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ABSTRACT 

In this PhD thesis, the advantages of electrospun matrices (such as biomimetic architecture, high 

porosity, and surface area) have been combined with the bioactivity of polysaccharides, focusing on 

hyaluronic acid (naturally present in the extracellular matrix, or ECM) and on a lactose-derivative of 

chitosan (CTL), which has been studied for its bioactive properties, including the anti-inflammatory 

activity in the wound microenvironment, and which is used here for the first time for the preparation 

of electrospun nanofibers.  

The limitations associated to polysaccharide electrospinning have been overcome by blending them 

with a synthetic polymer (polyethylene oxide, PEO) and using a surfactant (namely, Tween® 20) to 

reduce solution surface tension, thereby producing thin and defect-free nanofibers with a diameter in 

the range of collagen ECM fibers (50-500 nm). Attention then turned to the more critical step of 

stabilization in water as the rapid dissolution of the electrospun polysaccharides would hamper their 

use as wound dressings. For this purpose, various crosslinking methods already investigated in the 

literature have been tested (such as EDC/NHS, glutaraldehyde, genipin, or heat treatment), all of 

which being unsuccessful given the highly hydrophilic nature of both hyaluronic acid and CTL. 

Hence, previously untested crosslinkers in the electrospinning field have been explored, with 

carbonyldiimidazole (CDI) exhibiting the best results in terms of water stability and fibrous 

morphology maintenance. Moreover, the ability of the electrospun products to retain a surprisingly 

high quantity of fluids while favoring water-vapor permeation has been demonstrated, comparing 

them with a commercial chitosan dressing (Chitoderm®) and non-electrospun polysaccharidic 

membranes. 

However, the polysaccharide-based matrix alone did not possess proper stability and consistency to 

be handled and applied to a wound.  
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For this reason, other polysaccharide-based electrospun systems have been designed, by exploiting 

two different strategies: i) the layer-by-layer deposition (here also referred to as “coating”) of 

polysaccharides on a synthetic-based electrospun matrix (namely, polycaprolactone, PCL); ii) the 

production of a two-layer electrospun membrane with a mechanically stable PCL layer and a 

bioactive and fast releasing polysaccharide counterpart. 

The two types of constructs have been characterized in terms of morphology, polysaccharide release 

kinetics, swelling capacity, and water vapor transmission ability. They revealed good 

biocompatibility and bioactivity towards human dermal fibroblasts, which showed enhanced healing 

ability in the presence of polysaccharide-endowed mats.  

In addition, the antibiotic rifampicin has been added to the PCL layer, to confer the wound dressings 

antibacterial properties without compromising their biocompatibility. The antibiotic release as well 

as its inhibitory and bactericidal activity towards Staphylococcus aureus, Staphylococcus 

epidermidis, Pseudomonas aeruginosa, and Escherichia coli have been tested, with higher efficacy 

against Staphylococci and Pseudomonas aeruginosa.  
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SOMMARIO 

Nella presente tesi di dottorato, i vantaggi offerti da matrici elettrofilate (come l’architettura 

biomimetica, l’elevata porosità e l’area superficiale) sono stati combinati con la bioattività dei 

polisaccaridi, in particolare con quella dell’acido ialuronico (naturalmente presente nella matrice 

extracellulare) e di un chitosano modificato con gruppi lattosidici (CTL), studiato per le sue proprietà 

bioattive, tra cui l’attività antiinfiammatoria nel microambiente della ferita, e qui usato per la prima 

volta per l’elettrofilatura di nanofibre.  

Le limitazioni correlate all’elettrofilatura dei polisaccaridi sono state superate grazie all’aggiunta di 

un polimero sintetico (l’ossido di polietilene, PEO) e di un surfattante (il Tween® 20), utilizzato per 

ridurre la tensione superficiale in modo da ottenere nanofibre sottili, prive di difetti e con un diametro 

paragonabile a quello delle fibre di collagene della matrice extracellulare (50-500 nm). In seguito, 

l’attenzione si è spostata verso il passaggio più critico della stabilizzazione in acqua, poiché i prodotti 

elettrofilati a base di polisaccaridi vanno incontro ad una rapida dissoluzione, impedendone l’utilizzo 

quali medicazioni per ferite croniche. Per tale ragione, diversi metodi di reticolazione già studiati in 

letteratura sono stati testati (come EDC/NHS, glutaraldeide, genipina o trattamento al calore), 

rivelandosi tuttavia tutti infruttuosi a causa della natura fortemente idrofilica dell’acido ialuronico e 

del CTL. Pertanto, nuovi agenti reticolanti mai impiegati nel campo dell’elettrofilatura sono stati 

studiati; tra questi, il carbonildiimidazolo (CDI) ha dato i migliori risultati in termini di stabilità in 

acqua e mantenimento della morfologia fibrosa. Inoltre, è stata dimostrata la sorprendente abilità dei 

prodotti elettrofilati di trattenere grandi quantità di fluidi favorendo al contempo la permeazione del 

vapore acqueo, tramite una comparazione con una medicazione già presente in commercio a base di 

chitosano (il Chitoderm®) e con membrane polisaccaridiche non elettrofilate.  

Nonostante ciò, la matrice a base di soli polisaccaridi non possiede una resistenza meccanica e 

consistenza che ne consentano la maneggiabilità e l’applicazione su una ferita.  
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Per questo motivo, sono stati disegnati altri sistemi elettrofilati a base di polisaccaridi, sfruttando due 

diverse strategie: i) la deposizione strato per strato (anche detta coating) dei polisaccaridi su una 

matrice elettrofilata a base sintetica costituita da policaprolattone (PCL); ii) la produzione di una 

membrana elettrofilata a due strati, formata da uno strato meccanicamente stabile di PCL e uno strato 

bioattivo e a rilascio rapido a base di polisaccaridi.  

Queste due tipologie di strutture sono state caratterizzate per la loro morfologia, per le cinetiche di 

rilascio dei polisaccaridi, la capacità di assorbire fluidi e la permeabilità al vapore acqueo. Hanno, 

inoltre, rivelato una buona biocompatibilità e bioattività nei confronti di fibroblasti umani del derma, 

la cui capacità di rigenerazione era incentivata dalla presenza delle membrane contenenti 

polisaccaridi.  

In aggiunta, l’antibiotico rifampicina è stato addizionato allo strato di PCL, per conferire a queste 

medicazioni anche proprietà antibatteriche, senza però alterarne la biocompatibilità. Il rilascio di 

antibiotico così come l’attività antibatterica contro Staphylococcus aureus, Staphylococcus 

epidermidis, Pseudomonas aeruginosa ed Escherichia coli sono stati testati, mostrando una maggiore 

efficacia nei confronti degli Stafilococchi e di Pseudomonas aeruginosa. 
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1. INTRODUCTION 
 

 1.1. Non-healing (chronic) wounds 

The skin (Figure 1) is the largest organ of human body, acting as a barrier which limits its dehydration 

along with protecting it from external insults. Consequently, preserving the integrity of skin is of 

pivotal importance to maintain organism stability.1 

 

Figure 1. Schematic representation of skin anatomy with its main constituents.2 Copyright (2021), with permission from 

Elsevier. 

The presence of a skin damage (namely, a wound) in healthy patients activates a physiological healing 

path, which generally involves four subsequent stages: hemostasis, inflammation, proliferation, and 

remodeling (Figure 2).3  

To prevent further blood loss from the injured site, platelets are immediately recruited in the i) 

hemostasis phase, which results in the coagulation process. After that, platelets secrete cytokines (as 

the transforming growth factor-β, or TGF-β, and the platelet-derived growth factors, or PDGFs) 

which recall neutrophils to the site of damage, thus triggering the ii) inflammatory phase. Neutrophils 

play a pivotal role in the healing process, since they exert an antimicrobial activity while secreting 

cytokines (as inteleukin-17, or IL-17) and growth factors (as vascular endothelial growth factor, or 

VEGF) with the function of recruiting inflammatory cells and stimulating keratinocyte, fibroblast, 
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and endothelial cell proliferation. Their action is carried out in 24 h, after which neutrophils undergo 

apoptosis. The iii) proliferation phase usually starts in 2-3 days with the deposition of granulation 

tissue. Meanwhile, the presence of procollagen, elastin, hyaluronic acid, and proteoglycans stimulates 

cell growth together with the formation of new blood vessels: on the one hand, keratinocyte 

proliferation strengthens the barrier function against external insults; on the other hand, vessel growth 

ensures oxygen supply and leukocyte migration towards the regenerating tissue. During the 

proliferation phase, even monocytes are recruited to the injured site by the cytokines secreted from 

apoptotic neutrophils and differentiate in macrophages to increase the resident macrophage 

population. By this point, macrophages switch from the proinflammatory phenotype (M1) to the anti-

inflammatory one (M2) and the chemokines produced during this phenotypical change trigger the T 

cell response. The crosstalk between all the cell types is afterwards fundamental for the iv) 

remodelling phase, in which extracellular matrix (ECM) deposition and angiogenesis go together 

with collagen deposition and the control of matrix metalloproteinases (MMPs) activity, whose 

deregulation hampers an adequate wound closure.3–6 

 

Figure 2. Schematization of the physiological healing path temporal progression.2 Copyright (2021), with permission 

from Elsevier. 

The ordered sequence of this phases represents the boundary line between acute and chronic (or non-

healing) wounds. Depending on the extent of the damage, acute wounds (as skin abrasions, cuts, 
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burns, or surgical injuries) usually heal in 8-12 weeks following the physiological healing path in an 

orderly and timely manner.7–9 Conversely, chronic wounds fail this healing timeline, stalling in a self-

perpetuating inflammatory phase and provoking fibrosis, tissue loss and laceration besides increasing 

the risk of infections. This can be particularly ascribed to pre-existing pathological conditions (such 

as diabetes, autoimmune diseases, or venous stasis) which then cause a lower mitogenic activity, 

growth factor secretion, and angiogenesis along with increasing the production of proteases, 

cytokines, MMPs, and reactive oxygen species (ROS), which destroy the ECM.10–15  

Based on their etiology, the Wound Healing Society classifies non-healing wounds in four main 

categories: i) pressure ulcers, ii) diabetic ulcers, iii) venous ulcers, and iv) arterial insufficiency ulcers. 

Chronic wounds may require also years or decades to completely heal, heavily affecting patient’s 

quality of life, since they lead emotional and physical trauma which can sometimes evolve in 

permanent disability (as in the case of limb amputation).16 

Chronic wounds also represent a significant economic burden for the medical system. For example, 

only in the US they weight on the national health system for 25 billion dollar per year, with a 

simultaneous increase of 6.5 million patients every year.17 Similarly, in the UK, with a rate of 100000 

ulcers diagnosed every year, chronic wounds involve the 3% of the total healthcare costs,18 while in 

Europe they require the 2% of the total healthcare budget.19 

Considering this scenario, the need for strategies able to improve non-healing wound management, 

treatment, and resolution is urgent to increase patients’ life expectancy as well as ensuring an easier 

administration at the expense of the healthcare systems.  

 

1.1.1. Wound dressings – definition 

The standard clinical practice for wound management includes surgical debridement and negative 

pressure treatment to clean and prepare the wound bed, with the aim of stimulating the endogenous 

healing process and to accelerate the effectiveness of the adopted therapeutic measures. After that, a 
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wound dressing must be applied to protect wound microenvironment, which is intended as a 

protective device useful to accelerate the healing response and fasten its closure. The choice of the 

specific wound dressing is then based on the pathophysiological healing process as well as on the 

type of wound to be treated.20,21  

There is no unanimity on the definition of the characteristics an ideal wound dressing should possess, 

but there are certainly some key factors influencing the goodness of the adopted device in favoring 

tissue regeneration (Table 1). Biocompatibility, antimicrobial, hemostatic, and anti-scarring 

potential, ability to absorb exudates and gas permeability while maintaining a moist environment, 

mimicking of the extracellular matrix structure and mechanical properties, biodegradability, and 

adaptability to the wound shape are among the most significant. They should also be designed to limit 

the frequency of dressing changes, which are associated to patient’s discomfort and wound 

mechanical stresses.22–31 

Particular attention must be paid to moisture retention capacity, as in 1962 Winter demonstrated that 

a moist environment accelerates epithelial healing compared to dry wounds exposed to air only.32 

Indeed, the moist environment seems to favor cell regeneration and motility allowing at the same 

time enzymatic activity, collagen deposition, and functionality of epidermal growth factor. For this 

reason, an effective wound dressing should ensure a proper equilibrium between moisture retention 

and gas permeability, thereby enhancing skin regeneration.33,34 
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Table 1. Main features required to an ideal wound dressing to enhance the healing process, re-epithelialization, and 

functional recovery, avoiding scar insurgence.2 Copyright (2021), with permission from Elsevier. 

 

Wound dressing properties Relevance 

Biocompatibility It is the first prerequisite of material safeness 

Biodegradability A biodegradable material, which follows tissue regeneration, leaves 

space to the new healthy tissue also minimizing the need for dressing 

changes 

Non-immunogenicity No adverse immune response must be directed against the dressing 

selected 

Conformability to the wound A wound dressing which adapts its shape to the wound site allows an 

efficient covering and fluid retention. Conformability has not to be 

confused with sticking to the wound surface, which is not a favorable 

condition 

Moisturizing ability A moist environment, in which exudate absorption and water 

vapor/gaseous exchanges are allowed, favors cell viability and 

migration as well as the deposition of collagen and the functionality 

of growth factors and enzymes involved in the healing process 

Haemostatic activity Haemostatic wound dressings avoid excessive bleeding, allowing the 

activation of the coagulation cascade and the healing process 

Stimulation of cell migration 

and proliferation 

The simultaneous action of different cell types (as immune cells, 

endothelial cells, fibroblasts, keratinocytes) allows the regulation of 

the inflammatory response, the deposition of the extracellular matrix, 

and the formation of new tissue 

Avoidance of pathogen 

infections 

The contamination of the wound compromises the success of the 

healing process, leading to a chronicization of the inflammation state 

and to the formation of necrotic tissue 

Mimicking of skin architecture 

and mechanical properties 

A wound dressing which recalls native tissue enhances cell 

colonization, proliferation, and activity leading to re-epithelialization 

Maintenance of proper tissue 

temperature 

A decrease in wound bed temperature below normal body values 

impairs the healing process, due to a reduction in cell activity and 

consequent slow epithelial regeneration and collagen deposition 

Minimization of dressing 

changes 

Dressing changes are painful and, in some cases, could cause 

secondary tissue damage, lessening the healing process 

Cost effectiveness A manageable and cost-effective material has more chances to 

encounter the market demand 
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1.1.2. Wound dressings – classification 

Wound dressings can be classified in two main categories, namely passive and active (Figure 3). 

