goal, the ideal conditions for the co-assembly of these two building 

blocks were investigated. A PA sequence that co-assemble with CXG was identified 

among a selection of PA molecules synthesized for the scope.  

Interactions between the two building blocks were characterized through different 

techniques (i.e. circular dichroism spectroscopy, IR spectroscopy, dynamic 

mechanical analysis, transmission and scanning electron microscopy,). 

Biological in vitro evaluations were performed in order to evaluate the suitability of 

the co-assembled gel for tissue engineering applications, with a specific focus on 

wound healing.  

Preliminary in vivo wound closure experiments using wild-type mouse model were 

performed in order to assess an eventual enhancement of the wound healing process. 

Because biological processes associated with wound healing are not fully clarified, 

the treatment of chronic wounds may require additional biological signals that 

should instruct cells to regenerate the tissue.[25] 

For this reason, the incorporation of a bioactive epitope to the selected PA molecule 

that co-assemble with CXG is the ultimate goal in order to add bioactivity to the 

obtained scaffold.  

QHREDGS peptide sequence was chosen as bioactive epitope suitable for wound 

healing. This sequence is an integrin-binding sequence from angiopoietin-1 and it 

has been reported to have effect on the treatment of chronic wound.[26] This epitope  

has also been extensively investigated for other regeneration medicine purposes 

such as angiogenesis, osteoblast differentiation, and for the treatment of myocardial 

infarction.[27,28] The effect of QHREDGS peptide in wound healing was to 

promoted keratinocyte adhesion and collective migration in vitro, as well as effect 

against H2O2 stress which is generally present in the wound site. Radisic et al. also 

tested the QHREDGS peptide immobilized to a chitosan–collagen hydrogel in vivo 
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on diabetic mice, reporting that the diabetic wound healing was accelerated by 

enhanced re-epithelialization and granulation tissue formation in presence of this 

small peptide.[26] 

For this reason, a variant of the selected PA sequence including QHREDGS 

bioactive epitope to enhance wound healing in chronic wounds was synthesised and 

preliminarily characterised for its future incorporation in CXG/PA systems. 

 

6.2. Materials and methods 
 

6.2.1. Materials 

Xyloglucan (XG) was purchased from Megazyme International (Ireland) (see 

Appendix A.4.1). 

All the Fmoc-protected amino acids and rink amide resin were purchased from 

Novabiochem (USA). 1-Hydroxybenzotriazole hydrate (HOBT) and N,N′-

diisopropylcarbodiimide (DIC) from Sigma Aldrich. Polydimethylsiloxane (PDMS) 

was prepared using SYLGARD® 184 kit from Sigma-Aldrich (see Appendix A.1.4). 

6.2.2. Methods 

Precursors of synthesis 

Carboxylated-XG (CXG) was synthesized as described in Appendix A.1.2 and 

discussed in Chapter 5.    

Peptide amphiphiles (PA) sequences synthesized and used in this study are reported 

in Tab. 6.1.  
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Tab. 6.1 PA sequences synthetized and tested for the co-assembly with CXG 

 Nomenclature Sequence 

Positively 
Charged 

PA-K2 C
16

-(Val)
3  

Ala)
3
(Lys)

2
 

PA-K3 C
16

-(Val)
3 
(Ala)

3
(Lys)

3
 

PA-K4 C
16

-(Val)
3 
(Ala)

3
(Lys)

4
 

PA-H2 C
16

-(Val)
3 
(Ala)

3
(His)

2
 

PA-H3 C
16

-(Val)
3 (Ala)

3 
(His)

3
 

PA-H3bio C16-(Val)3(Ala)3(His)3(Gly)3(Arg)(Glu)(Asp)(Gly)(Ser) 

Negatively 
Charged 

PA-E3 C
16

-(Val)
3(
Ala)

3
(Glu)

2
 

 

 

All PA were synthesized by solid-phase peptide synthesis using standard fluoren-9-

ylmethoxycarbonyl (Fmoc) chemistry on rink amide resin and purified using a 

preparative HPLC with an acetonitrile/water gradient containing 0.1%vol of 

trifluoroacetic acid. The PAs used for this work have a degree of purity of about 

98%wt. Synthesis and purification procedures are described in detail in Appendix A. 

1.3. 

Molecular structures of two representative PA sequences among the ones tested are 

reported in Fig. 6.2 and in particular they are PA-K3 (Fig. 6.2a) and PA-H3 (Fig. 

6.2b). 
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Fig. 6.2 Molecular structure of PA-K3 (a) and PA-H3 (b) as representative peptide amphiphile sequences 

among the ones synthesised and used in this chapter 

 

Gel preparation 

For a preliminary screening carboxy-xyloglucan (CXG) gels with all the PA 

sequences reported in Tab. 6.1 were prepared starting from CXG and PA solutions at 

1 %wt in isotonic HEPES buffer. 

The gels were obtained by injection of PA solution into CXG solution deposited on 

PDMS coated surface (see Appendix A.1.4) and were equilibrated at 28 ºC and 

relative humidity (RH) 38% for 24h. 

Gels with the selected PA (PA-H3) were prepared starting from CXG and PA 

solutions at 1 %wt in isotonic HEPES buffer and using the same method of injection 

of PA-H3 into CXG solution on PDMS coated surface. CXG and PA-H3 solutions in 

HEPES buffer were at pH 8 and 4.5, respectively. For the characterisations, different 

variants of gels were prepared at different volume ratios between CXG and PA-H3 

solutions both at 1 %wt, namely CXG/PA-H3 = 1:1, 2:1, 3:1 and 5:1 (also named in 

this chapter CXG_PA-H3 1:1, CXG_PA-H3 2:1, CXG_PA-H3 3:1 and CXG_PA-H3 

5:1). Compositions of the gels that were used in this work are reported in Tab. 6.2. 
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Final concentration of the solid content is equal for all the samples (1 %wt), and 

weights ratios of CXG and PA-H3 are 1:1, 2:1, 3:1 and 5:1. The gel formation was 

visually captured using a Leica MZ 12-5 microscope (10x).  

 

Tab. 6.2 composition of CXG/PA-H3 gels 

Sample CXG %wt PA-H3 %wt 
Solid content 

%wt in the gel 

CXG_PA-H3 1:1 0.5 %wt 0.5 %wt        1 %wt 

CXG_PA-H3 2:1 0.66 %wt 0.33 %wt 1 %wt 

CXG_PA-H3 3:1 0.75 %wt 0.25 %wt 1 %wt 

CXG_PA-H3 5:1 0.83 %wt 0.16 %wt 1 %wt 

 

ζ-Potential 

ζ-potential measurements of CXG and PA-H3 0.01 %wt solutions, were performed in 

MilliQ water at pH from 4 to 8 (adjusted by addition of small volumes of NaOH (1M) 

or HCl (1M)) and at a temperature of 20 °C. Results were averaged on three 

measurements. Details on the instrumentation used are discussed in Appendix A.2.10. 

 

CD spectroscopy 

CXG and PA-H3 solutions for CD analysis were prepared in isotonic 10mM HEPES 

buffer at 0.01 %wt. Mixtures were prepared mixing CXG and PA-H3 0.01 %wt 

HEPES solutions at different volume ratios 1:1, 2:1, 3:1 and 5:1, so that the systems 

reflect the composition in the gels but 100 times more diluted. 

These mixtures were incubated 15 min before the measurement. Spectra were 

acquired in a range of wavelengths between 190-260 nm with a step size of 0.5 nm. 

Absorbance values of all the samples in the investigated range of wavelengths were 

all assessed below 1.  Other details are discussed in Appendix A.2.11.  
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Fourier-Transform Infrared (FTIR) spectroscopy 

For the FTIR measurements, CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels were washed 

with MilliQ water, frozen in liquid nitrogen and freeze-dried. The freeze-dried gels 

were then mashed and diluted to about 2 %wt concentration in dehydrated KBr for 

the preparation of the tablets (see Appendix A.2.3). 

 

Transmission electron microscopy (TEM) 

Precursors solutions of CXG, PA-H3, hyaluronic acid (HA) and PA-E3 used to 

prepared TEM samples were all prepared at 0.05 %wt in isotonic 10mM HEPES and 

mixed at different volume ratios: i.e. CXG_PA-H3 at 1:1, 2:1, 3:1 and 5:1, HA_PA-

H3 at 3:1, and CXG_PA-E3 at 1:1. Preparation of the samples grids for TEM is 

discussed in Appendix A.2.12.  

 

Scanning electron microscopy (SEM) 

Pre-formed CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels were washed with MilliQ water to 

remove salts, frozen in liquid nitrogen and freeze-dried. Samples were coated with a 

gold layer before to image fracture surface morphologies of the gels. Other details are 

described in Appendix A.2.5. 

 

Rheology 

A TA Instruments AR-G2 rheometer was used to perform the measurements on all 

the pre-formed CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels. A parallel plate geometry with 

8 mm diameter was used for all measurements. The gels were placed carefully in the 

headspace with a spatula, and the geometry was then lowered to the pre-set 250 µm 

gap. Oscillatory frequency sweeps were performed in a range of angular frequencies 

between 1 and 100 rad/sec, using a fixed strain of 0.5 % and at 25 °C. The strain value 

was chosen within the linear viscoelastic region of the systems, previously determined 

by strain sweep tests performed at 1 Hz frequency. A gel of PA-H3 in PBS with the 

same solid content of the gels was used for comparison. 
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Compression test  

CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels, were used for the compression tests (Instron 

5967 Tensile & Compression tester). The tests were carried out in culture media. A 

preload of 0.0005 N was used to contact the sample and determine the gauge length. 

The samples were compressed to 20 % strain at 1% per second and then held for 120 

s. Videos of the compression test were used to obtain the gel area. The gel shape was 

approximated to a sphere. 1 %wt agarose sphere gels were used for comparison. A gel 

pf PA-H3 in PBS with the same solid content of the gels was used for comparison. 

Compression moduli reported are averaged on 8 measurements per type of sample. 

 

Biological assessment 

Cell culture description is provided in Appendix A.3.1. 

 

Cell viability 

For cell viability on top of gels, HaCat cells were seeded on the gels (10*103 cells, 96 

well plate). After seeding, the samples were put under agitation for 30 min at 200 rpm 

and then maintained in a humidified 5% CO2 atmosphere at 37 °C for a maximum 

period of 7 days. After 2 and 7 days, respectively, cells were stained with 

LIVE/DEAD ® ThermoFisher assay (see Appendix A.3.3) for 30 minutes before 

analysis with a confocal microscope Confocal Laser Scanning Microscope (CLSM) 

(Leica Laser Scanning Confocal TCS SP2). 

 

Cells encapsulation 

For encapsulation of HaCat within CXG_PA-H3 gels, cells were suspended in a 1 

%wt PA-H3 solution. Gels were rapidly formed in a 96-well plate by injection of PA-

H3 solution containing 10*103 cells into 1%wt CXG solution to form the gels. After 

10 minutes, complete medium was added onto the gels. The constructs were 

maintained at 37 °C under 5 % CO2 for 7 days with medium changes every two days. 

The cells were stained with LIVE/DEAD® staining (see Appendix A.3.3) after 2 and 
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7 days of culture, as described previously, and incubated for 30 min before the 

confocal analysis using a Confocal Laser Scanning Microscope (CLSM) (Leica Laser 

Scanning Confocal TCS SP2).  

 

Cells attachment 

For the cell attachment assay, HaCat cells were seeded in serum-free medium on top 

of the gels. After seeding, the samples were put under agitation for 30 min at 100 rpm 

at 37 °C and then maintained in static condition in a humidified 5% CO2 atmosphere 

at 37 °C for 4h in serum free medium in order to allow cell attachment on gels surfaces 

without the influence of the proteins present on the serum. After 4h, serum-free 

medium was replaced with fresh complete medium. Samples were maintained in static 

condition in a humidified 5% CO2 atmosphere at 37 °C ± 0.1 °C for 24h. Cells were 

then fixed using a 4 %wt paraformaldehyde (PFA) solution for 1h at room 

temperature. Samples were washed after fixation three times with PBS and stored in 

PBS at 4 °C until analysis. Before confocal analysis, samples were treated with DAPI 

at a 1/1000 dilution (nuclei staining) and with phalloidin 555 at a 1/1000 dilution 

(cytoskeleton staining). Details of the staining protocol are reported in Appendix 

A.3.4. Images of the cells were then acquired using a Confocal Laser Scanning 

Microscope (CLSM) (Leica Laser Scanning Confocal TCS SP2). 

 

Scratch test 

Effect of gels on HaCat cell migration was investigated by forming a scratch on a 

monolayer of cells. For this test, HaCat cells were marked with CM-Dil cell tracker 

(ThermoFisher sci.). Cells were incubated for 15 min with the cell tracker at a 

concentration of 4µM before trypsinisation. HaCat monolayers were then grown at 

30*103 cells/cm² and incubated until 98% confluence was reached. Complete medium 

was discarded, and cells were washed with HBSS solution (ThermoFisher sci.). A 

defined area was scratched with a pipette tip through the monolayer and the detached 

cells were gently washed away again with HBSS solution. Gels were carefully placed 
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on top of the scratch and gently pressed to have a good contact with the scratched 

area. Either complete medium or serum-free medium were then added. Monolayers 

were treated or not with 5µg/mL mitomycin C to inhibit the closure of the monolayer 

as a result of proliferation. 

The images of the scratched area a t0 i.e. scratched area before the placement of gels 

and at t24h were acquired using Confocal Laser Scanning Microscope (CLSM) (Leica 

Laser Scanning Confocal TCS SP2). The size of the scratched area was calculated 

using ImageJ software (http://imagej.nih.gov/ij) (NIH, USA). Percentage of closure 

was estimated as described in Appendix A.3.5. 

 

In vivo wound closure 

Ten-week-old male CD1 mice were anesthetized by isofluorane inhalation, and the 

dorsal skin was shaved and sterilized with an alcohol swab.  Two full-thickness 

circular 5 mm biopsy punch excisions (surface area of 19.63 mm2) were made using 

a biopsy punch.  The wounds were made approximately 1 cm apart on the dorsum of 

mice and left to heal by secondary intention.  Wounds were left untreated or had a 

hydrogel added to the wound bed.  The hydrogels were UV irradiated prior to 

application. The wounds were covered by Tegaderm (3M) transparent wound 

dressing, which was secured at the edges by Vetbond Tissue Adhesive (3M).  Mice 

received a single intramuscular injection of analgesic immediately following surgery.  

Following the surgery, mice were housed individually with access to food and water 

ad libitum.  Wounds were collected at day eight post-wounding. The horizontal and 

vertical diameters of the wounds were measured to permit calculation of the wound 

area.  Wounds were excised and bisected using a scalpel.  Half of each wound was 

snap frozen in liquid nitrogen and the other half was fixed in 10% Neutral Buffered 

Formalin for 24 hours followed by storage in 70% ethanol to permit histological 

analysis at a later time point. Other in-depth information are provided in Appendix 

A.3.6. 
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6.3. Results and discussion 

6.3.1. Gel formation and characterisations 

Peptide amphiphiles (PA) and carboxy-xyloglucan (CXG) were used as building 

blocks for the formation of co-assembled fibrous networks to be evaluated as scaffolds 

for wound healing applications. 

A modified version of xyloglucan has been obtained through a TEMPO-mediated 

oxidation reaction in order to insert carboxyl groups in the polymer chain as ionisable 

functional groups that can promote electrostatic interactions with oppositely charged 

molecules. The XG carboxylation reaction and the properties of CXG have been 

already discussed in Chapter 5.  

The PA molecule suitable to co-assemble with CXG was chosen among a range of 

different sequences, all characterised by three features: (i) the hydrophobic palmitoil 

tail, (ii) the β-sheet forming motif (-(Val)3(Ala)3-), and (iii) an ionisable amino acid 

sequence. In particular, the sequences tested have the same palmitoil tail and the β-

sheet forming sequence and differ for the ionisable amino acid sequence. They were 

combined with CXG and incubated for 24h. HEPES buffer was chosen for the 

preparation of the CXG and PA precursors solutions, because it is a cell-friendly 

buffer that does not induce gelation of PAs. 

ζ-potentials in HEPES buffer of the tested PA sequences are reported in Tab. 6.3. 
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Tab. 6.3 ζ-potentials values of the tested PA sequences in HEPES buffer at pH 7.4 

Name ζ potential (mV) 

PA-K2 +38,12 ± 1,36 

PA-K3 +34,77 ± 0,75 

PA-K4 +35,62 ± 1,10 

PA-H2 +8,8 ± 1,36 

PA-H3 +15,9 ± 0,48 

PA-E3 -29,94 ± 0,84 

 

The selection of the suitable PA sequence as well as of the method to co-assemble 

CXG and PA were made on the basis of the visual assessment of structural integrity, 

uniformity and resilience of the obtained gels. 

 

To establish a reproducible method of co-assembly, different methodologies were 

tried: (i) side-by-side contact of the CXG and PA solutions; (ii) dropping PA solution 

on top of the CXG solution or vice versa; and (iii) injecting the PA solution inside 

CXG solution and vice versa (Fig. 6.3). The first method leads to a membrane-like 

structure at the interface between the two components but not very uniform, while the 

second method leads to the formation of a donut-like structure. The third method leads 

to a uniform sphere-like gel, that is a preferred shape for this study.  

Furthermore, it was observed that the formation of gels obtained by injection of PA 

inside CXG was much more reproducible than the injection of CXG inside PA and 

thus this approach was adopted for this work. 
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Fig. 6.3 Schematic representation of different co-assembly methodologies and pictures of the 

corresponding representative gel structures: side-by-side contact of the two solutions (a, a’); one solution 

drop above the other (b, b’); injection of one solution drop inside the other (c, c’) 

 

The chosen method of co-assembly was employed for the identification of the most 

suitable PA sequence, among all the sequences reported in Tab. 6.1, that co-assemble 

with CXG forming uniform and resilient constructs. Pictures of the obtained CXG/PA 

systems are reported in Fig. 6.4. 

As expected, the use of the negatively charged PA-E3 reveals no visible interaction 

with CXG (Fig. 6.4a). All the positively charged PAs result in opaque constructs, 

more or less dense depending on the PA sequence used (Fig. 6.4b-f). In particular, 

both PA-H2 (Fig. 6.4e) and PA-H3 (Fig. 6.4f) form compact constructs, that are more 

uniform and resilient for PA-H3. For this reason, PA-H3 was selected for further 

characterisations. 
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Fig. 6.4 Microscopy images showing the interaction between CXG and PA-E3 (a), PA-K2 (b), PA-K3 

(c), PA-K4 (d), PA-H2 (e) and PA-H3 (f) 

 

To the best of my knowledge the PA-H3 sequence has never been reported in the 

literature and never been used in co-assembly with polysaccharides. The sequence 

was proven cytocompatible thanks to a study conducted by Matagroup at Queen Mary 

University of London, that revealed that among all the sequences tested in this work, 

PA-H3 shows the best cytocompatibility (E.Collin et al., unpublished results). In the 

design of PA-H3, the β-sheet forming sequence was included to promote the assembly 

in nanofibers, as in the others studied PAs, and was also proven to be able to form 

gels in presence of PBS. This phenomenon, also reported for other PA sequences, has 

been attributed to the screening of the PA nanofiber surface charges by the buffer ions 

and/or by deprotonation as a result of the change of pH, thus resulting in nanofiber 

aggregation and gel formation.[7]  

 

Electrostatic forces are needed in co-assembly and are believed the driving forces of 

the assembly in interfacial systems.[17] The electrical charges of polyelectrolytes are 

related with the degree of protonation or deprotonation of their ionisable groups, and 
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thus they are influenced by the pH. For this reason, the ζ-potential of the two building 

blocks was measured at different pHs. The ζ-potential values reported in Tab. 6.4, 

show that CXG surface charge is negative at neutral and alkaline pH (ca. -28 mV at 

pH 8), while PA-H3 is more markedly positive at pH acidic pH (ca. +43 mV at pH 4).  

 

Tab. 6.4 ζ-potentials of CXG and PA-H3 in MilliQ water  

Z-potentials (mV) 

Medium pH 4 5 6 7 8 

MilliQ 
water 

CXG -16.54 ± 1.5 -17.56 ± 1.4 -21.8 ± 0.6 -26.4 ± 1.7 -27.7 ± 1.2 

PA-H3 +42.9 ± 1.5 +46.0 ± 1.45 +7.2 ± 0.5 -12.01  ± 0.6 -13.2  ± 0.5 

 

 

The influence of pH of the polymer solutions on the structural integrity of CXG/PA-

H3 gels was investigated also by visual inspection (Fig. 6.5). Gels obtained from the 

co-assembly of PA-H3 solution at pH 4 or 5 and CXG solution at pH 7 or 8 resulted 

compact and resilient, while looser gels were obtained from PA-H3 solution at pH 6, 

7 or 8 and CXG solution at pH 4, 5 or 6. As expected, the pH conditions that lead to 

the more compact gel were also those in which the ζ-potentials of CXG and PA-H3 

in absolute value, were higher. This result confirms the important role of electrostatic 

interactions in the co-assembly. As observed in others co-assembled systems stronger 

constructs are obtained from strongly oppositely charge building blocks.[17,18] 

On the basis of these results, HEPES buffer solutions of CXG at pH between 7 and 8 

and PA-H3 at pH between 4 and 5 were used. 
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Fig. 6.5 Table reporting co-assembled structures of CXG and PA-H3 both prepared in HEPES buffer at 

different pHs (scale bar 1 mm)  

 

The interaction between CXG and PA-H3, when are both prepared in HEPES buffer, 

and the PA-H3 solution is injected into the CXG solution, is very rapid at the interface 

but long times are required for the gel to reach its final “stable” condition (Fig. 6.6a). 

A construct forms immediately after the introduction of the PA-H3 solution into the 

CXG drop, but is very fragile and gradually evolves into a resilient and tough gel, 

reaching full maturation after 24h of incubation (28°C and 38% RH). 

The interaction between CXG and PA-H3 was observed inside a PDMS channel (Fig. 

6.6b). After the deposition of PA-H3 solution on one side of the channel, CXG 

solution was pipetted on the opposite side until it was in contact with the PA solution. 

Due to the different method of co-assembly, in this case a membrane is obtained at 

the interface of the two building blocks instead of a sphere-like gel, as described above 

(see Fig. 6.3a). As observed in the sphere-like construct, this membrane is 

immediately formed and it grows over time (Fig.  6.6b). 
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Fig. 6.6 Optical microscopy images of interaction of CXG and PA-H3 after injection of PA-H3 into CXG 

solution and follow up over time (a); CXG and PA-H3 solutions in contact inside a PDMS channel with a 

diameter of 3 mm (b) 

 

Following these first assessments, CD was performed in order to investigate how the 

secondary structure of PA-H3 is affected by the interaction with CXG. In Fig. 6.7a-d 

the CD spectra of CXG_PA-H3 mixtures are reported. Since the concentration of PA-

H3 in the various mixtures is different, each spectrum is compared with the spectrum 

of the corresponding PA-H3 system at the same concentration than in the mixtures.  

CXG does not have a chromophore that absorbs in the 200 – 260 nm wavelength 

range, therefore no ellipticity was observed in this wavelength range. PA-H3 spectrum 

shows a negative peak near 220 nm and a positive peak at about 202 nm, indicating 

the presence of β-sheet secondary structure at all the reported concentrations.[29] 

The CXG/PA-H3 mixtures show shifts of the β-sheet signal to higher wavelengths. 

CXG_PA-H3 1:1 shows a shift of the minimum from 220 nm to 224 nm, CXG_PA-

H3 2:1 and 3:1 to 223 nm, and CXG_PA-H3 5:1 to 221 nm. The band becomes also 

progressively broader. These shifts suggest a possible modification of the β-sheet 

secondary structure, probably due to interactions between CXG and PA-H3. The 

higher is the relative amount CXG in the system, the lower is the β-sheet signal shift. 
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Fig. 6.7 CD spectra of mixtures of CXG/PA-H3, at volume ratios 1:1 (a), 2:1 (b), 3:1 (c) and 5:1 (d), 

having a total final concentration of 0.01%wt; each curve is supplied with the spectrum of PA-H3 at the 

same concentration than in the mixture. (%wt referred to CXG and PA-H3 in the various analysed system 

are reported in graphs’ legend)  

 

FTIR spectra of CXG, PA-H3 and of the CXG_PA-H3 1:1, 2:1, 3:1, and 5:1 gels are 

shown in Fig. 6.8a-c. The spectra were normalised at 1635 cm-1 for simplicity of 

representation. 

The spectrum of CXG (Fig. 6.8a) shows the typical broad peak at 3400 cm-1 related 

to the stretching of –OH groups, the stretching of C-H at 2918 cm-1 and 2883 cm-1 

with subdued intensity because of the cyclic nature of sugar rings, the peak at 1620 

cm-1 t related to the stretching of the carbonyl groups in the deprotonated form and 

the band at 1040 cm-1 that is typical of glycosidic bonds. The spectrum of PA-H3 (Fig. 

6.8a) is characterised by the broad peak at 3416 cm-1 and a peak at 3282 cm-1 that are 

related to the stretching of O-H and N-H, respectively. The peaks at 2960 cm-1 and at 
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2920 cm-1 are attributable to the C-H stretching of the alkyl tail. Furthermore, the 

peaks at 1635 cm-1 and 1541 cm-1 are related to the stretching of the C=O of the amide 

I, and the bending of N-H of amide II and both characteristic of the peptide sequences. 