Traditional passive wound dressings are, for example, gauzes, plasters, or cotton wools. However, 

they only have the function to protect the wound site from the external environment, but they often 

dry the wound bed, thus impairing wound closure without stimulating any regenerative response. 

Furthermore, they require frequent changes to limit the risk of infection and the wound adherence 

due to excessive exudate evaporation.35 

For this reason, attention was focused on a new generation of materials (namely, the active wound 

dressings) that are able to actively interact with the surrounding damaged tissue, thereby being 

involved in the wound healing process. Indeed, active dressings are specifically designed to ensure 

proper moisture retention while acting as a barrier against pathogens and promoting tissue structural 

and functional recovery.  

 

Figure 3. Schematization of the wound dressing main features, highlighting the advantages of using active wound 

dressings rather than passive ones.2 Copyright (2021), with permission from Elsevier. 
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The main active dressings currently studied or used in the clinical practice can be divided in semi-

permeable films, semi-permeable foams, hydrogels, hydrocolloids, alginate dressings, and bioactive 

dressings.9,36,37 

Semi-permeable films were originally produced as nylon derivatives equipped with an adhesive 

polyethylene support. However, in this formulation they are occlusive and do not allow exudate 

absorption, leading to skin maceration and infection along with requiring frequent dressing changes.38 

For this reason, they were substituted with polyurethane-based dressings, able to adhere and adapt to 

the wound shape while promoting re-epithelialization. Indeed, they are occlusive for bacteria and 

water, but not for gases. This means that, in the presence of mild exudates, the exudate accumulation 

within the wound bed encounters its evaporation throughout the film dressing. Moreover, 

polyurethane films are transparent, allowing wound assessment and limiting dressing substitution.39 

Commercial semi-permeable films are, as few examples, OpsiteTM, BioclusiveTM, or TegadermTM, 

which differ for specific features, such as permeability, conformability to the wound, or 

adhesiveness.40–42 These products are particularly indicated in case of superficial wounds with mild 

exudates, but they cannot maintain the moisture equilibrium over a certain amount of liquid. In 

addition, in some cases they can adhere and seal to the wound bed, causing skin laceration during 

dressing removal.43,44 

Semi-permeable foams are typically made of polyurethane, but contrary to semi-permeable films 

they can be employed even in case of heavy exudating wounds. In addition, they act as a cushion over 

the wound, promoting autolytic debridement and gaseous exchanges. In some cases, they cannot well 

adapt to the wound, and are used together to secondary dressings to ensure their stabilization.45 This 

is the case, for example, of Cutimed® Siltec, endowed with a silicon contact layer.46 Even multilayer 

foam dressings have been commercialized, with the specific aim of avoiding wound adherence, 

possible infections, and patient’s pain. Examples of this are AllevynTM and TielleTM, structured in 

three distinct layers. The first one, comprises an outer impermeable polyurethane layer, a central 
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absorbent hydrocellular layer, and an inner porous layer designed to avoid epidermal cell migration 

into the dressing and allow an easy removal. The second one is divided in a polyurethane adhesive 

layer and a thin polyurethane foam membrane enriched with a central hydrophilic polyurethane foam 

layer which should prevent the dressing from completely drying out, to maintain a moist 

microenvironment, allowing non-traumatic removal and gaseous exchanges while blocking 

microorganisms entrance.47,48 Nevertheless, foam dressings are not indicated for eschars or dry 

wounds since their high absorption capability could cause wound bed adherence with subsequent 

difficult and painful dressing removal.49 

Hydrogels are crosslinked polymer-based three-dimensional matrices which can hold up to 90% of 

liquid (generally, water). Thanks to their water retention capacity, they can both provide water to dry 

wounds and absorb, on the other hand, moderate amount of exudate, thus maintaining a moist 

environment. Moreover, they promote necrotic debris removal, favor oxygen exchanges through the 

surface, and stimulate epithelial regeneration. The dressing changes are barely painful in the case of 

hydrogels and their features (as chemical, mechanical, physical properties as well as their flexibility) 

can be modulated in a precise manner, varying, for example, their composition or production 

method.50–52 Several hydrogel-based commercial products (such as TegaGel®, Nu-Gel®, 

Carrasyn®Gel) have been made available over the years. However, they possess poor mechanical 

stability and cannot properly serve as bacterial barrier alone, requiring the addition of antimicrobials 

to avoid wound contamination. Further, the high-water content delivered to the injured site can 

provoke, in some cases, skin maceration and dressing immersion in the surrounding damaged tissue. 

For this reason, their employment must be considered on the basis of the amount of exudate a wound 

is able to secrete.44,53 

Hydrocolloids are interactive absorbing dressings made of a hydrophobic pressure sensitive layer 

(continuous phase) and a hydrophilic filler (dispersed phase). This specific design enables self-

adhesiveness and humidity regulation ensuring, at the same time, the absorption of fluids and the 
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autolytic debridement.54,55 The continuous phase is often represented by elastomers or adhesives (as 

polyisobutylene and styrene-isoprene-styrene copolymer); the dispersive component is, instead, 

characterized by gel forming agents (as carboxymethylcellulose, gelatin, or pectin). In particular, the 

hydrophilic phase can absorb large amount of exudate turning into a hydrophilic gel, thereby 

eliminating the excess of fluid, and limiting skin desiccation. On the other hand, the hydrophobic 

layer acts to prevent bacterial infection and maintains proper wound temperature.9,56,57 Hydrocolloids 

are largely employed wound dressings. Moreover, due to their ease and painless removal, they are 

particularly useful even for pediatric wounds (as in the case of DuoDERM®).58 Nevertheless, their 

employment is not recommended when the damaged tissue is already infected, since the hypoxic and 

excessively moist environment could enhance necrotic tissue autolysis and facilitate microorganism 

proliferation.53,59,60 

Alginate dressings are non-toxic, highly absorbing, non-adherent, and, in the presence of wound 

exudates, they can turn into highly hydrated gels. Their properties vary depending on their 

formulation, since they can be rich in mannuronic acid (as SorbsanTM or TegadermTM Alginate Ag) 

or in guluronic acid (as KaltostatTM or SeaSorbTM). Indeed, alginate is a polysaccharide copolymer 

given by a linear repetition of (1 → 4)-linked β-D-mannuronic acid (M) and α-D-guluronic acid (G) 

residues. In the presence of divalent cations (especially Ca2+) it undergoes ionotropic gelation, during 

which G residues reorganize in a specific structure, namely the “egg-box”. Consequently, the 

guluronic acid-rich alginate dressings are stronger and less flexible than mannuronic-acid rich ones 

when hydrated and they differentially contribute to the healing response. Indeed, upon interaction 

with the wound bed, considerable quantities of calcium ions are substituted in time by sodium ions, 

leading to gel formation and creating an adequate moist environment which promote re-

epithelialization. Moreover, this ion exchange plays an active role in the coagulation cascade, which 

employs calcium ions.61–65 Alginate dressings have been produced in different forms, such as films, 

foams, fibers, hydrogels, and hydrocolloids, in view of skin regeneration.66 Notwithstanding all their 
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advantages, alginate dressings should not be applied on dry wounds since their high fluid attraction 

ability could cause a burning sensation for the patient. Moreover, in these conditions an increased 

pressure could be exerted on the wound bed impairing the healing process and causing the formation 

of necrotic tissue.67 

Bioactive dressings are an extended class of medical devices including all the biomaterials able to 

actively foster the wound healing response. This can be achieved by using naturally bioactive 

polymers or by endowing inert materials with bioactive moieties.68 Indeed, many natural polymers 

(as chitosan, hyaluronic acid, collagen, to name some) possess intrinsic antimicrobial, hemostatic, 

anti-inflammatory, and other bioactive properties which make them suitable candidates in the field 

of wound care.69–73 In other cases, the dressing materials can be enriched, for example, with 

antimicrobial compounds, growth factors, anti-inflammatory drugs, and other substances able to 

locally stimulate cellular activity while avoiding any pathogen infection and adverse responses. This 

confers bioactive dressings an additional asset over non-functionalized materials to support the 

reconstruction of tissue architecture and function.74–76 

The strategies for clinical wound care currently include another class of biomaterials, namely tissue 

engineered skin substitutes, which not only assist skin regeneration, but have the specific function 

to substitute the missing tissue. Tissue engineered skin substitutes can be classified, considering their 

application, in permanent, semi-permanent, or temporary; considering the tissue to be treated, in 

dermal, epidermal, or composite; and, considering their origin, in biological (autogenous, allogeneic, 

xenogeneic) or alloplastic (synthetic, composed by biocompatible polymer matrices).77 Acellular, 

synthetic skin substitutes are, for example, BiobraneTM, AllodermTM, and IntegraTM;78–80 on the other 

hand, Dermagraft®, Apligraf®, or OrCelTM, to name some, are example of cell-containing grafts.81–83 

Thanks to the abundance of commercial products, tissue engineered skin substitutes are a good 

alternative in the treatment of unhealed skin injuries which fail the traditional wound care line. 
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Nonetheless, they still present substantial drawbacks, as they can induce scarring, immune rejection, 

and fail integration with the surrounding tissue along with precluding a correct revascularization, 

which leads to cell death. Added to this, they cannot exactly recreate the anatomy, physiology, 

biology, and aesthetic of the damaged skin besides requiring high production costs. Therefore, the 

research of new materials able to mimic the architecture and biology of natural human skin in a cost-

effective and feasible way still represents an urgent medical need.84–87 

 

1.2. Electrospinning  

The extracellular matrix (ECM) can be considered as a natural scaffold, whose topology and geometry 

affects cell physiology and tissue remodelling.88 Therefore, when considering biomaterials for tissue 

regeneration (as in the case of non-healing wounds) their ability to reproduce ECM structure is an 

important parameter that has to be examined in its complexity, since ECM is composed by 

interconnected fibrous structural proteins (collagen, elastin, laminin among the most abundant), 

polysaccharides (which include glycosaminoglycans, as hyaluronic acid), and proteoglycans (which 

are formed by glycosaminoglycans attached to ECM proteins, as chondroitin sulfate).89,90 

In this context, electrospinning emerged as a simple and effective technique to produce biomimetic 

nanoscale/microscale fibrous scaffolds. It consists of an electro-hydrodynamic process exploited to 

synthetize membranes with thin polymeric fibers, a large surface area, and high porosity. The 

electrospinning benchtop apparatus (Figure 4) consists of a high voltage power supply, a spinneret 

(frequently, a needle-equipped syringe) located on a syringe pump, and a metallic collector. The 

polymers of choice are dissolved in their own solvent (or, sometimes, mixtures of solvents); then, the 

solution is loaded into the syringe and extruded through the needle, controlled by the syringe pump. 

In this process, a high voltage (generally, 5–30 kV) is applied on the polymeric solution to increase 

its surface charge density, leading to the formation of a cone-like drop (namely, “Taylor cone”) at the 

tip of the needle; if the electric field applied overcomes the liquid surface tension, a continuous 
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filament is produced and accelerated towards the collector of opposite polarity. In the space between 

the needle and the collector, the polymer jet stretches and elongates, the solvents evaporate, and the 

polymers are deposited on the collector as non-woven ultra-fine fibers.91–94 

 

Figure 4. Schematization of the electrospinning apparatus. The high voltage power supply is connected both to the 

spinneret and the collector to overcome polymer surface tension at the tip of the needle and allow fiber deposition. Two 

types of setups are here illustrated: A) planar target for the preparation of planar membranes; B) rotating target (or 

mandrel) for the preparation of tubular scaffolds.2 Copyright (2021), with permission from Elsevier. 

The electrospinnability, intended as the ability to produce mats with a certain fiber diameter and 

porosity starting from a specific polymer solution, depends on several parameters, namely solution 

(concentration, viscosity, electrical conductivity, surface tension, polymer molecular weight), process 

(voltage, injection rate, needle-collector distance, type of collector), and environmental (temperature, 

relative humidity) parameters.92,95,96 

The physical properties of the obtained fibers can be tailored by adjusting the electrospinning 

apparatus configuration (vertical or horizontal) or by modifying the geometry of the collector (for 

example, disks or mandrels). Moreover, basing on the spinneret (as in the case of coaxial needles) it 

is possible to ameliorate the ability to incorporate bioactive compounds and modulate their release in 

time, promoting tissue restoration.97–102  
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Looking at the versatility of the electrospinning technique, its success even in the field of wound care 

is noticeable. Indeed, the obtained nanofibrous matrices, with their interconnected porous structure, 

recall ECM architecture guiding cellular crosstalk between the dermal and epidermal layers. With a 

diameter falling in the range of collagen fibers (50–500 nm), electrospun nanofibers also provide 

mechanical and biochemical support and can be engineered with biological cues specifically selected 

to enhance tissue repair and/or prevent the insurgence of infections.103 They provide a high contact 

surface area for exudate absorption and water vapor/gas exchanges, with a hemostatic and anti-

scarring potential. In fact, the moisturizing ability accelerate tissue repair and wound closure, 

avoiding scar formation. Electrospun mats are even highly flexible and, when the tensile strength is 

high enough, they well adapt to the wound shape without the addition of secondary dressings. 

Besides, the wide variety of polymers to be used and combined allow the reproduction of the 

physiological microenvironment either from a structural and compositional perspective.104–107  

1.2.1. From synthetic to natural polymers  

The choice of the polymers to be used for electrospun membrane preparation is one of the most 

important factors to pursue a wide-ranging mimicking of the extracellular matrix (ECM). In fact, on 

the chemical nature of such polymers depends dressing degradability, resistance, mechanical 

properties, similarity to ECM components, and all that characteristics which define membrane 

architecture and conformability to the injured site along with its bioactivity and capability to recreate 

a suitable environment for tissue regeneration.108–111 

The use of synthetic polymers has known a considerable increase in the last 15 years and most of 

them have been approved by the Food and Drug Administration (FDA) for clinical application. 