Moreover, the three peaks in the finger print region at 965 cm-1, 891 cm-1 and 851 cm-

1 are typical of aromatic compounds, and referred to the bending of C-H of aromatic 

rings. Spectra of all the gels (Fig. 6.8b-c) look like the superimposition of the spectra 

of the two building blocks. Peaks at 1635 cm-1 and 1541 cm-1 related to amide bonds 

of PA-H3 are also present in gels spectra, which also display the CXG print in the 

characteristic glycosidic band at 1039 cm-1.  

 

Fig. 6.8 FTIR spectra of solely CXG, PA-H3 and of CXG_PA-H3 1:1 (a); comparison between PA-H3 

and CXG_PA-H3 gels 1:1, 2:1. 3:1 and 5:1 in the whole analysed range of wavelengths (b) and its zoom 

in a range between 1800 cm-1 and 800 cm-1  
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The influence of the interactions between CXG and PA-H3 on the morphology of their 

supramolecular aggregates was investigated through TEM microscopy (Fig. 6.9). PA-

H3 forms short and homogeneously dispersed fibres of about 10 nm diameter (Fig. 

6.9a), while CXG has an amorphous structure (Fig. 6.9b). When the PA is combined 

with CXG in any of the ratios used, large fibrous aggregates form (Fig. 6.9c-f) with a 

significant increase of both the length and the diameter of the fibres. Furthermore, the 

absence of isolated fibres around these aggregates in all the CXG_PA-H3 systems 

suggests that CXG is able to sequestrate the PA-H3 fibres and incorporate them within 

its structure to form a non-covalently crosslinked network.  

 

 

Fig. 6.9 TEM images of PA-H3 (a) and CXG (b), compared with CXG _PA-H3 mixture 1:1 (c), 2:1 (d), 

3:1 v/v (e) and 5:1 (f) volume ratios  

 

Furthermore, it was proved that negatively charged PA (PA-E3) was not able to form 

the same aggregates. PA-E3 fibres (Fig. 6.10a) are much longer than PA-H3 fibres; 
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when mixed with CXG they do not form aggregates appearing separate or covered by 

CXG deposits (Fig. 6.10b).  

 

 

 
Fig. 6.10 TEM images of solely PA-E3 (a) and mixed with CXG mixed at 1:1 volume ratio (b)  

 

The co-assembly of PA-H3 with hyaluronic acid (HA) was also observed by TEM. 

The chosen HA has a molecular weight of ca. 400 kDa, hence similar to CXG. In Fig. 

6.11 TEM micrographs of PA-H3, CXG_PA-H3 3:1 and HA/PA-H3 at 3:1 are shown. 

The assembly of HA/PA-H3 (Fig. 6.11c) is different from the assembly of CXG/PA-

H3 systems (Fig. 6.11b). HA promotes the formation of much longer and thicker 

fibres, which assemble in large bundles. The different behaviour in co-assembly can 

be ascribed to the different molecular structure of the two polymers, and charge 

density: linear and strongly anionic for HA, with short branches and less anionic for 

CXG.  
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Fig. 6.11 TEM images of solely PA-H3 (a), CXG_PA-H3 3:1 system (b) and HA_PA-H3 system 3:1 

volume ratio 

 

Morphologies of CXG_PA-H3 gels were investigated through SEM and are reported 

in Fig. 6.12, together with the morphologies of CXG (Fig. 6.12a-a’) and PA-H3 gel 

(Fig. 6.12b-b’). PA-H3 shows a non-porous structure as well as CXG but, differently 

from CXG, it is characterized by the presence of protruding fibers (Fig. 6.12b’). 

All CXG_PA-H3 gels look very similar, displaying a porous microstructure (Fig. 

6.12c-f), characterized by a submicroscopic fibrous structure that can be attributed to 

the presence of PA-H3. CXG_PA-H3 1:1 and 2:1 (Fig. 6.12c-d) seems to have a 

smaller porosity with respect to CXG_PA-H3 3:1 and 5:1 (Fig. 6.12e-f). In particular, 

the gel with CXG_PA-H3 5:1 shows a structure that resembles the typical xyloglucan 

lamellar structure (see Fig. 4.8 in Chapter 4). Hence, the increased amount of CXG 

employed in the co-assembly, has an impact on the microstructure of the obtained gel. 

The thicker and longer fibers of CXG_PA-H3 2:1 and 5:1 (Fig. 6.12d’ and f’, 

respectively), already observed by TEM, are also clearly evident in the pore walls of 

the corresponding SEM micrographs. 
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Fig. 6.12 SEM morphologies of CXG (a-a’), PA-H3 (b-b’) and CXG_PA-H3 gels at different scale 1:1(c-

c’), 2:1 (d-d’), 3:1 (e-e’) and 5:1 (f-f’) at different scale 

 

Dynamic mechanical analysis was performed on PA-H3 gel formed in PBS and on 

the various CXG_PA-H3 gels and mechanical spectra are shown in Fig. 6.13. All gels 

show storage modulus (G’) higher than loss modulus (G”), and G’ and G’’ that are 

almost invariant with frequency in the whole investigated range of frequencies, 

indicating a predominantly elastic behaviour, that is the typical behaviour of highly 

crosslinked, “strong” gels.[30] The pure PA-H3 gel has also the typical behaviour of 

a “strong” gel, yet it exhibits lower values of G’ and G”. The much higher values of 

G” for the CXG_PA-H3 gels actually support the general evidence gathered from 

handling these materials that tougher and more resilient materials were obtained when 

PA-H3 nanofibres where mixed with CXG. 
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The CXG_PA-H3 gels show higher G’ values at the increase of CXG content. It can 

be expected that the ticker and longer fibres formed in the co-assembly reinforce the 

network, improving its mechanical properties. 

 

Fig. 6.13 Dynamic mechanical analysis in shear mode of PA-H3 gel compared with CXG_PA-H3 1:1, 

2:1, 3:1 and 5:1 gels 

 

CXG_PA-H3 gels were also subjected to uniaxial deformation during compression in 

culture media to simulate the biological microenvironment of the gel, when acting as 

scaffold. The tests were performed on both the PA-H3 gel formed in PBS and various 

CXG_PA-H3 gels and the measured compression moduli are reported in Fig. 6.14. 

An increase of the compression modulus is presented by all samples containing CXG 

with respect to PA-H3 gel. No significant differences can be appreciated among 

samples with different relative amount of the two polymers. 
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Fig. 6.14 Compression moduli (kPa) of PA-H3 gel, CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels 

 

6.3.2. Biological assessment 

New biomaterials need to be firstly tested in vitro to ascertain that their cytotoxicity 

is not affected. Cell viability with and within the gels, attachment and migration have 

been studied in order to evaluate the suitability of the described gels as scaffolds for 

wound healing applications.  Indeed, CXG/PA-H3 systems are able to form fibrous 

structure that resembles to the extracellular matrix (ECM) structure. 

Prior to all biological assessments, all the gels, namely CXG_PA-H3 1:1, 2:1, 3:1 and 

5:1, were incubated at 37 °C in complete cell culture medium to assess gels stability 

in cell culture conditions. Gels were observed over 45 days, with no dissolution of the 

co-assembled CXG/PA-H3 gels, while the control PA-H3 gel in PBS started to 

disassemble in small pieces after 10 days of incubation. (Fig. 6.15). CXG_PA-H3 1:1 

was excluded from in vitro biological evaluations because among all the gels is the 

less tough. 
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Fig. 6.15 Gel stability assessment in cell culture medium at 37 °C; optical microscopy images of a 

representative gel CXG_PA-H3 (top) and a PA-H3 gel in PBS (bottom) 

 

Cell viability was investigated in two different settings: (i) cells were seeded on top 

of CXG_PA-H3 gels in order to assess their viability on the surface of the gels (Fig. 

6.16a) and (ii) cells were encapsulated within the gels (Fig. 6.16b).  

 

 
Fig. 6.16 Settings used for viability test: cells seeded onto preformed CXG_PA-H3 (a) and cells 

encapsulated within the gels (b) 

 

 

In the first setting, cytotoxicity of CXG/PA-H3 gels was investigated by culturing 

HaCat cells onto the pre-formed gels. After 2 and 7 days, gels were stained with 
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LIVE/DEAD ® assay staining (green - live cells, red - dead cells). The obtained results 

are summarized in Fig. 6.17. After 2 days, no cytotoxicity was detected for all gels 

and the  different building blocks (CXG and PA-H3) which exhibit a viability 

comparable to non-treated cells (Non tt) (Fig. 6.17a). After 7 days, cells showed good 

viability without sigificative statistical difference between gels and non-treated cells 

(Fig. 6.17b).  

 

 
Fig. 6.17 Confocal images of HaCat cells stained with calcein-AM (live indicator; green) and ethidium 

homodimer-1(dead indicator; red) after 2 and 7 days post-seeding onto CXG_PA-H3 gels. Results of 

viability (percentage of alive cells) after 2 days (a) and 7 days (b) compared to cells seeded onto PA-H3 

gel, cells treated with CXG and untreated cells 
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In the second setting, cytotoxicity of CXG/PA-H3 gels was investigated by 

encapsulating HaCat cells within CXG/PA-H3 gels. As described previously, after 2 

and 7 days, gels were stained with LIVE/DEAD® assay. The obtained results are 

summarized in Fig. 6.18. Also in this case, a good viability was observed upon 

encapsulation within all the gels and with the control building blocks both after 2 (Fig. 

6.18a) and 7 days (Fig. 6.18b) of culture.  

 

 
Fig. 6.18 Confocal images of HaCat cells stained with calcein-AM (live indicator; green) and ethidium 

homodimer-1(dead indicator; red) 2 and 7 days after encapsulation within CXG_PA-H3 gels. Results of 

viability after 2 (a) and 7 days (b) compared to cells seeded onto PA-H3 gel, cells treated with CXG and 

untreated cells 
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For the evaluation of cell attachment, cells were seeded onto the hydrogels. Control 

of cell attachment on CXG is not provided because conditions to gel CXG on its own 

was not explored in this study. After 24h, numerous cells were seen attached on the 

surface of the gels (Fig. 6.19). A significantly lower number of cells was found onto 

the PA-H3 gel used as control (Fig. 6.19a). This observation suggests an involvement 

of CXG molecules in cell attachment and in particular it can be related with the 

presence of CXG in the gels which seems to enhance cell attachment. A possible 

explanation of this behaviour can attributed to the presence of galectin-7 receptors in 

HaCat cells that can recognise galactose residues present in CXG branches. Galectins 

are a class of β-galactoside-binding receptors involved in the modulation of cell-

matrix interactions and reepithelization of wounds by carbohydrate-based 

recognition.[31] This protein have also a role in wound healing process.[32] Indeed, 

they can promote reepithelization of skin by influencing cell migration and not cell 

proliferation.[31]  

Cells on the surfaces of the gels adopted a spread morphology with a distribution in 

clusters.  

 

 
Fig. 6.19 Cells attachment on PA-H3 gel (a), CXG_PA-H3 2:1 (b), 3:1 (c) and 5:1 (d) gels 
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Closure of the scratched area of a HaCat monolayer after 24h was analysed and results 

are reported in Fig. 6.20. Scratched monolayers were incubated with CXG in solution, 

PA-H3 and CXG/PA-H3 hydrogel systems in presence or absence of mitomycin C as 

inhibitor of the proliferation. In this setting, the closure that occurred in samples with 

mitomycin was attributed to cell migration, while in samples without mitomycin, the 

closure was attributed to a combined effect of migration and proliferation.[33] In both 

analysed conditions, with and without mitomicyn, all the gels, including the control 

PA-H3, show poor scratch closure compared to non-treated cells (Non tt), while CXG 

shown a closure comparable with non-treated cells. This effect was attributed to the 

administration of CXG to cell monolayer as a solution, while all the others are gels 

could, in this setting, act as a barrier impairing the result.  

For this reason, it is compared just the effect of all the gels as they are administered 

in the same physical form. Indeed, CXG_PA-H3 5:1 gel show a significant higher 

scratch closure compared to all the other gels in both conditions, with and without 

mitomycin. 
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Fig. 6.20 Histogram reporting the percentages of scratch closure after 24h observation in presence of 

mitomycin (a) and  without mitomycin (b); images of the scratch at t0 and after 24h for CXG_PA-H3 2:1 

(c-c’) and 5:1 (d-d’) in presence of mitomicyn; images of the scratch at t0 and after 24h for CXG_PA-H3 

2:1 (e-e’) and 5:1 (f-f’) without mitomicyn 

 

In conclusion, from in vitro biological evaluations it was observed that CXG_PA-H3 

2:1 and 5:1 hydrogels have better performance than the 3:1 CXG/PA-H3 ratio. 

CXG_PA-H3 2:1 shown a high viability percentage in both the tested setup and 

CXG_PA-H3 5:1 shown better cell adhesion and better capability to enhance in vitro 

wound closure.  For this reason, these two gels were selected for in vivo testing.  

 

Hence, a full-thickness excision wound was created on 10-week-old female CD-1 

mice. The PA-H3 hydrogel alone without CXG and a no hydrogel/no peptide (Non tt) 
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were used as controls. A secondary dressing, Tegaderm film, was applied on top of 

the wound, with or without the hydrogel, to maintain a moist environment and the 

hydrogel in place. Image analysis of the wound gross morphology demonstrated faster 

wound closure after 7 days in presence of all the tested gels with respect to non-treated 

wounds and results are reported in Fig. 6.21. The similarity of the wound closure 

percentages between CXG/PA-H3 gels and solely PA-H3 gel may be due to the late 

time-point chosen in this experiment (7 days). Indeed, it was observed in vitro that 

after 24 hours CXG enhanced the closure on the scratch on cell monolayer. 

Furthermore, in previous reports the enhancement of in vitro scratch closure in 

presence of xyloglucan has been observed at early stages, namely between 24 and 48 

hours.[34] Therefore, it is suggested that earlier data points are needed to conclude on 

the effect of CXG on wound closure in mice. Moreover, histology analysis (in 

progress) may as well reveal the effects of the presence of CXG in the gels.   

 

 
Fig. 6.21 Percentages of wound closure in vivo after 7 days 

6.3.3. Future perspective  

A variant of PA-H3 with the addition of QHREDGS bio-signal peptide sequence was 

designed and synthesized and it will be named hereinafter PA-H3bio. Looking at the 

chemical structures of PA-H3 (Fig. 6.22a) and PA-H3bio (Fig. 6.22b), the two PA 
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sequences have the same structure including alkil tail, -V3A3- β-sheet forming 

sequence, followed by the –H3- polar sequence, but PA-H3bio include a further portion 

constituted by –G3- and the -QHREDGS sequence. The –G3- sequence between –H3- 

polar and the bioactive peptide sequence, was introduced as a spacer. 

It has been shown in previous report that a number of three aminoacids as spacer 

favour a good display of the biosignal on PA nanofibers. [11][35] 

Glycine was chosen because it is the simplest amino acid and it does not have pendant 

group that could badly impact the assembly of the fibres. To the best of my 

knowledge, this is the first report of this peptide amphiphile sequence. 

 

 

Fig. 6.22 Molecular structure of PA-H3 (a) and of PA-H3bio, enriched with a spacer and biosignal 

sequences in blue and in red, respectively (b) 

 

Some preliminary assessments were performed on this new PA-H3bio .  

Morphology of PA-H3bio was investigated through TEM (Fig. 6.23). Compared to PA-

H3 fibres shown in Fig. 6.23a, PA-H3bio forms longer fibres (Fig. 7.23b-c) and 

promote the aggregation of those fibres into fused bundles, very clear in Fig. 6.23d 

(see the arrow).  This different morphology on TEM could be correlated with the 

presence of the biosignaling sequence in the PA that strongly affect the assembly 

observed for PA-H3 sequence. This phenomenon has been already reported in 

literature for other PA sequences with bioactive motives.[16] 
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Fig. 6.23 TEM images of PA-H3 (a) and PA-H3bio at different scales (b,c and d) 

 

Interactions between CXG and PA-H3bio were visually tested (Fig. 6.24). For this 

assessment, as used for CXG and PA-H3 systems, 1 %wt HEPES solutions of CXG 

and PA-H3bio were prepared and injecting PA-H3bio inside CXG solution, the 

interactions between these two components lead to a looser construct (Fig. 6.24a) with 

respect to the tough and resilient gel that was obtained with PA-H3 (Fig. 6.24b). This 

different result suggests that further investigations are needed before to proceed with 

the integration of this PA in CXG/PA-H3 gels 

 

 
Fig. 6.24 Picture of CXG/PA-H3bio gel (a) and of CXG/PA-H3 gel (b) 
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Stupp et al. suggested to overcome the problem of different assembly using a bioactive 

PA, diluting the biosignal-presenting PA with a non-active shorter PA sequence. This 

strategy has been demonstrated a valid alternative to allow the epitope to be displayed 

protruding from the fibre surface, as described in the pictorial representation in Fig. 

6.25. Indeed, they demonstrated that PAs displaying an RGDS epitope benefit from 

the presence of a diluent molecule to co-assemble with the epitope-presenting 

molecule and space the RGDS epitope for optimal cell recognition and adhesion.[11] 

 

 
Fig. 6.25 Molecular graphics representations of binary PA fibers assembled from 90% non-active diluent 

and 10% PAbio accented in yellow; figure adapted from [36] 

 

Hence, the future plan for this work is to dilute PA-H3bio with the PA-H3. Firstly, the 

bioactivity of PA-H3bio/PA-H3 gels has to be assessed and different ratios between 

PA-H3bio and PA-H3 have to be tested in order to identify the better conditions in 

which the biosignal give an optimal display and recognition by the cells. Secondly the 

selected PA-H3bio/Pa-H3 could be assembled in presence of CXG, followed by 

physico-chemical characterisation of the new gels and subsequent biological 

assessments. 

6.4. Conclusions 

This study has demonstrated the ability of CXG to co-assemble with PA-H3, forming 

tough and resilient sphere-like gels with a fibrous microstructure.  

Co-assembly resulted influenced by the pH of the precursors solutions and thus, by 

their electric surface charge density. The best gel was obtained mixing CXG at pH 
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between 7 and 8 and PA-H3 at pH 4 or 5. These were the pH conditions that allowed 

CXG and PA-H3 to be strongly oppositely charged. Co-assembly of CXG and PA-H3 

led to the obtainment of a fibrous network, as observed by both TEM and SEM 

microscopies. The presence of CXG in the gels increased both storage modulus upon 

shear stress and compression modulus, in comparison to PA-H3 gels. The co-

assembled gels were stable for longer (up to 1 month) when kept immersed in 

physiologic fluid and did not induce cytotoxicity after 2 and 7 days of incubation with 

HaCat cells.  

Moreover, gels loaded with HaCat cells showed a good cytocompatibility both after 

2 and 7 days of incubation. Cell attachment seems to be enhanced for the CXG_PA-

H3 5:1 system and this gel also showed the best in vitro scratch closure enhancement. 

This is probably due to the recognition of galactose residues by galectin-7 receptors 

present in HaCat cells.  Based on the in vitro results obtained, CXG_PA-H3 2:1 and 

CXG_PA-H3 5:1 were selected for in vivo studies of wound closure. An enhancement 

of the wound closure after 7 days was observed for all systems tested. 

Furthermore, a PA-H3 variant including a QHREDGS peptide as biosignal to target 

chronic wounds was designed and synthesized. Its incorporation in CXG/PA-H3 

systems will be studied in the future 
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7. RFID epidermal sensor including xyloglucan-based hydrogel films: wound 

dressing and wound monitoring applications 

7.1. Introduction and aim  

Nowadays, with the growing aging of people in many parts of the world and the 

increasing incidence of chronic diseases such as diabetes or obesity, chronic wounds 

and ulcers represent a very big economic and social issue for health care systems all 

over the world.[1] Chronic wounds and ulcers are particularly distressful for patients 

that suffer for restless and long-term pain, discomfort caused by the malodour, need 

of frequent inspections and medications. Foot ulcers, for example, occur in 25% of 

diabetics and are the leading cause in the 85% of the cases of non-traumatic limbs 

amputation.[2]  

Wounds are typically managed as a co-morbidity of other conditions and there is still 

a lack of knowledge on the biochemical physiopathology of this type of wounds that 

has hampered the innovation in new therapies, diagnostics, clinical practices and 

procedures.[3,4] 

Furthermore, the choice of the dressing is a challenging aspect of wound care since 

there is no single dressing suitable for all the different types of wounds (acute, chronic, 

burn etc.) and the wound healing pattern can be very diverse and complicated by 

comorbidity.[3] 

In general, protection from infections and traumas is the most fundamental and 

traditional role of a wound dressings in the medical practice. Indeed, chronic ulcers 

are highly susceptible to infection.[5,6]  

Further features have been added to the wound dressing in order to support or enhance 

the healing process, such as the ability to provide hydration,[7,8] to absorb wound 

fluids and exudates, release growth factors, prevent or treat infectious states through 

the incorporation of anti-microbial agents. Furthermore, it is important to prevent an 

excessive exudates accumulation that could inhibit cell proliferation and lead to skin 

irritation, especially in chronic wounds in which the elevated proteolytic activity of 
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exudates perpetuates wounds, damages the wound bed, degrades the extracellular 

matrix, causing peri-wound skin problems.[9]  

Hydrogels represent a very promising category of materials for this purpose because 

they are hydrophilic networks, able to maintain a good balance between hydration of 

the wound and fluids absorption, generally non-adhesive to the skin and high 

conformable. This topic has been already treated in Chapter 2 (paragraph 2.3.2.1.4).  

However, passive hydrogels are not sufficient to challenge the complex scenario of 

chronic wounds. 

A possibility to improve hydrogel dressings could be the embedding of diagnostic 

tools to measure biologically relevant parameters.[10] Continuous or semi-continuous 

interrogations and readouts can be used to reduce the frequency of medical 

interventions, to detect potentially problematic conditions that require attention, but 

also to collect relevant data to resolve predictive trends and elaborate more efficacious 

therapies.  

In particular, epidermal electronics is one of the most innovative and promising field 

of wearable devices which allows to operate in direct contact with the human skin.[10] 

While technologies that can detect specific markers of the wound healing process 

probably still need to await a clear understanding of the chronic wound biochemistry, 

there are parameters that have been already identified to be critical to healing, 

including level of hydration and temperature. Indeed, an optimal level of hydration is 

required for optimal wound management; excessive moisture results in maceration, 

while too little results in wound drying out and impaired tissue regrowth. On the other 

hand, an increase of the temperature of the wound may be an alert for the early 

detection of bacterial infections, avoiding frequent inspections of the wounds that 

cause dressing-change discomfort for the patient and also avoiding unnecessary 

administration of antibiotics.[6] 

Ultra High Frequencies (UHF) radio frequencies identification (RFID) is the type of 

technology that envisages all the characteristic to fulfill the vision of “smart” plasters 

for wound monitoring that can gather and returns information about the wound 
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environment. RFID permits indeed to conjugate sensing and communication 

capabilities without the needs of local power supply or dedicated electronics, it is able 

to interact with human epidermis and wirelessly transmit data.[11] Furthermore, 

multifunctional sensing can be achieved through the use of a new family of RFID 

microchips equipped with an integrated temperature sensor. Parameters such as 

temperature and fluid loss could be locally detected by the “smart” plaster and 

remotely transmitted by using devices either incorporated into or near wound 

dressings. Furthermore, the possibility to directly modify the clinical therapy, e.g. by 

modulating the local release of drugs through on-demand heating of the device, 

according to the state of the wound, could open a promising opportunity in the 

management of chronic ulcers or infected acute wounds.  

It is here proposed to couple the XG-PVA(GL1)_CX hydrogel film, already presented 

in Chapter 4, with an inexpensive, lightweight UHF RFID tag to produce a hydrogel 

wound dressing that can battery-less monitor temperature and moisture level of the 

bandage in contact with the wound.[11] The hydrogel film XG-PVA(GL1)_CX  was 

selected for this study among all the formulations described in Chapter 4, because its 

chemical crosslinked structure guarantees the resistance to dissolution when in contact 

with aqueous media, it shown the higher swelling degree and its porous structure was 

preferred over the lamellar structure of XG-CX films. Furthermore, it shown good 

biocompatibility and hemocompatibility. 

This work investigated the electrical properties and the radiofrequency response of 

the selected film. It also complements the characterization of this material with its 

biaxial mechanical properties and swelling behavior both in immersion and in contact 

through a porous membrane with simulated biological fluids. Furthermore, it was 

evaluated also the ability of the film to uptake and release a hydrophilic molecule and 

in particular a fluorescent probe, in the perspective of the film loading with a 

hydrophilic antibiotic. Then, the ability of the film to retain serum protein and to have 

a barrier effect against bacteria were in vitro evaluated.  
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7.2. Materials and methods 

7.2.1. Materials  

Xyloglucan (XG) was kindly provided by DSP Gokyo Food and Chemical Co. 

(Japan). Poly(vinylalcohol) (PVA, MW=16kDa, 98% degree of deacetylation), 

aqueous glutaraldehyde at 25%wt (GA, containing 3%wt monomer, 22%wt 

hemiacetal and oligomers), glycerol (GL), HCl (1M), NaOH (1M), NaCl, fetal bovine 

serum (FBS) and Atto 633 were all purchased from Sigma-Aldrich. All the reagents 

used in this work were employed as received. 