Indeed, many synthetic polymers (polyurethane, polyethylene oxide, poly(lactide-co-glycolide), 

poly(vinyl alcohol), poly- ε-caprolactone, to cite the most used) possess numerous features, such as 

mechanical strength and integrity, good degradation profile, possibility of surface modifications, or 

thermal stability, which allow them to be exploited for the synthesis of a wide range of medical 
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devices, as electrospun matrices and scaffolds.112–114 Among them, poly-ε-caprolactone (PCL) 

(Figure 5) is one of the most employed due to its biocompatibility, long-term stability, and low-cost 

availability. It is a hydrophobic semicrystalline linear aliphatic polyester slowly degraded (2 - 4 years) 

upon hydrolysis of the ester bonds in physiological conditions, while preserving high mechanical 

properties.115–117  

 

Figure 5. Chemical structure of poly-ε-caprolactone (PCL). 

Polyethylene oxide (PEO) (Figure 6) is another frequently used FDA-approved synthetic polymer, 

thanks to its biocompatibility and water-solubility. It is a hydrophilic inert semicrystalline polyether 

with excellent thermal and mechanical stability, whose hydroxyl termination ensure a high water-

absorption capacity. 118–120  

 

Figure 6. Chemical structure of polyethylene oxide (PEO). 

Synthetic polymers can be used alone or can be mixed to synergistically combine their properties and 

control the release of bioactive compounds. As an example, Kim and co-workers mixed hydrophobic 

polymers (poly- ε-caprolactone [PCL], poly- L -lactic acid [PLLA], and poly(lactic-co-glycolic acid) 

[PLGA]) with the hydrophilic poly(ethylene oxide) [PEO] to selectively incorporate lysozyme in the 

electrospun mat and tune its release. The PCL/PEO blend revealed a better morphological stability in 

aqueous environment with respect to the other tested mixtures, with a sustained lysozyme release 

over time. In addition, as its release depended on the PEO degradation profile, it could be tuned by 

varying polymer ratio.121 
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Notwithstanding all the benefits offered by synthetic polymers in the fabrication of stable electrospun 

membranes, the basically hydrophobic nature of the majority of these polymers and the lack of 

biological signals which could induce cell attachment, growth, and differentiation often limit their 

employment.122 For this reason, the attention moved towards natural polymers, namely proteins (as 

collagen, elastin, silk fibroin) and polysaccharides (as hyaluronic acid, chitosan, alginate). Indeed, 

some of them, as collagen or hyaluronic acid, are natural components of the ECM, thus allowing even 

a compositional mimicking of the natural microenvironment. Moreover, they are intrinsically 

biocompatible, hydrophilic, and possess biological cues recognized by cells, thus serving as tissue 

regeneration matrices (Table 2).123–125 

Table 2. Summary of the main differences between synthetic and natural polymers basing on peculiar features in the field 

of wound healing.2 Copyright (2021), with permission from Elsevier. 

 Synthetic polymers Natural polymers 

Biocompatibility Good Excellent 

Biodegradability Low Fast 

Immunogenicity Low Absent 

Hydrophilicity Low High 

Thermal stability High Low 

Mechanical strength High Low 

Molecular interaction with cells Absent Present 

Bioactive properties Absent Present 

 

However, even the use of natural polymers brings some drawbacks, since they exhibit weak 

mechanical properties and their electrospinnability is hampered by their solubility and by the 

characteristics of the aqueous solutions of these polymers, such as their viscosity, conductivity, and 

surface tension. Thus, blending natural and synthetic polymers has been found to be an efficient 

strategy to combine the bioactive properties of the natural polymers with the mechanical strength and 

stability of synthetic ones.126,127 Nevertheless, a successful blending entails the knowledge of polymer 

chemical properties since their miscibility depends on specific interactions between polymers chains. 
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In addition, once assessed the compatibility of such polymers, particular attention must be paid on 

the choice of the solvent to be used, since its evaporation rate affects fiber deposition and morphology 

as well as the porosity of the resulting nanofibrous matrix. It must also be considered that many 

synthetic and natural polymers are not water-soluble, hence organic solvents must be employed, such 

as acetic acid, trifluoroacetic acid, dimethylformamide, chloroform, formic acid, or solutions based 

on fluoroalcohols, whose toxicity must not be underestimated. These organic solvents are easily 

manageable due to their high volatility, and are used alone, or they can be properly mixed to improve 

polymer solubility.114,128–136 

1.2.2. Polysaccharides  

Among natural polymers, polysaccharides stand out in the field of wound care for their stunning 

properties as active healing promoters. Indeed, they favor tissue regeneration and restoration both 

from a structural and functional standpoint, recreating the physiological wound environment and 

guiding cellular response towards a traditional healing path.137–139 Most of them are abundant in 

nature and, beyond their excellent biocompatibility, they even offer several advantages over other 

polymers, as antimicrobial, hemostatic, or anti-inflammatory properties along with the ability to 

reproduce extracellular matrix (ECM) architecture and composition. Moreover, due to their low 

immunogenicity, natural polysaccharides do not trigger adverse immunogenic responses, but rather 

interact with immune system components activating macrophages, which are active players in the 

wound healing process.140  

Considering the wide variety of available polysaccharides (as hyaluronic acid, chitosan, alginate, 

cellulose, dextran, pectin, to name some),141–147 hyaluronic acid and chitosan are amongst the most 

employed for wound healing purposes. 

Hyaluronic acid (Figure 7) is one of the main ECM components, being particularly attractive in the 

design of medical devices for skin repair. It is a high molecular weight non-sulfated 
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glycosaminoglycan, structured in a linear repetition of (β1 → 4)-glucuronic acid and (β1 → 3)-N-

acetyl-D-glucosamine residues. 

 

Figure 7. Hyaluronic acid chemical structure. 

It is particularly abundant in the ECM of skin, which contains at least 50% of the hyaluronic acid 

total body amount, but it is also present in many connective tissues, as cartilage, vitreous body, or 

synovial fluid. Hyaluronic acid is essential in many biological processes, like tissue homeostasis, 

angiogenesis, tumor biology, and anti-apoptosis activity. All these features, together with its intrinsic 

biocompatibility, biodegradability, and viscoelasticity are of paramount relevance for wound healing 

applications.148,149 In addition, hyaluronic acid high hydrophilicity along with its lubricant and 

moisturizing properties contribute to skin hydration and reduce the possibility of biofilm 

formation.150,151 Hyaluronic acid is even recognized by cells through the membrane receptor CD44, 

where the molecular recognition promotes cell adhesion, proliferation, and differentiation.152 

Considering its bioactive properties, hyaluronic acid has been studied for its anti-inflammatory and 

antioxidant abilities; indeed, it is involved in all phases of the inflammatory response: it regulates 

inflammatory cell migration, interacts with inflammatory elements, and performs a scavenging 

activity towards reactive oxygen species (ROS) and hydroxyl radicals. For all these reasons, it is 

largely employed as dermal filler, substrate for dermal regeneration, and in the production of wound 

dressing materials.153,154 

Chitosan (Figure 8) is a high molecular weight polysaccharide composed by (β1 → 4)-linked 

glucosamine and N-acetylglucosamine residues, in variable percentage. It derives from the 
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deacetylation of chitin, a natural constituent of the exoskeleton of crustaceans, cuticles of insects, and 

cell walls of many fungi. 

 

Figure 8. Chitosan chemical structure. 

Thanks to its outstanding combination of properties, as biocompatibility, biodegradability, chemical 

and thermal stability, and cost-effectiveness, this polysaccharide has been widely exploited for 

biomedical purposes, from drug delivery to wound care. Indeed, it possesses also hemostatic and 

mucoadhesive properties; it supports the epithelialization process and reduces blood loss while 

promoting and strengthening blood clots, thus accelerating the healing process. Furthermore, chitosan 

even exerts an antimicrobial activity, protecting against a wide range of bacteria. Therefore, it is 

largely employed as hemostatic wound dressing as well as in the preparation of antiseptic 

bandages.155–158 The ability of chitosan to favor the coagulation process relies on its polycationic 

nature since the positive charges interact with negatively charged red blood cell membranes, thus 

promoting platelet adhesion, activation, and aggregation as well as the adsorption of plasmatic 

fibrinogen, the increase of its local concentration, and complement activation. In addition, the 

activation of the healing process by means of chitosan-based materials depends on the surface 

available for the interaction with cells and coagulation factors, thus revealing the effectiveness of 

using electrospun dressings, in which the surface-to-volume ratio is maximized.159 Thanks to the 

presence of numerous available amino groups, highly deacetylated chitosan can be exploited for the 

grafting of specific ligands, such as oligosaccharides.160 Among them, CTL (1-deoxylactic-1-γ-L-

chitosan) (Figure 9) is a hydrophilic lactose-modified chitosan obtained by reductive amination with 

the lactose aldehydic group.  



Introduction 

 
19 

 

 

Figure 8. CTL chemical structure. 

This confers CTL several chemical-physical advantages over chitosan, including the higher water 

solubility at neutral pH values,161,162 allowing the employment of non-toxic solvents and increasing 

the biocompatibility of the final product. CTL even possesses bioactive properties; for example, it 

encourages the aggregation of articular chondrocytes by inducing the production of 

glycosaminoglycans and type-II collagen and interacting with Galectin-1163 or it promotes the 

differentiation of multipotent stem cells (namely, human dental pulp stem cells) into an osteoblast 

phenotype.164 More recently, even the anti-inflammatory properties of CTL on human dermal 

fibroblasts have been studied, revealing its ability (alone or in combination with hyaluronic acid) to 

counteract the oxidative damage and reduce the levels of inflammatory cytokines along with 

inhibiting the matrix metalloproteinase-3 (MMP-3) activity and exerting a pro-regenerative effect on 

the ECM.165  

Consequently, the investigation of CTL as possible candidate in the production of electrospun 

matrices for wound dressing development should bring considerable advantages in the field of wound 

care.  
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1.3. Polysaccharide-based electrospun wound dressings 

Polysaccharide-based electrospun wound dressings combine the innumerable benefits of electrospun 

nanofibrous biomimetic matrices with the potential of polysaccharides as wound healing promoters, 

even offering the possibility to incorporate additional bioactive compounds able to enhance and 

broaden the intrinsic bioactivity of carbohydrate polymers.166–169 However, there are some critical 

issues to consider, particularly related polysaccharide electrospinnability, stability in water, and 

mechanical strength, which could hinder their employment in the development of devices and in the 

clinical practice.  

1.3.1. Polysaccharide electrospinnability  

As mentioned in section 1.2.1, the electrospinnability of polysaccharides alone brings some concerns 

due to their viscosity, surface tension, and electrical conductivity as well as their molecular weight 

and chain entanglement,170–173 requiring the association with a synthetic and easily spinnable 

counterpart.174–176 

Among the physicochemical features of the polysaccharidic solutions, the surface tension is an 

essential parameter to consider, since surface tension disruption at the tip of the needle is necessary 

to allow the formation of the filament during the electrospinning process and to control fiber 

morphology and diameter.177,178 For this reason, not only mixtures of synthetic and natural polymers, 

but even the addition of surfactants as Tween® 20 has been proven to be an efficient strategy to 

decrease solution surface tension and conductivity, thus allowing polysaccharide spinnability and 

leading to the formation of thin and bead-free fibers.179,180  

1.3.2. Stability and crosslinking  

The electrospinning of polysaccharides also requires post-processing steps, due to the high 

hydrophilicity and instability in water of the obtained products. Indeed, considering their application 



Introduction 

 
21 

 

as wound dressings, the ability to resist in an aqueous environment as well as the swelling capacity 

and the possibility to absorb fluids is fundamental.181,182 

Therefore, to avoid the rapid hydrolysis of polysaccharide-based electrospun wound dressings in an 

aqueous environment, an adequate crosslinking procedure must be carried out not only to stabilize 

the structure but also to preserve its fibrous matrix and mechanical properties.183,184 Different 

strategies have been attempted over the years in order to crosslink natural polymer biomaterials, 

ranging from chemical to enzymatic to physical methods: chemical crosslinking involves the 

formation of covalent bonds between polymer chains, using coupling and crosslinking agents;185 

physical crosslinking includes strategies such as irradiation (γ-irradiation, UV irradiation, high-

energy electron beam irradiation) or heat treatments;186 enzymatic crosslinking considers the 

employment of specific enzymes (such as transglutaminase, oxidoreductases) to catalyze crosslinking 

chemical reactions.187  

More in detail, the chemical crosslinking has been widely explored in the last ten years to realize 

natural polymer crosslinking. Among the various strategies attempted, glutaraldehyde has been 

largely employed as chemical crosslinking agent; however, its use is associated in some cases to by-

product cytotoxicity and a low crosslinking reactivity.188–191 On the other hand, despite its high cost, 

genipin has also been studied as crosslinker for biopolymers containing free primary amine groups 

since it exhibits lower toxicity after crosslinking if compared with glutaraldehyde.192–194  

Likewise, carbodiimide-based crosslinkers are one of the most used classes of chemical crosslinkers 

and, among them, EDC and NHS (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide – N-

hydroxysuccinimide) are the most represented. Carbodiimide-based coupling agents have the 

advantage to be less toxic than glutaraldehyde, in addition to a high conversion efficiency and to the 

ability to act also in mild reaction conditions.195–198  
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Carbonyldiimidazole (CDI) (Figure 9) represents another effective carbodiimide coupling agent that 

mediates the formation of amide bonds between carboxyl- or hydroxyl-groups and aminic moieties 

without being incorporated.199 

 

Figure 9. Carbonyldiimidazole (CDI) chemical structure. 

For instance, CDI has been studied as covalent crosslinker to immobilize specific molecules on the 

surface of electrospun membranes, as reported by Bastürk and co-workers, which exploited CDI to 

covalently bind α-amylase on the surface of poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) 

matrices.200 It has also been employed as crosslinker in pullulan/gelatin hydrogels, with a “one-step” 

method employing aqueous DMSO as reaction solvent.201 However, its use as coupling agent for 

electrospun nanofiber stabilization is not documented until 2022.  