7.2.2. Methods 

Preparation of the hydrogel films 

The preparation of XG-PVA(GL1)_CX film has been presented in Chapter 4 and 

described in detail in Appendix A.1.1. Briefly, XG(4 %wt)/PVA(2 %wt) at 50% 

volume ratio were reacted with glutaraldehyde in acidic environment for one hour at 

room temperature and under constant agitation. After this time, the solution was 

neutralised and glycerol was added under agitation. The homogeneous mixture was 

casted into a glass petri dish and air-dried. 

 

Mechanical properties 

The mechanical properties of the hydrogel wound dressing were evaluated by means 

of biaxial tension tests on a Bose® planar biaxial TestBench instrument equipped with 

four 250 N electromagnetic engines. From the hydrogel films, 20x20x0.6 mm 

specimens were obtained by means of a regular cutter and fixed to four clamps, each 

corresponding to one motor. The tests were carried out in displacement control by 

stretching the specimen, in each direction, at a speed of 1 mm/s. The forces in two 

directions were monitored through two 250 N load cells while the strains field at the 

specimen surface were obtained with a digital video extensometer (DVE) assuming 

as reference length the position of five markers (four at the corners and one at the 

centre) which displacements were monitored by a 1024x468 pixel digital camera with 
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a refresh rate of 50 Hz.  Results obtained were averaged on 5 measurements of 

different samples. 

 

Swelling degree 

Swelling tests were carried out with two setups, upon immersion of the samples in the 

swelling medium (Fig. 7.1a), and by placing the samples on 6-well plate equipped 

with Transwell insert (Fig. 7.1b). Samples were pre-weighed after equilibration in air 

at 50% RH, exposed to the medium for determined periods of time, then removed 

from the swelling medium, blotted with filter paper and weighed. Temperature was 

kept at 25°C. The swelling degree was determined in different media, namely, distilled 

water, 0.9 %wt NaCl isotonic solution and fetal bovine serum (FBS) and it was 

assessed gravimetrically using the following equation: 

SD% = (Ws – Wd) / Wd  x 100 

where Ws corresponds to the hydrated weight of the sample and Wd represents the 

sample “dry” weight. 

 

Fig. 7.1 Two different swelling setups for swelling degree measurements: film completely immersed in th 

swelling medium (a) and film in contact with the swelling medium through a porous membrane (b) 

 

In vitro hydrolytic degradation  

The in vitro degradation test was performed by the immersion of dry film samples in 

15ml of PBS solution (pH 7.4) at 37ºC, during 6 weeks. At pre-determined periods, 

the samples were removed from the degradation medium, washed with distilled water 

to remove degrade fractions, freeze dried and then weighed. 
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Scanning Electron microscopy (SEM) 

Surface morphology was imaged by a Field Emission Scanning Electron Microscope 

(FESEM-JEOL) at an accelerating voltage of 10 kV. Samples were previously 

swollen in MilliQ water or subjected to in vitro degradation, then frozen in liquid 

nitrogen and freeze-dried. Freeze-dried samples were cut to expose their inner 

structure, mounted on SEM aluminum stubs by means of a graphite adhesive layer 

and coated with a gold layer by JFC-1300 gold coater (JEOL) for 90 s at 30 mA before 

scanning. 

 

Electrochemical Impedance Spectroscopy (EIS) 

A Solartron FRA (Frequency Response Analyzer)-12558 instrument with a Dielectric 

interface-1249 equipped with a two-electrode cell was used to measure the 

electrochemical impedance of the XG-PVA(GL1)_CX hydrogel film. To perform the 

measurement, the dry film was cut in a disc having a diameter 2.1 cm and a thickness 

of about 0.5 mm. Then it was analysed in a range of frequencies between 10-2 and 106 

Hz at room temperature, both in dry and wet condition, that means swollen at the 

equilibrium in water or in isotonic 0.9 %wt NaCl solution.  

 

Radiofrequencies (RF) response characterisation 

The dielectric-properties (permittivity and conductivity; εr and σ, respectively) of the 

XG-PVA(GL1)_CX based hydrogel films were investigated in the 200-1500 MHz 

band. A modified multilayer microstrip ring resonator was used.[12] The 

measurement setup, shown in Fig. 7.2, is composed by the ring and the ground 

plane/feed network, located in separate planes [13] at the purpose to enable the easy 

placement of an arbitrary sample between the two layers. Compared to conventional 

single-layer resonators, the multilayer structure enables also a stronger interaction 

between the sample and the ring fields, forcing the latter to physically cross the sample 
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before coupling with the ground plane. This feature is particularly important for thin 

film characterization, as in this case. 

Dielectric properties of the XG-PVA(GL1)_CX film were estimated through a 

combined experimental and numerical procedure. Measurements of the 

measured/simulated scattering parameter (S12) versus frequency were carried out by 

using a Vector Network Analyzer (Fig. 7.2b). In parallel, a numerical model of the 

multilayer ring resonator, including the sample, is computed by a Finite Element 

Method (in the FEKO implementation, https://www.feko.info). The peak frequency, 

fR, and the quality factor (Q=fR/|fmax-fmin|-3dB) of the measured/simulated S12 

intrinsically bring information about the unknown permittivity and conductivity of the 

sample. 

 

Fig. 7.2 Suspended ring resonator. Traces are etched over two FR4 PCBs (ε = 4.24, tanδ = 0.016). Size: 

Lg=136mm, Wg=90mm, g=0.25mm, R=25.9mm, w=2.2mm, l=40.75mm and h=1.575mm (a); 

measurement set up (b); inspired by Amendola et al.[14] 

XG-PVA(GL1)_CX hydrogel film under test (thickness 0.17mm, diameter 8.5cm), 

was investigated both in the “as prepared” state and during a progressive absorption 

of isotonic NaCl solution emulating the release of the wound exudate. 

 

Uptake and release of Atto 633 fluorescent probe 
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A weighed piece of XG-PVA(GL1)_CX film was immersed in the uptake PBS 

solution of Atto 633 (1,33 µg/ml). At pre-determined time, an aliquot of Atto 633 was 

collected and analyzed using a UV-670 Spectrophotometer (Jasco). After the measure, 

the collected aliquot of solution was returned to the uptake solution. For the release 

study, the loaded film was immersed in fresh PBS medium and again at predetermined 

time, an aliquot of the solution was analysed through UV spectrophotometry and this 

time it was replaced with fresh PBS medium.  The concentration of Atto 633 both in 

the uptake and release solutions was determined measuring the absorbance at 629 nm 

through calibration curve. 

Uptaken fractions were calculated as follow: 

%����� 633	
����� =
����� 633	�   − ����� 633	

����� 633	�   

� 100 

Where [Atto 633]i is the initial concentration in the uptake solution and [Atto 633]a is 

the concentration of the probe in the analysed aliquot.  

Released fractions were calculated as: 

%����� 633	������� =  
����� 633	�������

����� 633	��� ��.

� 100 

Where [Atto 633]tot up. is the total amount of Atto 633 that was uptake by the film and 

[Atto 633]Released is the amount of the molecules in the analysed aliquot. 

 

Serum absorption test  

Two pieces of the same size of XG/PVA film were soaked in fetal bovine serum (FBS) 

for 24h. After the incubation time, one piece of the film was stored (control) and the 

other piece was placed in a paper filter funnel and washed three times with PBS. Both 

the samples were dissolved in loading buffer at 95°C and resolved by 10% SDS-

PAGE gel. The protein pattern was visualized by staining with Comassie brillant blue 

R-250. Band intensities were analyzed with a gel documentation system (BioRad) and 

the protein levels were expressed as densitometry and percentage of the control. 
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Antibacterial and bacterial retentivity tests 

Antimicrobial activity of XG/PVA films was tested on Escherichia coli (E. coli), a 

gram negative bacterium. Depending on the test, bacterial strain was grown in typical 

Luria-Bertani broth (LB) medium or in LB agar plates. The day before the test, one 

colony was inoculated in LB medium and incubated at 37°C overnight (o.n.). An 

aliquot (100 µL) of an o.n. bacterial culture was added to two test tubes containing 

fresh LB medium and left to growth for 120 min. The exponential growth was 

determined by spectrophotometric measurement (600 nm). Then, UV sterilized XG-

PVA(GL1)_CX (1 cm2) was added only in one of the test tube and the absorbance 

was measured every 30 minutes up to two hours.  

For the retentivity test 100 µl of an o.n. E. coli culture was spread onto LB agar plates 

in which some pieces of UV sterilized film (1 cm2) were placed. After incubation at 

37°C o.n., the film and the agar underneath the film were removed and separately 

incubated in LB liquid medium for 2 hours. Absorbance was measured at 

spectrophotometrically at 600 nm.  

 

 Bacterial infiltration test 

E. coli was cultured in LB medium at 37°C o.n. then, 10 μl of the bacterial culture 

was gently dropped up the center of the film surface (ca.1 cm2) placed on LB plate 

and 10 μl directly on LB plate (control) and incubated at 37°C o.n. Then, the piece of 

agar underneath the XG/PVA film and the agar control of the same dimension, were 

removed and incubated in LB medium. The bacterial growth was determined every 

30 min by spectrophotometric measurement (600 nm). 

7.3. Results and discussion 

7.3.1.  XG-PVA(GL1)_CX complementary characterisations 

XG-PVA(GL1)_CX film was already presented in Chapter 4. Briefly, chemical 

crosslinking with a high yield was achieved by the use of glutaraldehyde as a 



 
 
_____________________________________________________________________________________ 

194 
 

crosslinking agent. GA promotes the formation of acetal and hemiacetal bonds 

between XG chains, and between XG and PVA. Glycerol (GL) was added to the 

formulation before drying and provides the film with the required flexibility and water 

retention properties. GA continues to react also during the drying process and 

promotes some degree of glycerol grafting. In addition to covalent crosslinking, we 

expect hydrophobic association and hydrogen bonding to have a role in the formation 

of the network since XG/PVA solutions are able to gel when mixed with glycerol 

without addition of GA.  

The mechanical properties of the film were investigated by biaxial tension tests. From 

the stress-strain curves (here not shown for brevity), a transversely isotropic 

mechanical behaviour is deduced. The plane of transverse isotropy is the cross-section 

of the specimen and, henceforth, two different elastic moduli for the two load 

directions (E11, E12) used in the mechanical tests were identified. In more detail, the 

membrane stress modulus avoiding the scattering of the specimen thickness that is not 

constant along the specimen. Fig. 7.3a shows the average values of the elastic moduli 

in the two directions with the confidence intervals obtained from the statistics of the 

analysis. The film resulted anisotropic along the load directions, in good agreement 

with the film morphology shown in Fig 7.3b. 
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Fig. 7.3 Membrane elastic moduli in the two analysed directions (E11 and E12) (a) and SEM image of the 

cross-section and surface of the hydrogel film 

In Fig. 7.4a the swelling curves for samples immersed in MilliQ water, isotonic NaCl 

solution or fetal bovine serum (FBS) are reported. Films swell more and faster in 

MilliQ water, reaching a plateau in about 8 h. The presence of NaCl in isotonic 

concentration, reduces both swelling rate and SD% at the plateaux, as expected, due 

to the decrease of the chemical potential of water in the swelling medium and, in turn, 

the osmotic contribution to the swelling pressure.[15]  The swelling in a very complex 

medium as FBS reach in proteins, salts and other nutrients for cells does not change 

significantly the SD% but it drastically changes the consistence of the films that after 

6 h become slimy and very difficult to handle; therefore the test was interrupted. This 

behaviour suggests the preferential uptake by the film of some components of the 

serum, as it will be discussed in the following. 

When films are in contact with the different swelling media through a porous 

membrane (Fig. 7.4b), which better simulate the solvent exchange conditions of a 

wound dressing, they swell more slowly (especially in saline and FBS) and generally 

reach a plateau after 15 h of exposure to the fluid. The SD% at plateau for water is 

similar to the value measured upon immersion, while the SD% obtained for isotonic 

saline solution and FBS are slightly lower, probably due to the formation of a thin and 
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relatively dry skin on the top surface of the film that is exposed to air. The higher error 

bars for these measurements are caused by the difficulty in removing all the residual 

fluid present in the porous membrane used as support. 

 

 

Fig. 7.4 Percentages of swelling degree upon immersion in the swelling medium (a) and in contact with 

the swelling medium (b) 

 

XG-PVA(GL1)_CX was also subjected to in vitro hydrolytic degradation in PBS at 

37 °C. The polymeric network weight loss was measured after 4, 8 and 12 days and 

after 6 weeks. During the first 4 days the polymer network loses 47% of the initial 

mass. Then, it does not show any significant change of residual weight in the 

following 8 days, reaching a total mass loss of ca. 67% after 6 weeks of incubation.  

In Fig. 7.5 SEM images of the freeze dried hydrogel samples, before and after 8 days 

in vitro hydrolytic degradation, are reported. The “as prepared” XG/PVA film shows 

a finer and more heterogeneous microporous structure with an average pore size of 25 

µm (Fig. 7.5a). After 8 days of immersion in PBS, the morphology of the films is 

characterised by a larger porosity (between 50 and 150 µm)  (Fig. 7.5b). The 

micrographs obtained at higher magnification evidence thicker pore walls after 

incubation in PBS and the presence of small globules, probably due to the presence 

0

50

100

150

200

250

300

350

400

0 500 1000 1500

S
D

%

Time (min)

MilliQ water

0.9% NaCl

FBS
0

50

100

150

200

250

300

350

400

0 500 1000 1500
S

D
%

Time (min)

MilliQ water

0.9% NaCl

FBS

a b



RFID epidermal sensor including xyloglucan-based hydrogel films: wound dressing and wound 
monitoring applications 

_____________________________________________________________________________________ 

197 
 

of high crosslinking density regions. These globules are also present in the “as 

prepared” films (see Fig. 4.8 in Chapter 4). 

 

Fig. 7.5 SEM images of a prepared XG/PVA films (a, a’)  and after 8 days of incubation in PBS at 37°C 

(b, b’) 

The ability of the film to absorb and release a fluorescent hydrophilic dye, Atto 633 

(Fig. 7.6a), was investigated through UV-Vis spectroscopy. Atto 633 uptake and 

release curves are reported in Fig. 7.6. Film specimens, previously swollen in water 

to their equilibrium state, incorporated ca. 80% of the dye present in the uptake 

solution within 24 hours and released ca. 98% of the loaded molecule in 24 hours (Fig. 

7.6b).  
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Fig. 7.6 Molecular structure of Atto 633 fluorescent dye (a), its uptake/release profile by XG-PVA 

(GL1)_CX (b) and a digital picture of the film after the uptake of the Atto 633 blue dye (c) 

 

7.3.2. Electrical properties of the XG/PVA hydrogel film 

The principle of functioning of an RFID device coupled to a hydrogel dressing is 

based on the change of electrical conductivity of the films upon absorption of wound 

exudates. Electric impedance spectroscopy was applied to measure the electric 

properties of the films in the “as prepared” condition and in the equilibrium swelling 

state either, in water or in simulated physiological fluid. As shown in Fig. 7.7a, 

Nyquist diagrams (Z” vs. Z’) for the swollen films are distorted semicircles, sensibly 

smaller for the film swollen by the isotonic saline solution. Contrariwise, the “as 

prepared” film shows only a small portion of the semicircle (in the high frequency 

region), followed by a linear zone. These results indicate that the “as prepared” film 

has a mainly capacitive behaviour, while the swollen films are conductive, the 

resistivity being lower when the film is swollen by saline solution. 

Fitting of the impedimetric spectra with different electrical equivalent circuits gave 

no satisfying results. Therefore, we adopted the formalisms of complex impedance, 

Z*, and permittivity, ε*, to describe the dielectric relaxation phenomena and 

determine the bulk conductivity of the films. [16–18] 

According to this approach, the complex dielectric function can be calculated as: 
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where Y*=[Z*(ω)]−1 is the measured complex admittance, C and G the measured 

capacitance and conductance, ω the angular frequency (ω=2πf) and C0 the equivalent 

capacitance of the free space. The frequency-dependent AC conductivity, σ′(ω), is 

then obtained as [17]: 

)( !" = �(( !"!�& 

where ε0 is the permittivity of free space and ε″ the imaginary part of complex 

permittivity. 

Fig. 7.7b shows the σ′(ω) vs. frequency diagram for the different systems under 0.2 

V.  The plateau at intermediate to high frequencies (103-105 Hz) corresponds to the 

DC conductivity, σdc, of the films. The conductivity is mainly attributable to ion 

mobility: indeed, σdc is higher for the equilibrium swollen films that contain ca. 77% 

of water, with respect to the “as prepared” film, that has only 15% of water. The 

presence of sodium and chlorine ions causes an order of magnitude increase of σdc. 

The decrease of σ′(ω) at low frequencies could reflect both electrode polarization and 

diffusion phenomena (see the Nyquist plots of Fig. 7.7a). 

 

Fig. 7.7 Electric impedance spectroscopy of as prepared, water and saline swollen hydrogel films. 

Nyquist diagram (a); frequency-dependent conductivity (b) 
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Radio frequency (RF) response of the film was measured both in the dry state and 

during the exposition with simulated body fluids. The measured S12 scattering 

parameter corresponding to the dry membrane is shown in Fig. 7.8a. The estimated ε+ 

permittivity of the dry film is rather low, equal to 1.1, while the membrane exhibits a 

non-negligible conductivity (σ=3.2×10,- ./0). The dynamic exposition to body 

fluid was induced by placing the hydrogel film on a synthetic sponge soaked with 

isotonic saline solution (ε+=75.2, σ=1.67 S/m at 870MHz) for a fixed time interval (2 

min). Then, it was placed between the two layers of the ring resonator and the S12 

scattering parameter versus frequency was measured. This procedure was repeated 

four times up to the full immersion of the sample into the saline solution (for 2 min). 

A digital scale was used to further monitor the fluid dispersion by continuously 

weighing the membranes after each exposure to the fluid. The amount of absorbed 

fluid after each exposure was evaluated in terms of SD% of the membrane. The 

radiofrequency response of the membrane significantly changes at the increase of the 

SD%. The increase of the permittivity and the electric conductivity of the membrane 

produces a progressive shift of the S12 curves (Fig. 7.8b) that spans in the frequency 

range 985 < f < 780 MHz. 

 

 
Fig. 7.8 Measured S12 for the dry membrane (a) and S12 measurements vs frequency during the 

progressive absorption of saline solution (b) 
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Dielectric properties of the XG-PVA(GL1)_CX estimated at different SD% are 

reported in Fig. 7.9. In the selected frequency band (200-1500 MHz), the hydrogel 

film exhibits a significant variation of permittivity up to 10 times its initial value and 

an increase of electrical conductivity, confirming that such membranes can be 

exploited for sensing applications.  

 

Fig. 7.9 Estimated dielectric properties of XG-PVA (GL1)_CX at different SD%: permittivity (a) and 

conductivity (b) 

In order to verify the recovery capability of the sample, i.e. the capability to release 

the amount of the fluid absorbed by the film, the membrane was left to air-dry at room 

conditions. Its weight was then monitored every hour, until the membrane has 

recovered the initial weight. A comparison between the measured S12 in the case of 

the “as prepared” membrane and the S12 measured after the recovery process is shown 

in Fig. 7.10. Despite the slight frequency shift, denoting the need of a longer recovery 

time, the dielectric properties of the membrane are comparable. 
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Fig. 7.10 Measured S12 in dry state and after recovery 

 

By repeating the same procedure adopted above, the same XG-PVA (GL1)_CX film 

has been exposed to the isotonic saline solution in a second cycle of swelling, with 

the purpose of assessing the reproducibility of the electromagnetic features. The 

overlapped results related to the estimated dielectric properties with respect to SD% 

are shown in Fig. 7.11. In the early stages of the second cycle of swelling, values of 

ε+ and σ are in good agreement with values obtained from the first cycle, while 

increasing the degree of swelling these values start to differ. This phenomenon is 

probably due to irreversible modifications of the membrane structure during the first 

swelling cycle and to the leaching of the non-grafted glycerol, as observed in the in 

vitro degradation. 
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Fig. 7.11 The overlapped estimated dielectric properties of the sample vs SD% of the film in the 

case of two consecutive exposures to the saline solution 

 

7.3.3. Serum absorption and antibacterial properties characterisations  

The ability of the film to retain serum protein and to act as a barrier against bacteria 

were in vitro evaluated. 

To assess the potential ability of XG-PVA(GL1)_CX film to absorb and retain 

proteins contained in the exudate, two pieces of film were immersed in FBS for 6 

hours. After this time one of the films was washed and proteins retained within the 

film were analysed by electrophoresis. The other piece avoiding the washing step was 

used as control. In Fig. 7.12a it is shown the electrophoretic pathways of the two 

samples. The most intense band corresponds to the molecular weight of albumin. By 

optical density analysis (Fig. 7.12b) it is possible to assume that about 50% of the 

serum proteins have been retained in the hydrogel film after washing.  

This result suggests that the film could be able to absorb and reduce exudate levels 

maintaining a balanced degree of wet and it may stimulate re-epithelization.  
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Fig. 7.12 XG-PVA (GL1)_CX film absorption of  serum proteins. Electrophoretic pathway of FBS 

proteins retained within the film or protein adsorbed on film surface (a), and optical density analysis of 

the serum proteins (b) 

 

An important function of an ideal wound dressing is the protection from infections, 

that especially in the case of chronic wounds are the major cause of mortality. 

For this reason, the effect of XG-PVA(GL1)_CX film on bacterial growth was 

evaluated. For this test a non-pathogenic E. coli bacterium was chosen and thus an 

aliquot of overnight bacteria growth was incubated in two test tubes containing LB 

and left to growth for 120 min. The potential antimicrobial effect of XG/PVA film 

was estimated by measuring bacterial growth. Hence, XG/PVA film was added to 

only one of the test tube, while the other tube without film was used as control. 

Spectrometric measures of both samples were acquired at different interval of times 

up to 240 min. From results shown in Fig. 7.13 it is possible to argue that no difference 

in the growth curves between the control and the sample was detected, indicating that 

the dressing material have not intrinsic antibacterial effectiveness.  
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Fig. 7.13 Spectrophotometric measurements of XG-PVA(GL1)_CX film incubated with E.coli and the 

control without the film 

Furthermore, the possibility that the wound dressing here studied could have bacterial 

retentivity was investigated. Indeed, E. coli were seeded on a LB agar plate and pieces 

of XG/PVA film of the same dimensions were place on this plate and incubated 

overnight to allow the bacterial growth. In agreement with the above results, bacterial 

growth was not inhibited (Fig. 7.14a). Subsequently, the XG/PVA film, the portion of 

LB agar under the film and a portion of LB agar far from the film of the same size 

(control) were separately incubated in a fresh LB medium and after 120 minutes the 

growth was measured (Fig. 7.14a).  The experimental results (Fig. 7.14b), indicate 

that the number of bacteria was significantly higher in the sample containing the film 

with respect to the one with agar underneath the film, indicating that the wound 

dressing may have bacteria retention properties. 
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Fig. 7.14 Schematic representation of bacterial retention test on XG-PVA(GL1)_CX (a) and results from 

optical density (O.D.) of an agar piece collected far from the film, the film and the piece of agar under the 

film (b) 

Moreover, the ability of XG-PVA(GL1)_CX film to provide protection against 

bacterial infiltration was further investigated. Hence, XG/PVA film was placed on a 

LB agar plate and 10 μl of E. coli were gently dropped in the centre of the film’s 

surface as depicted in Fig. 7.15a. After 24 hours the agar below the film and a piece 

of agar with bacteria collected far from the film were cut and incubated in LB medium, 

and the bacterial growth was measured every 30 minutes. For this analysis a piece of 

solely agar without bacteria was used as control. The proliferation curves, shown in 

Fig. 7.15b, clearly indicate that the piece of agar under XG/PVA film does not show 

any bacterial growth, being comparable to the control without bacteria. This result 

suggests that the film is able to prevent bacterial infiltration and it can act as a barrier 

against infections when used as wound dressing.  
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Fig. 7.15 Schematic representation of bacterial infiltration experiment (a) and optical density spectra (b)  

 

However, XG-PVA(GL1)_CX film does not contain any active compound and its 

antibacterial activity may be improved by the incorporation of an antimicrobial or 

antibiotic.  

7.4. Conclusions 

In the present study, it was demonstrated the feasibility of integrating passive RFID 

sensor tags in XG-PVA-based hydrogel films in the perspective of developing “smart” 

plasters to monitor fluid loss and temperature of a wound. Swelling ability of XG-

PVA(GL1)_CX was measured using a setup that could emulate the conditions of a 

dressing on an exuding wound and thus its ability to absorb simulated exudates (FBS) 

was estimated to be around 200% of its initial weight. The ability of the film to retain 

about the 50% of proteins contained in the simulated exudates, could prevent the side 

effects due to proteolytic activity of excessive exudate in the wound site. 

The electrical characterization at frequencies between 10-2 and 106 Hz, revealed the 

conductivity of the film increases when swollen in saline solution, essentially due to 

the presence of the ionic species. RF characterisation revealed that the film is able to 

change RF response of the tag depending on its swelling degree and its dielectric 

properties, permittivity and conductivity, are increased at the increase of SD% at the 

high frequencies range confirming the possibility to exploit this device for sensing 

applications and in particular to monitor exudate loss in a wound. 
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Furthermore, XG-PVA(GL1)_CX film was found able to absorb and release a 

hydrophilic fluorescent probe and this results suggest the investigation about  loading 

and release ability of this film with relevant active molecule (e.g. antibiotic). Finally, 

the film was demonstrated to have good ability to act as barrier against bacteria and 

thus in an application as wound dressing it can protect the wound from infections. 
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CONCLUSIONS 

 

This PhD project has given a contribution to the development of new materials 

addressed to an advanced wound management. 