Physical crosslinking is mainly performed using UV irradiation, which, in the presence of a specific 

photoinitiator, allows radical formation, thus activating chemical groups on polymer chains and 

leading to the formation of a crosslinked network; however, despite its efficacy, it can cause a partial 

degradation of the polysaccharide contained into the membrane.202,203 Methacrylic anhydride is a 

methacrylating agent often used to chemically modify polymer chains through the introduction of 

methacryloyl moieties, allowing thereafter the photo-crosslinking of the methacrylated polymers, 

without affecting the biocompatibility of the final product.204–210  

As an alternative physical method, controlled thermal treatment has been attempted, because it 

induces the crystallization of the electrospun polymers, promoting chain entanglement and stabilizing 

the resultant structure.211 
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Despite the myriad of available crosslinking strategies, there is not absolute concert in the choice of 

the best crosslinker, since all the agents in use present both advantages and disadvantages, depending 

on the crosslinking mechanism as well as on the composition of the membrane itself, whose 

nanofibrous structure should be preserved since it confers electrospun matrices several advantages 

over the other types of wound dressings. 

1.3.3. Mechanical support 

The mechanical strength of polysaccharide-based electrospun membranes still represents a critical 

issue in defining the goodness of the final medical device. Indeed, polysaccharides possess poor 

mechanical properties, thereby requiring the association with the stronger synthetic polymers. 

Blending natural and synthetic polymers is the most common approach to improve both the 

electrospinnability and mechanical stability of polysaccharidic electrospun wound dressings.212–214 

However, even the production of multilayer electrospun matrices has been proven to be a valid 

method to obtain mechanically stable and easy to handle nanofibrous wound dressings.  

This can be achieved by exploiting the layer-by-layer deposition of polysaccharidic coatings on 

synthetic-based electrospun products, thus combining in an ease and effective way the mechanical 

stability of the synthetic nanofibrous and highly porous matrices with polysaccharide bioactivity and 

ability to interact with the surrounding wound microenvironment.215–218 

By following a different strategy, electrospun bilayer structures have been produced, with the purpose 

to closely mimic extracellular matrix (ECM) structure and composition: the synthetic part of the 

scaffolds is thought to provide mechanical support and stability, whereas the polysaccharide-based 

layer is functional to skin regeneration by maintaining proper wound bed hydration and quickly 

delivering bioactive polymers to the damaged tissue.219–221 

Depending on the production method of such multilayer electrospun matrices, the availability and 

release of the polysaccharides can be tuned, thereby widening the range of applicability to different 
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types of wounds, whose treatment should be assessed each time even considering the extent of the 

damage.  

1.3.4. Biofunctionalization  

Although some polysaccharides own intrinsic biological properties, advanced wound dressings are 

often endowed with specific therapeutic agents, which can be topically released to further stimulate 

the progression of a normal healing path and promote total tissue recovery in an aseptic 

microenvironment. Thus, the implementation with bioactive compounds (also referred to as 

“biofunctionalization”) which could exert an antimicrobial action as well as accelerate re-

epithelialization and limit the pain associated to the wound and the inflammatory process is of great 

importance in the design of an electrospun wound dressing. 222–224 This implies the use of tailored 

incorporation strategies which do not alter solution parameters or the stability of the membrane to 

achieve a fine control of the functionalization efficiency and the degradation rate and tune the release 

profile of such compounds. 225,226 

The bioactive compounds that can be added to electrospun membranes and scaffolds can be chosen 

basing on their natural involvement in the healing process or according to their ability to assist this 

process. For example, growth factors are involved in angiogenesis, tissue regeneration and 

remodelling;227,228 vitamins (as vitamin E, D, or C) seem to promote angiogenesis, re-

epithelialization, and granulation tissue formation, while avoiding scar formation and exerting an 

anti-inflammatory and antioxidant activity;229–231 anti-inflammatory, analgesics, and anesthetic drugs 

can be used to reduce patient’s pain.232–234 The wound site is often susceptible to infections, so 

measures to prevent the infiltration and growth of bacteria and other microorganisms are needed, 

paving the way for a variety of antimicrobic biohybrid dressings.235 Indeed, electrospun matrices can 

be enriched with antibiotics, for example ciprofloxacin, metronidazole, and mafenide acetate, or 

antibacterial wide spectrum agents, such as silver nanoparticles, zinc oxide nanoparticles, 
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antimicrobial peptides. These compounds are already widely employed in case of infected wounds or 

are adopted to enhance the antimicrobial behavior of wound dressings.131,236–239  

Among antibiotics, rifampicin (Figure 10) is one of the most effective broad-spectrum bactericidal 

antibiotics, which blocks the RNA-polymerase β subunit, inhibiting the transcription and subsequent 

bacterial protein synthesis.240,241 Despite its large employment to treat Mycobacterium tuberculosis 

infections, it demonstrated its activity even against a wide range of both Gram-positive and Gram-

negative bacteria, being particularly effective in the case of biofilm formation by Staphylococci.242–

244 

 

Figure 10. Chemical structure of rifampicin. 

Several polymers, such as poly(lactic acid), poly(vinyl alcohol), or poly(lactic acid-co-glycolic acid) 

have already been combined with rifampicin to confer antibacterial properties to nanofibrous 

structures.245–247 Among them, rifampicin-loaded PCL membranes for orthopedic application have 

been characterized, revealing their antibacterial effect against Pseudomonas aeruginosa and 

Staphylococcus epidermidis in the first 6 h.248 

Hence, the porous and nanofibrous nature of electrospun wound dressings along with the high 

surface-to-volume ratio allow an efficient drug loading, whose release can be tuned by controlling 

fiber diameter, porosity, and surface area as well as using alternative electrospinning set-ups (as 

coaxial electrospinning).107,249–252  
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2. AIM OF THE STUDY 

Notwithstanding the huge quantity of wound dressings already commercialized, the wound care 

practice still urgently needs new strategies to treat non-healing wounds, thus redirecting the abnormal 

wound healing process towards a physiological path and limiting undesirable outcomes for the 

patient. 

In this context, the present thesis aims to produce a new class of bioactive wound dressings exploiting 

an advanced, simple, and effective technique, namely, electrospinning. Indeed, thanks to their ability 

to mimic the physical properties of extracellular matrix, with a highly interconnected porous structure 

and surface area, electrospun wound dressings appear to be particularly effective in promoting the 

healing process, while absorbing a large amount of exudate and maintaining a moist environment, 

and thereby avoiding scar formation. The use of natural polymers offers additional advantages to 

electrospun products, thanks to their bioactivity in a biomimetic approach which enhances wound 

closure.  

The first aim of this thesis was the production of polysaccharide-based electrospun matrices using 

two different polysaccharides: i) hyaluronic acid, which is a natural component of the extracellular 

matrix; ii) a lactose-modified chitosan (CTL), which has never been electrospun before and has been 

studied for its anti-inflammatory properties in the wound microenvironment, among others.  

The second aim of the present work was to stabilize the final structure of the polysaccharide 

membranes in aqueous environment, thus enabling their handling and employment as wound dressing 

materials while preserving the ability to absorb huge quantities of exudate and transmit water vapor 

throughout the wound.  

Considering the mechanical weakness of polysaccharide-based electrospun products, the third aim of 

the work was to produce stable and easy-to-use electrospun matrices that can be applied to a wound. 
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To this end, two different strategies were investigated: i) the layer-by-layer (or coating) deposition of 

CTL and hyaluronic acid on an electrospun mat of the synthetic polymer polycaprolactone (PCL); ii) 

the synthesis of a two-layered electrospun system in which the polysaccharide layer is deposited on 

a PCL synthetic counterpart. This strategy should provide the final structure with adequate stability 

and mechanical strength thanks to the PCL layer, while at the same time endowing the matrix with 

bioactive polysaccharides differently released depending on the incorporation method.  

Lastly, with the goal of ensuring a broad-spectrum activity against pathogens commonly present in 

the wound site, the wound dressing material obtained in this work was endowed with rifampicin, by 

loading it on the PCL film of the coated or bilayered structure.  
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3. MATERIALS AND METHODS 

 

 3.1. Materials 

Hyaluronic acid (HA) (MW = 40–50 kDa; Batch N# 2018082984) and CTL hydrochloride (lactose-

modified chitosan; Batch N# 350118) were provided by Sigea S.R.L. (Trieste, Italy) and BiopoLife 

S.r.l. (Trieste, Italy), respectively. CTL final composition, determined through 1H NMR, was as 

follow: glucosamine residue 27%, N-acetylglucosamine 18%, and 2-(lactit-1-yl)-glucosamine 55%; 

the calculated relative MW of CTL is around 1.5 × 103 kDa, as determined by viscometry.164 

Polyethylene oxide (PEO) (MW = 900 kDa), poly (ε-caprolactone) (PCL) (MW = 80 kDa), Tween® 

20, dichloromethane (DCM), N,N-dimethylformamide (DMF), sodium hydroxide, methanol, acetone, 

dimethyl sulfoxide (DMSO), 1,1′-Carbonyldiimidazole (CDI), methacrylic anhydride, 

glutaraldehyde (25 wt% in water), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-

hydroxysuccinimide (NHS), sodium chloride, phosphate buffered saline (PBS), and the LB broth with 

agar were purchased from Sigma-Aldrich (Chemical Co. USA). Genipin (purity 98%) was acquired 

from Challenge Bioproducts Co., Ltd. (Yun- Lin Hsien, Taiwan). Rifampicin was purchased from 

EMD Millipore Corp. Fortuna Optima glass syringes (an inner diameter of 9 mm) were acquired from 

Sigma-Aldrich (USA). The D-ES30PN-20 W potential generator was purchased from Gamma High 

Voltage Research Inc. (Ormond Beach, FL, USA). The syringe pump, model KDS-100-CE, was 

acquired from KD Scientific (Holliston, MA, USA). Recombinant Trypsin−EDTA 1X, 

penicillin/streptomycin 100X, Fetal Bovine Serum (FBS), and Dulbecco’s Modified Eagle Medium 

(DMEM) were purchased from Euroclone (Milan, Italy). Normal Human Dermal Fibroblasts, 

Fibroblast Growth Medium 2, and the Fibroblast Supplement Mix were acquired from PromoCell 

GmbH. 
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3.2. Membrane preparation 
 

3.2.1. Monolayer wound dressings  

3.2.1.1. Polysaccharide-based membranes  

All the polysaccharide solutions were prepared by dissolving the polymers (HA, CTL, and PEO) 

separately in deionized water to combine them in binary and ternary mixtures.  

The CTL/PEO solution was obtained by mixing the two polymers at the final concentrations of 1.25% 

(w/V) for CTL and 2.5% (w/V) for PEO. After 30 minutes of stirring, 1% (V/V) Tween® 20 was 

added as surfactant to reduce solution surface tension. The nanofibrous matrices were obtained with 

a custom-made horizontal electrospinning apparatus using the following parameters: voltage, 30 kV; 

distance between needle tip and the collector, 15 cm; flow rate, 1.2 mL/h; needle gauge, 23G; time, 

60 minutes. The negative pole of the high voltage power supply was set over the collector.  

Two types of HA/PEO solutions were produced, by combining 2.5% (w/V) PEO with 5% (w/V) and 

6.5% (w/V) HA, respectively. In both cases, after 30 minutes, 1% (V/V) Tween® 20 was added to the 

solutions. The electrospun matrices were obtained as follows: voltage, 30 kV; distance between the 

needle tip and the collector, 20 cm; flow rate, 1.2 mL/h; needle gauge, 23 G; time, 60 minutes. In this 

case, the negative pole was set over the needle.  

Finally, a ternary mixture of HA, CTL, and PEO was realized. After complete dissolution of polymers 

overnight (o/n), the pH of both HA and CTL solutions was adjusted to 7.5, with the aim to avoid the 

formation of complexes between the positively charged CTL and the negatively charged HA. CTL 

was then added to the PEO solution and stirred for 3 hours. Afterwards, HA was also added to obtain 

a ternary mixture with final concentrations of HA/CTL/PEO of 2% (w/V), 1% (w/V), 2% (w/V), 

respectively. After 30 minutes of equilibration, 1% (V/V) Tween® 20 was added and the mixture was 

stirred o/n at room temperature before electrospinning. The nanofibrous mats were manufactured with 

the following parameters: voltage, 30 kV; distance between the tip of the needle and the collector, 20 

cm; flow rate, 1.2 mL/h; needle gauge, 23 G; time, 90 minutes. The negative pole of the high voltage 
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power supply was set over the collector. The same ternary solution used in the electrospinning 

procedure was cured in Petri dishes (diameter, 6 cm) and freeze-dried for 1 day (ALPHA 1–2 LD 

plus freeze-dryer, CHRIST, Osterode am Harz, Germany) to obtain non-fibrous membranes to be 

used as comparison. 

3.2.1.2. PCL-based membranes  

The PCL solution was prepared according to what reported by Porrelli and co-workers.218 Briefly, 

12% (w/V) PCL was solubilized in a DCM: DMF (7:3) mixture, by first dissolving PCL in DCM o/n, 

followed by the addition of DMF the day after. The membranes were obtained using the following 

parameters: voltage, 17 kV; distance between the tip of the needle and the collector, 25 cm; flow rate, 

0.6 mL/h; needle gauge, 27 G; time, 60 minutes. The negative pole of the high voltage power supply 

was set over the collector. Some of the PCL mats were activated by air-plasma treatment, converting 

their basically hydrophobic behavior into a hydrophilic one. The process was carried out with a PDC 

32-G Plasma Cleaner (Harrick Plasma, Ithaca, USA) used in low power mode (6.8 W) for 5 minutes, 

with a pressure of 0.1 mTorr. Activated PCL mats were even used to produce polysaccharide-coated 

PCL membranes. In this case, both HA and CTL were solubilized in deionized water at the final 

concentration of 0.2% (w/V) and their pH was adjusted to 7.2–7.4. CTL was first cured on PCL 

samples until complete adsorption and air-dried. Then, CTL-coated membranes were washed in 

deionized water and air-dried. Subsequently, HA was cured on the top of PCL-CTL samples, which 

were washed in deionized water and air-dried again. 