In particular, this research: 

• introduced a new platform of materials for wound healing applications, 

which uses as main component a polysaccharide readily available at low 

cost, usually employed in food industry but with great potential for 

biomedical applications thanks to its intrinsic active properties which could 

enhance the healing process; 

• produced new hydrogel films stable in contact with fluids, transparent, thus 

allowing the inspection of the wound without dressing removal, wearable 

thanks to their flexibility and resilience, and with tunable swelling degree 

and microstructure; 

• used for the first time - to the best of my knowledge - a carboxylated XG 

to obtain new co-assembled materials suitable for biomedical applications 

and in particular for wound healing; 

• investigated for the first time the co-assembly of peptide amphiphile with 

CXG as method to produce fibrous and cytocompatible scaffolds that 

promote cell adhesion and that are able to enhance the healing process in 

vivo; 

• proved the concept of the integration of a hydrogel film with an RFID 

antenna to develop a sensor that can monitor fluid loss and temperature of 

a wound bed. 
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FUTURE DEVELOPMENTS 

 

This study may provide inspiration for future research projects focused on the 

development of the here presented materials and device (Fig. II). 

 

 
Fig.II Future developments of the here presented platform; red lines represent possible 

improvements of the new materials and device developed as part of my thesis (in blue boxes) 

 

In particular, 

• a more detailed in vitro and in vivo biological characterisation for the 

application of the xyloglucan-based films as wound dressings and for the 

validation of the polysaccharide intrinsic properties to the benefit of wound 

healing; 

• the influence on the healing process of the XG-based films (with no PVA) 

semi-ordered microstructure on cell growth; 

• the possibility of loading drugs, growth factors and/or cells on the dressing, 

to exploit scaffolding properties; 
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• the development and further optimisation of the RFID-based sensor, that 

could become also actuators if the hydrogel film would be loaded with an 

active molecule, or be applies in other fields than advanced wound dressings; 

• CXG/polycations interactions could be explored to design multifunctional 

carriers for therapeutics or diagnostic purposes. 
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APPENDIX  A 

Experimental 

A.1. Preparation procedures  

A.1.1. Preparation of XG and PVA solutions 

Xyloglucan aqueous solution (4 %wt) was prepared by adding the dry biopolymer to 

MilliQ water and stirring overnight at room temperature, while PVA (2 % wt) was 

dissolved in MilliQ water at 80°C for about 1 hour. 

 

A.1.2.  Xyloglucan functionalisation protocol 

Carboxylation reaction was conducted on XG dispersed in water at 0.2 %wt. 

Polymer solution was initially de-oxygenated with N2 for 30 minutes. The reaction 

was performed on 150 ml of polymer solution, by adding 3 mg (or 0.128 mM) 

TEMPO, 12.5 mg (or 0.81 mM) NaBr and 720 μl of 15% sodium hypochlorite 

solution (NaOCl) at 5°C under inert atmosphere and providing continuous magnetic 

stirring. Both pHmeter and temperature probes (HI 2211 pH/ORP Meter, Hanna 

Instrument) were assembled inside the bottle and pH was constantly measured (Fig. 

A.1). Thus, during the oxidation process small volumes of NaOH 0.1 M were added 

to maintain the pH around 9. The reaction was stopped after 4 hours, by adding 22.8 

mg (or 4 mM) NaBH4 powder. Functionalized polymer was recovered by 

precipitation in ethanol followed by freeze drying.  
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Fig. A.1 Reaction setup: pH and temperature probes were assembled inside a reaction bottle, providing a 

constant flux of N2 and inside an ice bath to maintain the temperature below 5 °C 

 

A.1.3. Peptide amphiphile synthesis and purification 

Peptide synthesis and purification was performed at Queen Mary University of 

London.  

Peptides were prepared on a 0.5 mmol scale using modifications of previously 

published protocols. (MBHA) Rink Amide resin (Novabiochem Corporation, UK) 

was used to generate a terminal amide. 

All the amino acids and other reagents were dissolved in N,N-dimethylformamide 

(DMF). 

Amino acid couplings were performed using four equivalents (4mmol) of Fmoc-

protected amino acids (Novabiochem Corporation), four equivalents of 1-

hydroxybenzotriazol (HOBT, Carbosynth Limited) and six equivalents of N,N’-

diisopropylcarbodiimide (DIC, Sigma–Aldrich) for 1h. Fmoc was removed with 1-

hour treatment of 20% v/v piperidine (Sigma–Aldrich) in DMF. After treatment with 

piperidine, Kaiser test (phenol, 80% in ethanol, KCN in H2O/ pyridine and 
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Ninhydrin, 6% in ethanol, Sigma-aldrich) was used to check the effectiveness of the 

Fmoc deprotection at each aminoacid coupling. Following Fmoc removal from the 

last amino acid residue of the desired sequence, an alkyl tail moiety of palmitic acid 

(C16H32O2, Calbiochem) was conjugated to the free N-terminus. The alkylation 

reaction was performed using four equivalents of the fatty acid, four equivalents of 

HOBT, and six equivalents of DIC in DMF/dichloromethane and the reaction was 

carried out overnight. The reaction was stopped when a negative Kaiser test was 

obtained. 

After the reaction was finished, the resin was washed several times with DCM 

before cleavage from the resin. Cleavage of peptide amphiphile from the resin and 

deprotection were carried out with a mixture of trifluoracetic acid (TFA, Sigma-

Aldrich)/triisopropylsilane (TIS, Alfa Aesar)/water (95:2.5:2.5) for 3h at room 

temperature. The solution was then collected by filtration and all washings were 

combined and rotoevaporated to remove residual TFA. The viscous peptide solution 

was precipitated by addition of cold diethyl ether. The precipitate was collected by 

centrifugation and was washed several times with cold ether followed by drying 

overnight under vacuum. 

 

For peptide purification, freeze dried peptide amphiphile was dissolved in deionized 

water at 5 mg/ml concentration and purified using a 2545 binary gradient 

preparative High-Performance Liquid Chromatography (Waters, USA) with a 2489 

UV/Visible detector (Waters, USA) using a C18 column (Atlantis Prep OBD T3 

Column, Waters, USA) and a water/acetonitrile gradient containing 0.1%v TFA.  

Purified fractions of peptide in solution were frozen and then lyophilized to collect 

the pure peptide. The mass of the peptides was confirmed by electrospray ionisation 

(ESI, Thermo LXQ, Thermo Scientific, USA) and matrix-assisted laser desorption 

ionisation-time of flight mass spectrometry (MALDI-TOF MS, Applied Biosystems 

4800 Proteomics Analyzer (TOF/TOF) mass spectrometer). 
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A.1.4. Preparation of PDMS surfaces 

To prepare polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, USA) 

surfaces used for the preparation of CXG/PA-H3 gels it was used the following 

protocol: the desired amount of elastomer was weighed inside a glass beaker, 10 

%wt of the curing agent was added to the elastomer and the mixture was manually 

stirred. Once the mixture was homogeneous, it was poured into plastic petri dishes. 

To prepare PDMS channel, a cylindrical aluminium stick with a diameter of 3 mm 

was placed on the precursors mixture. Then the petri was placed in a pre-heated 

oven at 60°C for at least 1 hour.  

 

A.2 Characterisations 

 

A.2.1. Unreacted glutaraldehyde evaluation 

A weighted amount of “dry” XG or XG/PVA crosslinked hydrogel films was 

immersed in MilliQ water for 20 minutes. After this time, an aliquot of MilliQ water 

in which the film was immersed was analysed using a UV-670 Spectrophotometer 

(Jasco). This procedure was repeated several times, until complete disappearance of 

the characteristic glutaraldehyde absorption peak at 280 nm. A calibration curve of 

GA was built for the quantitative analysis of the GA released by the films. 

 

A.2.2. Shear viscosity measurements  

Shear viscosity measurements presented in Chapter 4 and Chapter 5 were performed 

in a stress-controlled Rheometer Ar G2, TA Instruments (Bipohysics Institute 

Palermo Unit, National Research Council) in rotational mode. Low concentrated 

samples were analysed with an acrylic plate-cone geometry (angle < 0.0174 rad, 

radius 20 mm, truncation 30 μm) and a gap of 30 μm, while concentrated samples 

were analysed with an acrylic plate-plate geometry (diam. 4 cm) and a gap of 500 

μm. Shear viscosity measurements were performed at 25 °C and the duration of 
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measurements was chosen according to the explored shear rate range. Temperature 

control was provided by a Peltier plate. 

 

A.2.3. Fourier-transform infrared spectroscopy (FTIR) 

FTIR analyses were carried out with a Perkin Elmer-Spectrum 400 apparatus at the 

University of Palermo. Samples of XG-based films (Chapter 4) were prepared by 

freezing and freeze-drying the film samples. The freeze-dried products were mashed 

and diluted with potassium bromide anhydrous powder to have final concentration 

of the sample of about 3 %wt; then they were compressed into pellets.  

 

CXG samples presented in Chapter 5 having carboxyl groups in dissociated form, 

were prepared dissolving an amount of CXG in MilliQ water before the analysis and 

assuring that pH was around 6-7. While samples of CXG with carboxyl groups in 

undissociated form, namely in the protonated form, were prepared dissolving CXG 

in MilliQ and adjusting pH to about 3 by addition of HCl (1M); both solutions were 

subsequently lyophilised and then mashed with KBr (final conc of the sample 3 

%wt) for the preparation of a tablet. All the spectra were collected by accumulation 

of 32 scans between 4000 and 400 cm-1, with a resolution of 4 cm-1 and normalised 

to do the comparison. 

FTIR measurements of CXG/PA-H3 mixtures (Chapter 6) were performed at Queen 

Mary University of London using a Brukler Tensor 27 FTIR spectrometer. 

CXG/PA-H3 gels were freeze dried and then mashed in presence of KBr so that the 

samples had a concentration of 2-3 % in the analysed tablets. Spectra were acquired 

by accumulation of 32 scans between 4000 and 800 cm-1, with a resolution of 4 cm-1. 

 

A.2.4. Thermal gravimetric analysis (TGA) 

For XG- and XG/PVA-based films (Chapter 4), thermal-gravimetric analysis of 

(TGA) was conducted with a Setaram, Labsysevo, TGDTA/DSC at University of 
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Palermo. Samples were pre-conditioned at 20 °C and 11 % RH, and tested in a 

temperature range of 20−500 °C at a heating rate of 10 °C/min. The characteristic 

temperatures associated to the various phenomena are calculated as the peak 

temperature of the first derivative function (DTG).  

 

TGA analysis on XG and on CXG (Chapter 5) was performed with a TA 

Instruments Q500 at Queen Mary University of London. Samples were pre-

conditioned at 20 °C and 10 % RH and then loaded on platinum sample holder and 

tested in a temperature range of 20−500°C at a heating rate of 10°C/min under 

constant nitrogen flux. 

 

A.2.5. Scanning electron microscopy (SEM)  

Fracture surface morphology was imaged by a field emission scanning electron 

microscopy (FESEM) system (JEOL) at an accelerating voltage of 10 or 20 kV. 

Freeze-dried samples were mounted on SEM aluminium stubs by means of a 

graphite adhesive layer. Then, samples were coated with a gold layer by JFC-1300 

gold coater (JEOL) for 50 s at 30 mA for 60 or 120 seconds, depending on the 

porosity of the sample, before scanning.  

 

A.2.6 Carboxyl-groups titration  

A volume of 15 ml of CXG 0.1 %wt was poured in a glass beaker containing a 

pHmeter probe (HI 2211 pH/ORP Meter, Hanna Instrument). Titration was 

performed under constant agitation using a standardized NaOH 0.05M solution as 

titrant. The equivalent point was detected when pH reached 7. The amount of 

carboxyl groups was subsequently calculated equal to moles of NaOH added at the 

equivalent point.  

 

A.2.7. Gel filtration chromatography (GFC) 
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Gel filtration chromatography is a size exclusion chromatography in which water is 

used to transport the sample through the column. The chromatographic profiles of 

XG and CXG (Chapter 5) were obtained by using two Shodex SB HQ columns in 

series (806 and 804) connected to an Agilent 1260 Infinity HPLC and equipped with 

a 50 μl sample loop (equipment belonging to University of Palermo). Samples were 

filtered with 1.2 µm cellulose acetate (Millipore) syringe filters before analysis to 

eliminate contaminants. All samples were eluted with 0.02%wt sodium azide 

solution at 0.6 ml/min and the refractive index was recorded with a Smartline RI 

detector 2300 Knauer.  

 
A.2.8 Static and dynamic Light Scattering (SLS, DLS) 

Both for static and dynamic light scattering measurements presented in Chapter 5, 

samples were placed into a thermostated cell compartment of a Brookhaven 

Instrument BI200-SM goniometer (equipment belonging to Biophysics Institute, 

Palermo Unit, National Research Council). The temperature was controlled to within 

0.1°C using a thermostated recirculating bath. 