3.2.2. Multilayer wound dressings  

3.2.2.1. Bilayer electrospun membranes  

The bilayer electrospun wound dressings (hereafter named “PCL bilayer”) were obtained by 

combining PCL and polysaccharide-based monolayer matrices. In detail, the PCL basal layer was 

synthetized as described in section 3.2.1.2. The obtained PCL membrane was then activated for 1 
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minute by air-plasma treatment and mounted on the planar collector for the following electrospinning 

step. The ternary polysaccharidic solution of HA/CTL/PEO (section 3.2.1.1.) was chosen to realize 

the PCL bilayer membrane, which was obtained by electrospinning the polysaccharidic mixture on 

the PCL membrane with the same parameters described in section 3.2.1.1., except for the time, which 

was of 60 minutes in this case. 

To confer antibacterial properties to the PCL bilayer membranes, the rifampicin was incorporated 

into the PCL basal layer. In detail, 0.1% (w/V) rifampicin was solubilized in DMF, prior to the 

addition of DMF to the PCL in DCM solution. The obtained solution was then electrospun following 

the same experimental set-up employed for the non-functionalized membranes (section 3.2.1.2.). 

Once PCL/Rif membrane was produced, the bilayer was synthetized by activating for 1 minute the 

Rif-loaded matrix and electrospinning the polysaccharidic ternary mixture on the PCL/Rif mat, thus 

obtaining the “Rif bilayer” membrane. Considering rifampicin light sensitivity, all the procedure was 

executed under dark conditions.  

3.2.2.2. Coated electrospun membranes  

The coated electrospun wound dressings (hereinafter called “PCL coating”) where realized with a 

procedure similar to that described in section 3.2.1.2. Briefly, CTL and HA were solubilized in 

deionized water at the final concentration of 0.6% (w/V) and their pH was adjusted to 7.2–7.4. The 

coating was then realized on a 1 minute-plasma treated PCL membrane by curing CTL and HA 

successively on the nanofibrous matrix, with a wash in deionized water after each layer deposition.  

To impart antibacterial properties even to the PCL coating membranes, also in this case the rifampicin 

was added to the PCL layer as described above (section 3.2.2.1.), followed by the 1-minute activation 

and polysaccharide coating. The rifampicin-loaded PCL coating matrices will be named “Rif 

coating” from now on.  
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3.3. Crosslinking strategies 

Due to the high instability and almost instantaneous dissolution of the monolayer polysaccharide-

based membranes in aqueous environments, the resulting mats were subjected to various crosslinking 

treatments to stabilize them in water and ensure their applicability for biomedical purposes. 

 

3.3.1. Glutaraldehyde vapor  

Three Petri dishes (diameter, 6 mm) containing 25% glutaraldehyde in water were placed on the 

bottom of a vacuum chamber. The polysaccharidic membrane samples were stabilized on the grid of 

the sealed chamber and crosslinked under vacuum conditions for 4 hours or 2 hours. In this last case, 

the electrospun mats were subsequently heat treated for 24 hours at 60 °C to further stabilize the 

nanofibrous mesh. 

3.3.2. EDC/NHS  

EDC and NHS were added to the polymer solution 30 minutes before the electrospinning process at 

a final concentration of 2% (w/V) and 1% (w/V), respectively. In one case, the powder was directly 

added to the final polysaccharidic solution; alternatively, EDC/NHS were first dissolved in deionized 

water and then added to the electrospinning solution. 

3.3.3. Genipin  

Genipin crosslinking was executed according to two different procedures. In one case, genipin was 

directly added to the polymeric solution at a final concentration of 0.05% or 0.2% (w/V) 5 minutes 

before the electrospinning process. Once obtained, the nanofibrous matrices were placed at 37 °C for 

24 hours to 7 days, with the purpose to promote genipin reaction. Otherwise, electrospun 

polysaccharidic mats were post-processing treated with 0.5% (w/V) genipin dissolved in ethanol for 

15, 30, and 45 minutes, and then they were heated at 37 °C for 24 hours to activate genipin reaction. 
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3.3.4. Thermal treatment 

The thermal treatment was performed by heating the polysaccharidic membranes in a convection 

oven at 80 °C for 4, 6, 8 hours. Alternatively, to mitigate the effect of humidity on the nanofibrous 

meshes, a vacuum oven was employed, by heating the samples for 1 hours (after equilibrating from 

20 °C to 80 °C) or 1, 2, 3 hours at 80 °C.  

3.3.5. Methacrylic anhydride 

Pure methacrylic anhydride was employed, by gently curing it on HA/CTL/PEO samples until 

complete adsorption and air-drying. The matrices were subsequently washed with various solvents, 

namely deionized water, sodium hydroxide, methanol, acetone, and dimethylformamide, to determine 

the best washing method able to ensure nanofiber architecture maintenance. 

3.3.6. Carbonyldiimidazole (CDI) 

Different attempts were carried out with CDI, to find the optimal compromise between matrix water 

stability and nanofiber structure loss. The first crosslinking attempt was performed o/n in DMF by 

exploring several equivalents of coupling agent for mol of CTL glucosamine residues, namely 100, 

50, 25, and 10 equivalents. Subsequently, other solvents than DMF were tested as better possible 

reaction media, namely dichloromethane, dimethyl sulfoxide, and tetrahydrofuran.  

Then, in an effort to confer further stability to the chemically crosslinked membrane, the CDI 

crosslinking was coupled with the thermal treatment, by first crosslinking the polysaccharide matrices 

with 50 equivalents of CDI in DMF and subsequently heating them for 4 hours at 80 °C. 

Finally, to find the best reaction times, the crosslinking with 50 equivalents of CDI in DMF was 

performed at different incubation times, namely 1, 2, 3, 4, 5, 7, 8 hours, and o/n.  

In all cases, after the crosslinking step the membranes were quickly washed in ethanol and air-dried.  
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3.4. Scanning Electron Microscope (SEM) analysis 

In all cases, dried membrane samples were placed on aluminum stubs covered with a double-sided 

carbon tape and sputter-coated with gold using a Sputter Coater K550X (Emitech, Quorum 

Technologies Ltd., UK). The morphological analysis was then performed with a scanning electron 

microscope (Quanta 250 SEM, FEI, Oregon, USA) working in secondary electron detection mode. 

The working distance was set at 10 mm to obtain the appropriate magnifications, and the acceleration 

voltage was set between 20 and 30 kV. Fiber diameters were calculated using Fiji software,253 by 

randomly selecting 50 fibers on each sample. 

3.5. Attenuated Total Reflectance – Fourier Transform Infrared 

(ATR-FTIR) spectroscopy 

In the case of the monolayer matrices, ATR-FTIR was performed to assess the occurred crosslinking 

on samples treated o/n with 50 equivalents of CDI in DMF. HA/CTL/PEO membranes before and 

after CDI crosslinking were analyzed as well as HA, CTL, PEO, and CDI pure spectra as comparison. 

On the other hand, ATR-FTIR analysis was carried out on the multilayer membranes to evaluate the 

presence of both polysaccharides and rifampicin on the electrospun matrices, by comparing them 

with the pure spectra of the single membrane components (namely, PCL, rifampicin, HA, CTL, PEO). 

In all cases, IR spectra were recorded in transmittance mode with a Nicolet iS50 FT-IR spectrometer 

(Thermo Scientific, MI, Italy), within a wavenumber range of 4000–500 cm-1. All the spectra were 

acquired with 32 scans and a resolution of 4 cm-1.  

3.6. Swelling tests 

The swelling behavior was assessed in deionized water or saline solution (NaCl 150 mM) in the case 

of the monolayer matrices, while the multilayer membranes were tested in PBS. In all cases, the liquid 

retention ability was quantified after rehydration of the samples, by measuring the weight changes as 

a function of the immersion time. As regards the monolayer matrices, seven types of samples were 
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compared: CDI-crosslinked and methacrylic anhydride-crosslinked electrospun polysaccharidic 

mats, CDI-crosslinked freeze-dried polysaccharidic mats, PCL electrospun matrices (non-activated, 

activated, or coated with CTL/HA), and the commercial product Chitoderm® (Pietrasanta Pharma 

S.p.A.). Once measured dry weights, wet weights were determined at each timepoint (15, 30, 45 

minutes and 1, 2, 3, 5, 7, 24 hours) by gentle blotting with a filter paper to remove the exceeding 

surface liquid.  

The same procedure was followed for the multilayer matrices, in which case the swelling behavior of 

the PCL bilayer and PCL coating membranes was compared to the plasma-treated PCL mats and 

measured after 1, 4, 24, 96, 168 hours. 

The swelling ratio was in either case calculated according to Equation (1), as proposed by Porrelli 

and co-workers:164  

Swelling (%) = (
(Ws- Wd)

Wd
) ×100  (1) 

where Wd and Ws are the weights of the samples in the dry and the swollen state, respectively. The 

results were taken as the mean values of four samples for each condition. 

3.7. Degradation tests  

The rate of degradation of the polysaccharide monolayer matrices was evaluated in water and saline 

solution (NaCl 150 mM) on the same samples which were tested for swelling behavior, namely CDI-

crosslinked and methacrylic anhydride-crosslinked electrospun polysaccharidic mats, CDI-

crosslinked freeze-dried polysaccharidic mats, PCL electrospun matrices (non-activated, activated, 

or coated with CTL/HA), and the Chitoderm® (Pietrasanta Pharma S.p.A.).  

Their stability was evaluated after 1, 3, 5, 7 days of immersion at 37 °C. The wet weight was measured 

after 10 min equilibration and related to weight variations in time, which were calculated using 

Equation (2), adapting the protocol proposed by Turco and co-workers:254  

Weight variation (%) =  1 - (
Wtn

W10 min
) ×100  (2) 
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where Wtn and W10min are the wet weights of the samples at the defined timepoint and after 10 min of 

rehydration, respectively. Four replicates were analyzed for each condition. 

 

3.8. Water Vapor Transmission Rate  

The ability of membranes to transmit water vapor was assessed both for monolayer and multilayer 

matrices. In the first case, CDI-crosslinked polysaccharidic electrospun meshes, PCL electrospun 

mats (non-activated, activated, and coated with CTL/HA), and Chitoderm® (Pietrasanta Pharma 

S.p.A.) were analyzed; in the second case, PCL bilayer and PCL coating matrices were tested and 

compared to the plasma-treated PCL mats.  

Glass vials with a top closure of 13 mm of diameter were filled with deionized water, leaving a 2 cm 

gap between the water and the sample, which was placed as a lid on the vial and sealed on the side 

with Parafilm®. The vials were then weighted and incubated at 37 °C for 24 and 48 hours (monolayer 

mats) or 24, 48, and 72 hours (multilayer mats), by measuring water loss at each timepoint. Uncapped 

vials and vials capped with Parafilm® were used as free evaporation and totally occlusive controls, 

respectively. The water vapor transmission rate was afterwards calculated using Equation (3), as 

proposed by Tarusha and co-workers:255 

WVTR (
g

m2h
)  =  (

(Wtx- Wt0)

A × h
) ×100  (3) 

where, Wtx is the weight after 24, 48, or 72 hours, Wt0 is the initial weight of the vial, and A is the 

area of the top closure of the vial. Three replicates were analyzed per each sample. 

3.9. Polysaccharide release  

The release of fluorophore-conjugated polysaccharides from PCL bilayer and PCL coating 

membranes was monitored in PBS after 1, 4, 24, 96, and 168 hours, upon incubation at 37 °C in the 

dark. The labeled polysaccharides (CTL-FITC, HA-CF640R) were kindly provided by prof. Ivan 

Donati (University of Trieste, Trieste, Italy) and synthetized according to the procedures proposed by 

Sacco and co-workers256 and Porrelli and co-workers.164 The fluorescent matrices were prepared as 
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described in section 3.2.2, by substituting the non-fluorescent polysaccharides with the labeled ones. 

Once obtained the membranes, six disks (diameter, 13 mm) for each condition examined were placed 

in 24-wells culture plates, adding 1 mL of PBS in each well. At each timepoint, 200 μL of PBS were 

collected from each sample and transferred in a 96-well black plate for fluorescence reading (CTL-

FITC excitation and emission wavelengths: 485 nm and 520 nm, respectively; HA-CF640R excitation 

and emission wavelengths: 642 nm and 662 nm, respectively) through a GloMax Multi+ Detection 

System (Promega corporation, Madison, USA). A calibration curve was used to relate fluorescence 

intensity to the amount of CTL and HA released. The residual PBS was then removed from the wells 

and substituted with fresh medium, to evaluate polysaccharide cumulative release. PCL electrospun 

samples were used as blanks. 

3.10. Rifampicin release  

The release of rifampicin from the Rif bilayer and Rif coating membranes was followed in time (1, 

4, 24, 96, 168 hours) by immersing them in PBS and incubating at 37 °C in dark conditions. Six disks 

(diameter, 13 mm) for each kind of sample were placed in 24-wells culture plates, by adding 1 mL of 

PBS in each well. After each timepoint, 800 μL of release solution were collected from every sample 

for absorbance evaluation and the residual PBS was substituted with fresh medium, to evaluate 

antibiotic cumulative release. The released rifampicin was quantified by means of UV 

spectrophotometry (Ultraspec 2100 pro, Amersham Bioscience) at 475 nm and the Lambert-Beer 

equation was exploited, knowing that ε475nm is equal to 15400. PCL electrospun samples were used 

as blanks. 

To evaluate the influence of polysaccharide release kinetic from bilayer membranes on the antibiotic 

release, two disks (diameter, 13 mm) of PCL/Rif membranes were immersed in two different PBS 

solutions, enriched or not with CTL and HA (by estimating the amount of polysaccharide that would 

be released from a 13-mm PCL bilayer sample). After 1 hour of immersion, the absorbance at 475 
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nm of the two solutions was measured, estimating the rifampicin concentration thanks to the Lambert-

Beer equation.  

3.11. Contact angle and Surface Free Energy analyses  

The wettability of the multilayer matrices with and without rifampicin was assessed through contact 

angle measurement, using the sessile drop method. Five samples (diameter, 6 mm) were examined 

for each condition, by using untreated and plasma-treated PCL and PCL/Rif membranes as 

comparison. The contact angle was measured on images acquired with a stereomicroscope (Leica 

MZ16) equipped with a 45° tilted mirror and a digital camera (Leica DFC 320), then connected to the 

software Image Pro 3D Suite. Membrane wettability was studied in the presence of three types of 

fluids, namely deionized water, deionized water + 10% FBS, and the cell culture medium DMEM. 

For each type of fluid, 4 μL were deposited on the sample and the images were acquired after 30 

seconds, to allow drop stabilization on the surface. The obtained images were thereafter analyzed 

using the “contact angle” tool of Fiji software and the contact angle of each kind of sample exposed 

to the various types of fluids was calculated. Surface free energies were then evaluated using the 

Owens−Wendt method257 adapted by Ren and co-workers258 and Can-Herrera and co-workers.259 

Both deionized water and ethylene glycol (EG) contact angles (4 μL of fluid/sample) were analyzed 

to calculate the surface energy components: the polar/hydrophilic component (γs
p) and the 

dispersive/hydrophobic component (γs
d). The total surface free energy (γs) was, therefore, calculated 

according to Equation 4: 

γs  =  γs
p + γs

d  (4) 

3.12. Cell culture  

NIH-3T3 murine fibroblasts (ATCC CRL-1658) were cultured in high-glucose DMEM supplemented 

with 10% FBS, 2mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin in humid 



Materials and Methods 

 
39 

 

atmosphere conditions, at 37 °C and with 5% pCO2. Cells were sub-cultured using trypsin 0.25% 

three times a week or at a confluence level of about 70-80%.  

Normal Human Dermal Fibroblasts (NHDF) from adult donor were cultured under humid atmosphere 

at 37 °C and with 5% pCO2 in their own Fibroblast Growth Medium 2, supplemented with 100 U/mL 

penicillin, 0.1 mg/mL streptomycin, and the related Fibroblast Growth Medium 2 Supplement Mix, 

which was stored in the dark. Cells were sub-cultured using 0.25% trypsin, when the confluence level 

was estimated at about 80%. Cells at the second passage of culture were used for the biological tests.  

3.12.1. Biocompatibility assay  

Considering the potentially cytotoxic effects of Tween® 20 employed for polysaccharide 

electrospinning, both PCL bilayer and Rif bilayer matrices were washed rapidly (2 minutes) in ethanol 

to remove the surfactant from the electrospun matrices without affecting their integrity. Hence, to 

first evaluate the efficacy of the ethanol washing in improving mat biocompatibility, PCL bilayer 

membranes, treated or not with ethanol, were tested on murine fibroblasts NIH-3T3, by using cells 

grown in plain medium as control. Both types of membranes tested were cut in disks (diameter, 6 

mm) and sterilized under UV irradiation for 45 minutes. After that, 20’000 cells/well suspended in 1 

mL of complete DMEM were seeded onto 24-well culture plate, considering five replicates for each 

condition. The culture plates were then incubated at 37 °C with 5% pCO2 for 4 hours to allow cell 

adhesion on the bottom of the wells. Once adhered, two disks per type of sample were added to their 

respective wells and cell viability was assessed after 24 hours through a Resazurin Cell Viability 

Assay kit (Sigma Aldrich, St. Louis). In detail, the cell culture medium was removed from the wells 

and substituted with 400 μL of Resazurin solution (diluted 1:30 in DMEM). After 4 hours of 

incubation, 200 μL of the Resazurin solution were collected from each well and transferred to a 96-

well black plate for fluorescence reading, which was performed using a spectrofluorometer GloMax 

Multi+ Detection System (Promega corporation, Madison, USA), with an excitation wavelength of 

525 nm and an emission wavelength in the range of 580-640 nm.  
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Once the efficacy of the ethanol washing was assessed, the biocompatibility of all the multilayer 

matrices, loaded or not with rifampicin, was tested on NHDF. All types of membranes were cut in 

disks (diameter, 6 mm) and sterilized under UV irradiation for i) 45 minutes in the case of the 

membranes without rifampicin, ii) 10 minutes in the case of the antibiotic-enriched mats. Cells at a 

density of 20’000 cells/well were suspended in 500 μL of complete Fibroblast Growth Medium and 

seeded onto 24-well cell culture plates, considering five replicates for each condition. The cell culture 

plates were afterwards incubated at 37 °C with 5% pCO2 for 4 hours, to ensure cell adhesion on the 

bottom of the wells. Subsequently, two disks per type of sample were added to the corresponding 

cell-containing well, to assess cell viability in the presence of the material. Cells seeded in the absence 

of the material and treated with PCL and PCL/Rif mats were used as controls, while empty wells with 

the culture medium only and with the culture medium treated with the different types of matrices to 

test were used as blanks. Cell proliferation was evaluated after 24, 48, and 72 hours using the 

Resazurin Cell Viability Assay kit (Sigma Aldrich, St. Louis). At each timepoint, the medium was 

removed from the wells and substituted with 400 μL of Resazurin solution (diluted 1:30 in the NHDF 

culture medium). After 4 hours of incubation, 200 μL of the Resazurin solution were collected from 

each well and transferred to a 96-well black plate for fluorescence reading. Meanwhile, each well was 

washed with PBS and replaced with 500 μL of fresh cell culture medium. The fluorescence was 

measured again through a spectrofluorometer GloMax Multi+ Detection System (Promega 

corporation, Madison, USA), with an excitation wavelength of 525 nm and an emission wavelength 

in the range of 580-640 nm.  

3.12.2. Wound healing assay  

The wound healing assay (also referred to as “scratch test”) was performed to study in vitro the ability 

of the CTL and HA released from the PCL bilayer and PCL coating matrices to promote wound 

closure. To this aim, liquid extracts of the membranes were prepared. Specifically, 5x5 cm 

electrospun membranes (PCL, PCL bilayer, and PCL coating) were sterilized under UV irradiation 
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for 45 minutes and immersed in 10 mL of NHDF culture medium for 72 hours, after the PCL bilayer 

mats had previously been washed with ethanol (section 3.10.1). The membranes were then removed 

from the medium, which was stored at 4 °C in the dark. NHDFs were seeded on 6-well cell culture 

plates at a density of 250’000 cells/well considering two replicates for each condition and incubated 

o/n at 37 °C to allow cell adhesion. The day after, the culture medium was removed from each well 

and 3 mL of liquid extract of the membranes were added to the cells. Cells treated with plain culture 

medium were used as controls. After 24 hours, when cells reached at least 80% of confluency, the 

medium was removed from each well, stored in a Falcon tube, and replaced with PBS. A scratch was 

realized in each well using a 200 µL pipette tip, by gently impressing a first vertical scratch followed 

by a second scratch perpendicular to the first one. After the wounding was performed on the cell 

monolayer, PBS was removed and replaced with the previously stored conditioned medium. The 

scratch closure was followed over time through an optical microscope (Optech IB3 ICS) equipped 

with a Nikon D5200 and the images were captured at different timepoints (t0, 2, 4, 6, 10, 24, 48 hours). 

The analysis was performed using the software ImageJ: the region of interest (ROI) was outlined per 

each scratch and the percentage of closure over time was plotted. In detail, for each type of sample, 

eight images were analyzed and the percentage of closure over time was calculated by relating the 

gap area at the defined timepoint to the gap area at t0, thereby obtaining the percentage of closed area. 

The gap closure in time was then measured according to Equation 5:  

Gap closure (%) = 100% - % closed area (5) 

3.13. Antibacterial assays   

Escherichia coli (ATCC 8739, hereinafter called Escherichia coli1), Escherichia coli (ATCC 25922, 

hereafter named Escherichia coli2), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus 

aureus (ATCC 25923), and Staphylococcus epidermidis (ATCC 12228) were swiped on LB agar 

plates from a glycerol stock at -80 °C and grown o/n at 37°C. For liquid culture, some bacterial 

colonies were collected from the Petri plates and resuspended in 5 mL of LB medium. Each bacterial 
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inoculum was then incubated o/n at 37 °C under shaking conditions (140 rpm). The day after, a re-

inoculum was prepared by diluting an aliquot of the o/n cultures (1 mL of each bacterial strain) in 5 

mL of fresh LB medium, then incubating again at 37°C and 140 rpm for about 40 minutes (up to mid-

log phase), to reach a final bacterial concentration of 106 CFU/mL. The bacterial concentration was 

determined upon optical density measurements (Ultraspec 2100 pro, Amersham Bioscience) at 600 

nm (OD600nm).  

 

3.13.1. Growth inhibition assay  

The growth inhibition assay was carried out to evaluate the ability of rifampicin-endowed multilayer 

matrices to inhibit bacterial growth even in a highly diluted environment, such as an exudating wound. 

To this aim, liquid extracts of the membranes (both Rif bilayer and Rif coating) were prepared in 

PBS, estimating in both cases an initial antibiotic concentration of about 10 µg/mL, measured by UV 

spectrophotometry (Ultraspec 2100 pro, Amersham Bioscience) at 475 nm using the Lambert-Beer 

equation (ε475nm = 15400). In a 96-well plate, serial 1:2 dilutions of membrane extracts in LB medium 

were performed from an estimated initial concentration of 5 µg/ml to a final concentration of 0.3125 

µg/mL. The test was performed in duplicate for each type of sample (Rif bilayer and Rif coating) in 

the presence of each bacterial strain (Escherichia coli1, Pseudomonas aeruginosa, Staphylococcus 

aureus, Staphylococcus epidermidis). In detail, 100 µL of bacteria were added to each dilution; 

bacteria in LB medium only and exposed to membranes without antibiotic were used as growth 

control, whereas the medium without bacteria was selected as negative growth control. Subsequently, 

the 96-wells were placed in a plate reader at 37 °C (FLUOStar® Omega-BMG Labtech 

spectrophotometer) and the absorbance at 600 nm was measured for 20 hours (with 30 minutes 

intervals between each measure).  

To assess the antibiotic sensitivity of the tested bacterial strains, they were exposed to free rifampicin 

(previously dissolved in DMSO) at different concentrations (from 40 µg/mL to 0.16 µg/mL) and 

incubated at 37 °C for 18 hours. After that, the bacterial growth was estimated again upon 
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spectroscopy measurement at 600 nm, to identify the minimum antibiotic concentration able to inhibit 

bacterial growth (MIC, minimum inhibitory concentration). 260,261 

3.13.2. Time killing test  

The time killing test was performed to evaluate the ability of the released rifampicin to even exert a 

bactericidal activity. For this purpose, after re-inoculum, the bacteria were diluted at a final 

concentration of 107 CFU/mL. As a t0 control, they were serially diluted in PBS from 10-1 to 104 and 

50 µL of every dilution were spread on a LB agar plate and incubated at 37 °C o/n. Meanwhile, the 

bacteria (107 CFU/mL) were incubated at 37°C under agitation (140 rpm) in the presence of the 

rifampicin-endowed multilayer matrices, whereas the respective materials without antibiotic were 

used as growth control. In detail, 1.5 mL of each bacterial strain (Escherichia coli2, Pseudomonas 

aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis) were cultured in the presence of 

three disks (diameter, 13 mm) of each type of membrane (Rif bilayer, PCL bilayer, Rif coating, PCL 

coating). At the selected timepoints (30 minutes, 2 hours, 4 hours), 100 µL of each sample were 

serially diluted in PBS. 50 µL of each dilution were then spread on LB agar plates, which were 

incubated o/n at 37 °C. The day after, the colonies grown on the plates were counted and the CFU/mL 

per each timepoint were calculated based on the examined dilution.  
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4. RESULTS 

 

4.1. Monolayer membranes 

Monolayer electrospun membranes were designed with the aim to produce a polysaccharide-based 

wound dressing material. Different polysaccharide-based solutions were attempted to find the best 

polymer mixture to be electrospun, capable of producing thin and bead-free nanofibers in a 

reproducible manner. For this purpose, both binary and ternary mixtures of hyaluronic acid (HA), 

lactose-modified chitosan (CTL), and polyethylene oxide (PEO) were tested.  

Non-fibrous polysaccharide membranes and synthetic-based electrospun meshes were used for 

comparison, also considering the functionalization of the synthetic membranes with a bioactive 

polysaccharidic coating.  

4.1.1. Polysaccharide-based electrospun membranes  

Binary mixtures of CTL/PEO and HA/PEO were examined. In the first case, CTL [1.25%] (w/V) and 

PEO [2.5%] (w/V) were independently dissolved in deionized water and then mixed with the addition 

of Tween® 20 as surfactant, to reduce the surface tension of the solution and to improve its 

electrospinnability. An analogue method was followed for HA/PEO solution preparation. However, 

in this second case two different concentrations of hyaluronic acid were tested, namely 5% (w/V) and 

6.5% (w/V), while PEO concentration was the same in both cases, namely 2.5% (w/V).  

The CTL/PEO solution exhibited high viscosity, being inhomogeneous and difficult to withdraw with 

the syringe for the electrospinning. It also presented some macroscopic complexes, which were 

probably due to chain entanglement between the two high molecular weight employed polymers. 

Moreover, a phase separation occurred after 30 minutes without stirring. So, this process exhibited 

high instability, inhomogeneous morphology of the electrospun fibers (Figure 11A), and uncertainty 

in fiber chemical composition.  
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Figure 11. SEM micrographs of polysaccharide-based membranes, with the ternary mixture showing the best 

morphology, with thin and uniform fibers, devoid of defects or burns.  

(A) CTL [1.25%] / PEO [2.5%]; (B) HA [5%] / PEO [2.5%]; (C) HA [6.5%] / PEO [2.5%]; (D) HA [2%] / CTL [1%] / 

PEO [2%]. All the concentrations are expressed as w/V. 

On the other hand, the HA/PEO solutions seemed to be easier to treat due to their higher homogeneity 

and lower viscosity. Indeed, in the case of the HA [5%] (w/V)/ PEO [2.5%] (w/V) solution, more 

homogenous and defect-free nanofibers were obtained (Figure 11B). Nevertheless, even when the 

electrospinning time was increased, the membrane was very inconsistent and difficult to remove from 

the aluminum foil. For this reason, a higher concentration of hyaluronic acid was employed with the 

aim to improve membrane texture. Unfortunately, in this case membrane burning was observed 

(Figure 11C). Indeed, a current of 30 µA was registered during the electrospinning process, which, 

associated to the high voltage employed (30 kV), generated a heat of about 810 J.  
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To find the best combination between these polymers and produce a stable and spinnable solution, a 

ternary mixture of HA/CTL/PEO was prepared. The three polymers were separately dissolved in 

deionized water; then CTL and hyaluronic acid were added to the PEO solution, after 3 hours of 

equilibration between the two. Even in this case, Tween® 20 was included as a surfactant. The ternary 

mixture revealed the best viscosity to be withdrawn with the syringe and was visibly homogenous 

and devoid of macroscopic complexes between the polymers employed, so it proved to be the most 

promising candidate for the electrospinning step. As evidence, thin, homogenous, and bead-free fibers 

were observed with high reproducibility (Figure 11D). For this reason, HA/CTL/PEO matrices were 

selected for further characterization as candidate wound dressing material.  