The light scattered intensity and time autocorrelation function (TCF) were measured 

by using a Brookhaven BI-9000 correlator and a 100mW solid-state laser (Quantum- 

Ventus MPC 6000) tuned at λ = 532 nm or a 50mW He–Ne tuned at λ = 632.8 nm. 

Measurements were taken at different scattering vectors q=4πn λ0-1/sin(θ/2), where 

n is the refractive index of the solution, λ0 is the wavelength of the incident light, 

and θ is the scattering angle. For both SLS and DLS, samples were filtered through 5 

or 1.2 μm cellulose acetate (Millipore) syringe filters before the measurements to 

remove gross contaminants and big aggregates. 

 

Dynamic light scattering (DLS): In DLS experiments the correlator operated in the 

multi-τ mode and the experimental duration was set to have at least 2000 counts on 

the last channel of the correlation function.  
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Stretched exponential or cumulants fittings were used to analyse the obtained decay 

curves. For single measurements performed at 90° scattering angle and at 25°C the 

method of cumulant  [1] and the exponential stretched method were compared to 

obtain information on the apparent hydrodynamic size and width of the size 

distribution. According to the cumulant method, the logarithm of electric field 

autocorrelation function can be expanded in terms of the cumulants of the 

distribution: 

ln������ ≡ 
�−�, � =  −� +  ��2!  �� −  ��3!  ��  + ��4!  �� … 

The fitting of the auto-correlation function to a stretched exponential is given by 

the equation: 

���� = � exp �− ��
� !"�� 

where τ is the relaxation time and β is the stretched exponential and it is related to 

the width of the relaxation time distribution. β values are in the range 0-1, with 

smaller values corresponding to wider distributions. 

The average relaxation time τc can be calculated by: 

�# =  �
$   �1

$  

Where Γ is the decay rate. 

 

Static light scattering (SLS): For SLS, data were corrected for the background 

scattering of the solvent and normalized by using toluene as calibration liquid.  

Determination of CXG and XG weight-average molecular weight from SLS was 

obtained from Zimm equation [2]:  
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#∆'�(,#� = 1
)* +1 + ,�  '-�

3 + .�,��/ + 2��0 + .�0��  
 

A Zimm plot is built from a double extrapolation to zero angle and zero 

concentration from many angle and many concentration measurements. In the 

simplest form, the Zimm equation is reduced to: 

 
#∆'�(,#�  �1 → 0, 0 → 0� = 1
)* 

for measurements made at low angle and infinite dilution since P(0)=1. Experiments 

were performed at 10 different angles (i.e. 30°, 45°, 50°, 60°, 75°, 90°, 105°, 120°, 

135°, and 150°) which satisfy condition qRg < 1 and 5 different concentrations (i.e. 

0.5 mg/ml, 1 mg/ml, 1.4 mg/ml, 2 mg/ml, 2.5 mg/ml). 

  

A.2.9 Differential scanning calorimentry (DSC) 

DSC of CXG and XG (Chapter 5) was performed with a Perkin-Elmer DSC4000 

calorimeter belonging to University of Palermo. XG and CXG samples of about 7-

10 mg were weighed in aluminium pans that were sealed and a hole was made in the 

center of the lid. Heating/cooling cycle was carried out (i) heating the samples from 

30 °C to 200 °C at a heating rate of 10 °C/min under constant nitrogen flow, (ii) 

holding the temperature for 5 minutes, then (iii) cooling from 200 °C to 30 °C at a 

rate of 10°C/min, and finally (iv) the first heating step was repeated. 

 

A.2.10 ζ-potential measurements 

ζ-potential measurements presented in Chapter 5 and Chapter 6 were performed 

using a Zetasizer Instrument (NANO-ZS ZEN3600, Malvern Instruments) belonging 

to Queen Mary University of London (UK), on 0.1 %wt solutions. When required, 

pH of the samples was adjusted adding small amount of HCl (1 M) or NaOH (1M) 

to reach a desired value. Samples were let to equilibrate for 120s before measuring 
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the ζ-potential, using an applied voltage of 50.0 V. The results presented are the 

average over three measurements. 

 

A.2.11 CD spectroscopy  

CXG and PA-H3 solutions for CD analysis were prepared in isotonic 10mM HEPES 

buffer at 0.01 %wt. Mixtures were prepared mixing CXG and PA-H3 0.01 %wt 

HEPES solutions at different volume ratios 1:1, 2:1, 3:1 and 5:1. Absorption of the 

sample was firstly assessed below 1. CD spectra were recorded under a constant 

flow of nitrogen at a constant pressure of 0.7 MPa and temperature of 25°C with a 

Pistar-180 spectrophotometer from Applied Photophysics (equipment belonging to 

Queen Mary University of London,UK) in a range from 190 nm to 260 nm at a step 

size of 0.5 nm. Data were averaged over three spectra for each sample.  

 

A.2.12 Transmission electron microscopy (TEM) 

Samples were casted onto carbon film coated copper TEM plasma etched holey 

carbon-coated copper grids (Agar Scientific) and incubated for 5 min. Excess was 

removed on filter paper before incubation with 2 %wt uranylacetate filtered solution 

for 30 seconds. Grids were then washed with ultrapure water for 30s and air dried 

for 24h at room temperature. Bright-field TEM imaging was performed on a JEOL 

1230 Transmission Electron Microscope operated at an acceleration voltage of 80 

kV (equipment belonging to Queen Mary University of London, UK). All the 

images were recorded by a Morada CCD camera (Image Systems). At least three 

images were taken per samples for further analysis. 

 

A.3 Biological evaluations 

 

A.3.1 Cell culture 

Biological assessments presented in Chapter 4, Chapter 7 and part of the evaluations 

presented in Chapter 5 were performed at the Institute of biomedicine and 
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immunology (IBIM) of the National centre of Research (CNR) of Palermo (Italy), 

using adenocarcinomic human alveolar basal epithelial cells (A549) and human 

neuroblastoma cell line (LAN5). These cell lines were cultured with RPMI 1640 

medium (Celbio srl, Milan, Italy) supplemented with 10 % fetal bovine serum (FBS) 

(Gibco-Invitrogen, Milan, Italy), 2 mM glutamine, 1 % penicillin and 1 % 

streptomycin (50 mg/ml). Cells were maintained in a humidified 5 % CO2 

atmosphere at 37 ± 0.1 °C. Confluent cells were detached using 0.25% (wt/v) 

trypsin-EDTA. 

 

Other experiments presented in Chapter 5 and all the evaluations presented in 

Chapter 6 were performed at Queen Mary University of London, using keratinocyte 

cell line (HaCat). 

HaCat were cultured in 75 cm2 cell culture flask in Dulbecco’s Modified Eagle’s 

Medium (DMEM) from ThermoFisher sci. supplemented with 10% fetal bovine 

serum (FBS) from ThermoFisher sci. and antibiotic solution (streptomycin 100 

mg/mL and penicillin 100 U/ml, Sigma Chem). Cells were maintained in a 

humidified 5 % CO2 atmosphere at 37 ± 0.1 °C. Confluent cells were detached using 

0.25% (wt/v) trypsin-EDTA. 

 

A.3.2 MTS assay  

Cell viability was measured by MTS assay (Promega Italia, S.r.l., Milan, Italy). 

MTS [3 - (4,5-dimethylthiazol-2-yl) – 5 - (3-carboxymethoxyphenyl) - 2 - (4 -

sulphophenyl)-2H-tetrazolium], utilized according to the manufacturer’s 

instructions. The absorbance was read at 490 nm on the Microplate reader Wallac 

Victor 2 1420 Multilabel Counter (PerkinElmer, Inc. Monza, Italy). Results were 

expressed as the percentage of MTS reduction relatively to the control.  

 

A.3.3 LIVE/DEAD ® viability test 
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For the evaluation of cell viability presented in Chapter 5 and Chapter 6, cells were 

stained with 10 mM calcein AM and 1 mM ethidium homodimer-1 (Life 

Technologies, UK), incubated 30 minutes with the staining before the analysis. 

Stained samples were then visualized on an inverted Confocal Laser Scanning 

Microscope (CLSM) (Leica Laser Scanning Confocal TCS SP2) belonging to Queen 

Mary University of London (UK). Viability percentage was estimated from confocal 

images, using ImageJ-Fiji macro processing and averaged on three different 

experiments ((http://imagej.nih.gov/ij) (NIH, USA). 

 

A.3.4 Cytoskeleton and nuclei staining 

For cell attachment evaluations presented in Chapter 6, HaCat cells attached on the 

gels were fixed with 4% paraformaldehyde (PFA) for 1 hour at RT. Afterward, cells 

were washed again 1 or 2 times with PBS buffer to remove PFA and incubated for 5 

minutes at 0°C with the permeabilising solution (1ml Triton x-100, 0.028 g NaCl, 

0.003 g MgCl2, 1.099 g sucrose in 20 ml of PBS). After this time, samples were 

washed three times with PBS prior treatment with (4',6-diamidino-2-phenylindole 

(DAPI) 1/1000 dilution for the staining of the nuclei and with phalloidin 555 1/1000 

dilution for the staining of the cytoskeleton for 40 minutes. Samples were finally 

washed from the staining agents with PBS and stored in PBS at 4°C. Stained 

samples were then visualized on an inverted Confocal Laser Scanning Microscope 

(CLSM) (Leica Laser Scanning Confocal TCS SP2) belonging to Queen Mary 

University of London (UK). 

 

A.3.5 Scratch test  

Scratched areas were then estimated using ImageJ-Fiji software, 

((http://imagej.nih.gov/ij) (NIH, USA). 

The percentage of scratch closure was calculated as follow: 

 

�4 − ���5 
�4  6 100 
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Where, Ai is the initial scratched area, A24h is the scratched area after 24h. 

 

A.3.6 In vivo wound closure  

Ten-week-old male CD1 mice were anesthetized by isofluorane inhalation, and the 

dorsal skin was shaved and sterilized with an alcohol swab.  Two full-thickness 

circular 5 mm biopsy punch excisions (surface area of 19.63 mm2) were made using 

a Biopsy Punch (Stiefel).  The wounds were made approximately 1 cm apart on the 

dorsum of mice and left to heal by secondary intention.  Wounds were left untreated 

or had a hydrogel added to the wound bed.  The hydrogels were UV irradiated 

(300,000 microJoules per cm2) prior to application. The wounds were covered by 

Tegaderm (3M) transparent wound dressing, which was secured at the edges by 

Vetbond Tissue Adhesive (3M).  Mice received a single intramuscular injection of 

buprenorphine (Vetergesic) at 0.03 mg/kg immediately following surgery as an 

analgesic.  Following the surgery, mice were housed individually with access to 

food and water ad libitum.  All experiments were reviewed and approved by the 

animal use committee at Queen Mary University of London and were conducted in 

accordance with licenses granted by the United Kingdom Home Office. Wounds 

were collected at day eight post-wounding. The horizontal and vertical diameters of 

the wounds were measured to permit calculation of the wound area.  Wounds were 

excised and bisected using a scalpel.  Half of each wound was snap frozen in liquid 

nitrogen and the other half was fixed in 10% Neutral Buffered Formalin for 24 hours 

followed by storage in 70% Ethanol to permit histological analysis at a later time 

point.   

A.3.7 Statistical analysis  

Numerical data were expressed as mean ± standard deviation or ± standard error of 

the mean. All experiments were repeated at least three times. Analysis was 

performed using GraphPad Prism 15 (La Jolla, USA). One-way analysis of variance 

(ANOVA) for multiple comparisons were employed. Non parametric statistics were 
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used when the samples did not present a normal distribution (Mann-Whitney test). 

Statistical significance was accepted when p<0.05. 

 

A.4 Supplementary information  

 

A.4.1 Gel filtration chromatograms of xyloglucan purchased from DSP Gokyo 

(Japan) and xyloglucan purchased from Megazyme  

From GFC chromatography (Fig. A.2) the two batches of xyloglucan resulted 

comparable and they were use indifferently in this thesis. 

 
Fig. A.2 GFC chromatogram of XG from Megazyme vs. XG from Gyko (DSP) 

 

References  

[1] D.E. Koppel, Analysis of Macromolecular Polydispersity in Intensity Correlation Spectroscopy: 
The Method of Cumulants, J. Chem. Phys. 57 (1972) 4814–4820. doi:10.1063/1.1678153. 

[2] B.H. Zimm, The Scattering of Light and the Radial Distribution Function of High Polymer 
Solutions, J. Chem. Phys. 16 (1948) 1093–1099. doi:10.1063/1.1746738. 

 

Elution time (min)

16 18 20 22 24 26 28 30 32

XG Megazyme 
XG Gokyo (Japan)