 

Figure 12. Dimensional analysis of polysaccharide-based electrospun membranes (A), with particular attention to the 

ternary mixture, which showed optimal fiber diameter as well as a normal distribution of fiber diameter throughout the 

membranes (B). 

The acronyms HA/PEO_1 and HA/PEO_2 stand for HA [5%] / PEO [2.5%] and HA [6.5%] / PEO [2.5%], respectively. 

All the concentrations are expressed as w/V. 

The fiber diameter was examined and compared between the different types of membranes. It was 

calculated using 50 randomly selected fibers and showed a similar trend in all types of membranes 

(Figure 12A), with the mean fiber diameter ranging from 492 ± 99 nm for CTL/PEO membranes to 

442 ± 117 nm for the ternary mixture. Moreover, in this last case a normal distribution of the fibers 
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within the sample was observed (Figure 12B), confirming the correct setup of the electrospinning 

process.  

4.1.2. Non-electrospun polysaccharide-based membranes  
 

Freeze-dried membranes were produced from the same ternary solution employed for the synthesis 

of polysaccharide-based electrospun mats, to highlight the advantages of using a nanofibrous matrix 

over a conventional non-fibrous structure. As confirmed by SEM imaging (Figure 13), the freeze-

drying process results in membranes characterized by an amorphous layer of the polymer blend and 

no organized fibrous structure. As another non-electrospun control, a commercial product, namely 

Chitoderm®, was analyzed for its composition and structure. It consists of an outer impermeable 

polyurethane layer which serves as protection against the external environment, and a lower chitosan 

pad with a macro-fibrous structure.  

 

Figure 13. SEM micrographs of HA/CTL/PEO freeze-dried mats at different magnifications: (A) 500 X; (B) 50 X. The 

free-drying process does not allow to obtain any nanofibrous structure.  

 

4.1.3. Synthetic-based electrospun membranes  

The differences between electrospun matrices of different compositions were also analyzed. To this 

aim, three types of PCL membranes were produced for comparison, starting from the same 

electrospinning process: (i) untreated, non-activated PCL, (ii) air-plasma activated PCL, and (iii) PCL 
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coated with CTL/HA (both with a final concentration of 0.2% w/V). In all cases, a uniform 

distribution of fibers was observed, and the activation process did not cause significant changes in 

fiber morphology. On the other hand, the presence of the coating slightly alters the overall 

morphology and leads to a slight increase in fiber diameter due to rehydration, resulting in a 

statistically significant difference compared with pristine or activated PCL (Figure 14).   

 

Figure 14. SEM micrographs of electrospun PCL matrices, namely (A) non-activated, (B) activated, and (C) 

polysaccharide-coated nanofibers. On the lower right, (D) a comparison of fiber diameters. Statistical analysis was 

performed with Kruskal-Wallis test and Mann–Whitney test for two-groups comparison, applying Bonferroni's 

correction. Statistically significant differences are indicated as asterisks (*). 
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4.1.4. Stability and crosslinking  
 

As expected, the high degree of hydrophilicity of the polysaccharides used, combined with the large 

surface area characteristic of nanofiber structures, imparts considerable structural instability to 

polysaccharide-based electrospun membranes in aqueous environments. Indeed, the nanofibrous 

mesh collapses within seconds when exposed to water, resulting in the immediate dissolution of the 

biomaterial. For this reason, different crosslinking strategies were tried to impart water resistance to 

HA/CTL/PEO membranes while maintaining the fibrous structure, with different results depending 

on the strategy chosen (Table 3). 

Table 3. Summary of the crosslinking strategies attempted on HA/CTL/PEO matrices and the effects on membrane 

stability, thought of as both water resistance and architecture maintenance. 

Crosslinking treatment Outcome 

CDI Partial fiber fusion, but optimal stability in water. 

Methacrylic anhydride Preservation of fibers after washing in dimethylformamide and 

acetone, despite rapid degradation if compared to CDI 

crosslinking. 

Glutaraldehyde No resistance in water. Fiber fusion or loss when coupled with 

thermal treatment. 

EDC/NHS Immediate gelation after crosslinker addition to the solution. 

Genipin Fiber loss and total instability in water, both when added 

before electrospinning or after membrane production. 

Heat Fiber loss and immediate dissolution in water. 

 

4.1.4.1. Glutaraldehyde  

Glutaraldehyde vapor was used as well-established crosslinker to stabilize polysaccharide-based 

nanofibers using two different procedures: i) 4 hours of crosslinking in a vacuum chamber and ii) 2 

hours of crosslinking in a vacuum chamber combined with heat treatment (Figure 15).  
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Figure 15. Glutaraldehyde-mediated crosslinking mechanism in the presence of HA/CTL/PEO membranes. 

In the first case, a partial loss of the fibrous structure was observed, even though the overall 

architecture was still recognizable; on the other hand, after the heat treatment the nanofibrous 

architecture was completely lost (Figure 16). Nevertheless, aqueous stability was not achieved in 

either case. 

 

Figure 16. SEM images of HA/CTL/PEO mats crosslinked with glutaraldehyde (25% in water) vapor under vacuum 

conditions (A) for 4 hours and (B) for 2 hours followed by heat treatment, which finally destroys the nanofibrous 

architecture.  
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4.1.4.2. EDC/NHS 

In the case of EDC/NHS, the crosslinkers were added to the polysaccharidic solution 30 minutes 

before the electrospinning process in powder form or after their solubilization in water (Figure 17A).  

Unfortunately, in both cases, the high reactivity of both CTL and hyaluronic acid induced an almost 

immediate gelation of the solution, hindering the electrospinning process (Figure 17B-C).  

 

Figure 17. Crosslinking of HA/CTL/PEO mats by EDC/NHS. (A) EDC/NHS reaction mechanism within the 

electrospinning solution; (B) crosslinking by direct addition of EDC/NHS powder to the polysaccharidic solution; (C) 

crosslinking by EDC/NHS dissolution in water before mixing with HA/CTL/PEO solution.  
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4.1.4.3. Genipin 

Genipin crosslinking was performed according to two different procedures: i) the crosslinker was 

electrospun with the polysaccharide solution or ii) the membranes were post-processed at different 

timepoints (15, 30, 45 minutes) with genipin dissolved in ethanol (Figure 18). In both cases, the 

samples were subjected to heat treatment at 37 °C to activate the genipin and promote crosslinking 

between fiber meshes. Nevertheless, crosslinking did not occur in any case, not even after 7 days, 

resulting in the complete membrane dissolution on contact with water (Figure 19). 

 

Figure 18. Genipin reaction mechanism in the electrospinning solution (first strategy) or in the presence of CTL aminic 

moieties on nanofiber backbone (second strategy). 
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Figure 19. SEM micrographs of HA/CTL/PEO matrices electrospun after the addition of (A) 0.05% (w/V) and (B) 0.2% 

(w/V) genipin or treated after the electrospinning process with 0.5% (w/V) genipin in ethanol for (C) 15 minutes, (D) 30 

minutes, (E) 45 minutes and then heated at 37 °C for 24 hours. 

 

4.1.4.4. Thermal treatment 

Thermal treatment was performed at 80 °C in a convection oven for 4, 6, and 8 hours, but the 

nanofibrous structure was lost after only 4 hours and the membranes showed absolute instability in 

water (Figure 20A). Therefore, with the aim of improving the thermal treatment procedure in a dry 

environment, the membranes were even crosslinked in a vacuum oven at 80 °C with different time 

settings. Nevertheless, in all cases neither the fibrous architecture was maintained nor the stability in 

water was achieved (Figure 20B-E), thereby demonstrating the ineffectiveness of this type of 

crosslinking in stabilizing the polysaccharidic structure, regardless of the environmental parameters.  
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Figure 20. SEM images of the polysaccharide membranes after thermal treatment performed at 80 °C by (A) heating in 

a convection oven for 4 hours and in a vacuum oven for (B) 1 hour after equilibration from 20 °C to 80 °C; (C) 1 hour; 

(D) 2 hours; (E) 3 hours. 
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4.1.4.5. Methacrylic anhydride  

Pure methacrylic anhydride was used to stabilize polysaccharide-based electrospun mats, exploiting 

the ability of this crosslinker to directly react with primary amines or hydroxyl groups (Figure 

21).262,263  

 

 

Figure 21. Methacrylic anhydride reaction mechanism in the presence of aminic moieties (CTL) or hydroxyl groups 

(hyaluronic acid, PEO).  

After treatment with methacrylic anhydride, the membranes were subjected to an additional washing 

step to remove the excess methacrylic anhydride while retaining the nanofibrous architecture. To this 

aim, different solvents were tested, namely water, sodium hydroxide, methanol, acetone, and 

dimethylformamide. Of the different methods tested (Figure 22 A-E), only washings in acetone and 
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dimethylformamide gave satisfactory results in terms of structural integrity, with acetone being safer 

in terms of biocompatibility.  

 

Figure 22. SEM micrographs of HA/CTL/PEO matrices stabilized with methacrylic anhydride e washed with (A) water, 

(B) sodium hydroxide, (C) methanol, (D) acetone, and (E) dimethylformamide.  

 

4.1.4.6. Carbonyldiimidazole (CDI) 

With the aim of finding the optimal reaction conditions to stabilize the polysaccharidic structure, CDI 

crosslinking was carried out with different amounts of crosslinker (namely, 100, 50, 25, 10 

equivalents of CDI per mol of CTL glucosamine residues) overnight in DMF. Crosslinking with 100 

and 25 equivalents of CDI allowed stability of membranes in water, but extremely changed the 

morphology of the nanofibers, while the crosslinking with 50 equivalents was the best compromise 

in terms of fiber preservation and water resistance (Figure 22). Indeed, in the presence of 100 

equivalents the stability in water is guaranteed, but the treatment is too strong to preserve the 

nanofiber architecture. On the other hand, 25 equivalents allow the stabilization of the membrane, but 
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the crosslinking is too labile leading to fiber fusion. Finally, crosslinking with 10 equivalents caused 

the immediate dissolution of the nanofibrous matrix and was thus ineffective.  

 

 

Figure 22. SEM images of HA/CTL/PEO matrices crosslinked with different equivalents of CDI per mol of CTL 

glucosamine residues: (A) 100 equivalents, (B) 50 equivalents, (C) 25 equivalents. The crosslinking with 50 equivalents 

is the best compromise which allows to partially retain the nanofibrous structure while ensuring matrix water resistance. 

Different solvents (namely, dichloromethane, dimethyl sulfoxide, and tetrahydrofuran) were tested to 

analyze the effects of the reaction medium on the goodness of the crosslinking (Figure 23). Despite 

the stability of the matrices in aqueous environment, the nanofibrous architecture was completely lost 

in all cases, with evident fiber fusion and polymer precipitation.  

 

Figure 23. SEM micrographs of HA/CTL/PEO matrices crosslinked with 50 equivalents of CDI in different solvents: (A) 

DCM, (B) DMSO, (C) THF. In all cases, the nanofibrous structure is significantly altered by the chemical treatment.   

Therefore, DMF confirmed to be the best reaction solvent with the proposed mechanism illustrated 

in Figure 24. 
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Figure 24. Schematic representation of the proposed reaction mechanism of CDI in the presence of hyaluronic acid, CTL, 

and PEO chains. 
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In an attempt to improve the long-term membrane stability, the chemical crosslinking was combined 

with thermal treatment, by heating the CDI-crosslinked polysaccharide matrices. However, even in 

this case thermal treatment led to unsatisfactory results, as it affected the nanofiber morphology and 

made the membrane unstable (Figure 25). 

 

Figure 25. SEM representation of a polysaccharidic membrane chemically crosslinked with 50 equivalents of CDI and 

post-treated by heating at 80 °C. The thermal treatment considerably alters matrix architecture, destabilizing it.  

Finally, to find the best reaction time, CDI crosslinking was performed at different timepoints, namely 

1, 2, 3, 4, 5, 6, 7, 8 hours, and overnight (Figure 26-27). By comparing the morphology of the 

crosslinked mats before and after immersion in water, it was observed that the overall nanofibrous 

architecture was slightly affected after the crosslinking step, with a kind of partial fiber fusion. The 

best results were, by the way, obtained after overnight incubation, since the slight morphological 

alteration was compensated by the optimal water resistance.  

Therefore, overnight crosslinking with 50 equivalents of CDI in DMF was selected for further 

membrane characterization.  
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Figure 26. SEM micrographs of HA/CTL/PEO matrices crosslinked with 50 equivalents of CDI at different timepoints 

(from 1 hour to 5 hours), by comparing the structure before (Panel A) and after (Panel B) immersion in water. The 

comparison between crosslinked mats before and after immersion in aqueous environment shows the additional changes 

in their morphology caused by water. 
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Figure 27. SEM micrographs of HA/CTL/PEO matrices crosslinked with 50 equivalents of CDI at different timepoints 

(from 6 hours to the overnight treatment), by comparing the structure before (Panel A) and after (Panel B) immersion 

in water. The comparison between crosslinked mats before and after immersion in aqueous environment shows the 

additional changes in their morphology caused by water. 
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4.1.5. Physicochemical characterization  

4.1.5.1. Membrane characterization by attenuated Total Reflectance – 

Fourier Transform Infrared (ATR-FTIR) spectroscopy (4000-500 cm-1) 

After determining that CDI-mediated crosslinking was the best among the other methods tested, with 

an adequate equilibrium between fiber loss and aqueous resistance, ATR-FTIR spectroscopy was 

exploited to study the formation of amide bond within the HA/CTL/PEO chains in the nanofibrous 

mat after overnight treatment with CDI, as reported in Figure 28. The spectra of uncrosslinked and 

crosslinked membrane were compared with the spectra of their individual components (namely, 

hyaluronic acid, CTL, PEO) and of CDI, with the characteristic bands being distinguishable within 

the spectra. However, no CDI signals were detected in the case of CDI-crosslinked meshes, since 

CDI is the coupling agent that only mediates the formation of the amide bond without being 

incorporated into the structure.264 On the other hand, the signal related to the amide bond formation 

was superimposed on the IR signals of carbonyl (C=O) and carboxylic (-COOH) groups, which 

hindered the identification of its band.  

 

Figure 28. ATR-FTIR spectra of CDI-crosslinked and un-crosslinked polysaccharidic mats, compared with the spectra 

of the single membrane constituents (that are hyaluronic acid, CTL, PEO) and of CDI (in the case of crosslinked mats). 
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4.1.5.2. Swelling behavior 

The swelling behavior of CDI- and methacrylic anhydride-crosslinked matrices was evaluated in both 

water and saline solution (NaCl 150 mM), chosen to reproduce physiological conditions.265–267 

Polysaccharide matrices were compared with : i) non-electrospun products, namely CDI-crosslinked 

freeze-dried membranes obtained from the same solution used to produce HA/CTL/PEO electrospun 

mats together with the commercial product Chitoderm®; ii) synthetic-based electrospun mats as non-

activated, activated, and CTL/HA-coated PCL matrices. As can be seen in Figure 29, the nanofibrous 

structure together with the great hydrophilicity of the polysaccharides employed in the CDI-

crosslinked electrospun membranes have a strong influence on the swelling capacity of the matrix in 

both water and saline solution. For similar reasons, plasma-activated PCL membranes showed a 

remarkable increase in swelling ratio up to 24 hours compared to non-activated PCL and 

polysaccharide-coated mats (Figure 29B). Considering the high hydrophilicity of both the CTL and 

hyaluronic acid mentioned above, the lower swelling capacity registered in the presence of the 

polysaccharidic coating could be explained by the rapid formation of a hydrated uniform layer, which 

affects membrane porosity and reduces the absorption capacity of the material. On the other hand, 

CDI-crosslinked electrospun polysaccharidic membranes possessed a swelling behavior close to that 

of activated PCL ones. This indicates that these membranes retain a high swelling capacity, despite 

the partial loss of the fibrous structure induced by the crosslinking step. In contrast, the membranes 

crosslinked with methacrylic anhydride were not able to retain large amounts of liquid as they started 

dissolving within the first hour of immersion. Furthermore, notwithstanding the high stability of the 

commercial product Chitoderm®, its ability to retain water was about 3 times lower at 24 hours than 

CDI-crosslinked electrospun mats (Figure 29A). A similar trend was observed with non-electrospun 

polysaccharidic membranes, thus confirming the crucial role played by the nanofibrous structure in 

determining the ability of the device to absorb a huge quantity of fluid. The high hydrophilicity of 

CDI-crosslinked polysaccharide membranes and of activated PCL membranes, their marked swelling 
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behavior and, thus, the large amount of absorbed fluid are responsible for the higher variability of the 

results compared to other materials. 

 

Figure 29. Swelling behavior in water and saline solution (NaCl 150 mM) of electrospun and non-electrospun membranes 

expressed as swelling ratio (%) as a function of the immersion time.  

Panel A: swelling capacity of (■) polysaccharide-based electrospun membranes crosslinked with CDI or (●) methacrylic 

anhydride, (⬣) polysaccharide-based freeze-dried membranes and (◆) Chitoderm®.  

Panel B: swelling capacity of (●) non-activated, (⬣) activated, and (▲) polysaccharide-coated PCL membranes.  

In the case of polysaccharides in water, statistical analysis was performed with Kruskal-Wallis test and Mann-Whitney 

test for two-groups comparison, applying Bonferroni's correction. In the case of polysaccharides in saline solution, PCL 

in water, and PCL in saline solution, statistical analysis was performed with ANOVA test, applying Bonferroni's 

correction. Statistically significant differences are indicated with asterisks (*). *** = p < 0.001. 
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4.1.5.3. Degradation tests  

Considering the frequency of dressing changes and the importance of maintaining a suitable 

architecture compatible with dressing removal,268–270 the stability of the electrospun membranes was 

followed up to 7 days in both water and saline solution, by measuring the weight variation over time 

(Figure 30). Polysaccharide-based matrices crosslinked with CDI and methacrylic anhydride were 

compared to PCL membranes (non-activated, activated, and polysaccharide coated), Chitoderm®, and 

freeze-dried polysaccharidic membranes crosslinked with CDI. The results confirmed the overall 

stability of all the PCL-based membranes, even in the presence of the coating. However, in this last 

case a slight degradation behavior was observed, maybe due to the coating desorption in the aqueous 

environment after 1 to 3 days of immersion, depending on the tested fluid. On the other hand, the 

efficacy of the CDI crosslinking was assessed by comparing it with methacrylic anhydride 

crosslinking. In this case the membranes displayed a progressive degradation behavior after only 1 

day, leading to matrix rupture. On the other hand, CDI-crosslinked mats revealed an optimal stability 

in water until day 7, while they were stable in saline solution for up to 3 days. After that, a slight 

degradation trend was noticeable even if affected by some fluctuation on the measure, possibly caused 

by the presence of salts destabilizing the polysaccharidic structure. At the same time, CDI-crosslinked 

membranes obtained by freeze-drying underwent a mild degradation between 1 and 3 days in water 

or saline solution, respectively, without showing any degradation in the next timepoints; in contrast, 

Chitoderm® samples were stable over time regardless of the tested fluid. 
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Figure 30. Degradation behavior in water and saline solution (NaCl 150 mM) of electrospun and non-electrospun 

membranes expressed as weight variation (%) in time.  

Panel A: degradation of (■) polysaccharide-based electrospun membranes crosslinked with CDI or (●) methacrylic 

anhydride, (▲) polysaccharide-based freeze-dried membranes and (⬣) Chitoderm®.  

Panel B: degradation of (●) non-activated, (■) activated, and (▲) coated with polysaccharides PCL membranes. 

In all cases, statistical analysis was performed with Kruskal-Wallis test and Mann-Whitney test for two-groups 

comparison, applying Bonferroni's correction; no statistical differences were found. 
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4.1.5.4. Membrane permeability  

The ability to transmit water vapor was assessed on electrospun membranes crosslinked with CDI, 

which were compared with three types of electrospun PCL membranes (namely, non-activated, 

activated, or coated with CTL/HA) and Chitoderm®. Parafilm® was used as a control for non-

permeability; unsealed vials were tested as control for total evaporation. The results (Figure 31) 

indicated an optimal water vapor permeability for PCL membranes, which all showed similar results. 

CDI-crosslinked polysaccharide mats revealed a similar trend to PCL mats after 24 hours, but the 

transmission rate was lower than PCL after 48 hours. This could be due to the composition of the 

membrane itself, which is based on highly hydrophilic polymers. Due to its polysaccharidic nature, 

its great ability to retain water could result in water being trapped in the nanofibrous structure, leading 

to a weight increase when measuring the amount of residual water in the system. Nevertheless, the 

water vapor permeability of polysaccharidic electrospun mats was still higher than that of 

Chitoderm®, in which case the outer polyurethane layer shields pathogen entry but reduces at the 

same time water evaporation. 

 

Figure 31. Water vapor transmission ability of PCL (non-activated, activated, coated) mats, CDI-crosslinked 

polysaccharidic membranes, and Chitoderm® after 24 hours and 48 hours. All the electrospun products present a suitable 

permeability to water vapor, with a midway behavior between the total evaporation or the absence of transmission.  
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4.2. Multilayer membranes 

Despite the promising results obtained with monolayer polysaccharide-based electrospun 

membranes, their handling and adaptability to the wound could be a critical issue hindering their 

applicability on the wound bed. For this reason, two types of multilayer systems were considered : i) 

a fully electrospun system (hereafter referred to as “PCL bilayer”) obtained by combining the 

polysaccharidic matrix with a synthetic PCL counterpart, resulting in a bilayer membrane with a 

protective and easy to handle synthetic layer and a bioactive inner layer; ii) a polysaccharide-

functionalized PCL membrane (hereinafter referred to as “PCL coating”) realized by layer-by-layer 

deposition of CTL and hyaluronic acid on an electrospun PCL matrix. In addition, considering the 

need for antibacterial wound dressings able to prevent and control bacterial infections at the wound 

site, the PCL layer was even exploited to introduce a broad-spectrum antibiotic, namely rifampicin 

(Rif), to synthetize rifampicin-loaded PCL bilayer and PCL coating membranes, henceforth called 

“Rif bilayer” and “Rif coating”, respectively. 

4.2.1. Bilayer and coated matrices  

The synthetic PCL membrane employed to produce the multilayer systems was that used for 

comparison in the monolayer membrane characterization (section 4.1.3), as it was easy to 

manufacture and had good morphology with uniform and defect-free fibers. In particular, the 

activated PCL matrix was chosen (Figure 32A), to allow a closer interaction with the 

polysaccharides, both in the case of the bilayer and coated matrices.  

The coating was performed by layer-by-layer deposition of both CTL and hyaluronic acid at a final 

concentration of 0.6% (w/V) (Figure 32B). Even in this case, homogeneous, randomly oriented fibers 

were obtained, with the coating not affecting the goodness of the membrane. The higher 

polysaccharide concentration compared to the previously analyzed coated membranes (section 4.1.3) 

was chosen to increase the bioactivity of the final product. 
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The PCL bilayer system (Figure 32C-D) was, on the other side, realized by electrospinning the 

HA/CTL/PEO solution on a plasma-treated PCL matrix. In this case, it was possible to observe two 

uniform and superimposed matrices: i) the thicker PCL fibers in the rear region; ii) the thinner 

HA/CTL/PEO nanofibers in the front region (Figure 32C). Moreover, by observing the matrix from 

a side view, the two layers were clearly distinguishable (Figure 32D).  

 

Figure 32. SEM micrographs of the multilayer matrices and their controls, namely (A) plasma-treated PCL, (B) PCL 

coating, PCL bilayer in (C) front view and (D) cross section.  

The dimensional analysis (Figure 33) revealed that the presence of the coating slightly alters the fiber 

diameter compared to the PCL alone, which is due to partial fiber rehydration. Meanwhile, the lower 

fiber diameter calculated in the case of the bilayer which is associated to a higher standard deviation 
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could be due to the dual nature of the membrane: PCL on one side and polysaccharides on the other. 

Indeed, by analyzing the fiber diameter distribution in the three types of membranes, a homogenous 

distribution was observed in the case of PCL alone (Figure 33B) and PCL coating (Figure 33C), 

while the PCL bilayer showed an inhomogeneous distribution of fiber diameter, which was overcome 

by separating the two contributions given by the synthetic and polysaccharidic layers (Figure 33D).  

 

Figure 33. Dimensional analysis (A) of the PCL and multilayer systems and comparison of the fiber diameter distribution 

between (B) PCL, (C) PCL coating, and (D) PCL bilayer. In the case of the bilayer, the inhomogeneous distribution is 

explained by the distinct contribution of the PCL (lower left) and polysaccharides (lower right). Statistical analysis was 

performed with Kruskal-Wallis test and Mann-Whitney test for two-groups comparison, applying Bonferroni's correction. 

Statistically significant differences are indicated with asterisks (*). **** = p < 0.0001. 
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4.2.1.1. Rifampicin-loaded membranes 

The multilayer systems were even endowed with an antibiotic agent, rifampicin, to confer them 

antibacterial properties. The antibiotic was added directly to the PCL electrospinning solution and 

thus integrated into the fibrous mesh. The resulting matrices (Figure 34A-C) showed no significant 

morphological changes compared to the non-functionalized matrices, with the typical homogeneous, 

defect-free, and randomly oriented fibers. Furthermore, the dimensional analysis (Figure 34D) 

revealed similar results to the rifampicin-free membranes. Even the statistical differences between 

the different types of membranes analyzed were comparable to the non-functionalized matrices, 

proving the goodness of the functionalization process, which does not alter the overall morphology.  

 

Figure 34. SEM micrographs of rifampicin-loaded membranes, namely (A) PCL/Rif, (B) Rif coating, and (C) Rif bilayer. 

On the lower right, (D) a comparison of fiber diameters. Statistical analysis was performed with Kruskal-Wallis test and 

Mann–Whitney test for two-groups comparison, applying Bonferroni's correction. Statistically significant differences are 

indicated as asterisks (*). **** = p < 0.0001.  
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4.2.2. Physicochemical characterization  

4.2.2.1. Membrane characterization by Attenuated Total Reflectance – 

Fourier Transform Infrared (ATR-FTIR) spectroscopy (4000-500 cm-1) 

ATR-FTIR spectroscopy was employed to assess the presence of polysaccharides and rifampicin on 

both the bilayer structure and on the coated matrices (Figure 35). The spectra of all the devices were 

compared with the spectra of their individual components. In the case of the bilayer, the presence of 

the polysaccharides was clearly indicated by the -OH band, which was even marked with respect to 

the polymers alone due to the combined effect of CTL, hyaluronic acid, and PEO. On the other hand, 

the same band was less pronounced in the coated membranes, probably due to the lower concentration 

of the polysaccharides and to the absence of PEO, when compared to the bilayer. 

As regards the PCL basal layer, it was detectable in both the bilayer and the coated matrices thanks 

to the -CH and C=O bands, while the rifampicin could not be identified in the final structure since its 

signal overlapped with that of the other polymers.  

 

Figure 35. ATR-FTIR spectra of Rif coating and Rif bilayer matrices, compared with the spectra of the single membrane 

components (namely, CTL, HA, PEO, Rifampicin, PCL) and of the basal PCL/Rif membrane.  
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4.2.2.2. Swelling behavior 

The swelling behavior of the PCL bilayer and PCL coating mats was evaluated in PBS, which is a 

fluid largely employed to study the water uptake capacity of wound dressing devices.271–275 

The polysaccharide-based matrices were here compared with the PCL alone and their water uptake 

capacity was followed for up to 7 days. As can be observed in Figure 36, the swelling behavior of 

PCL bilayer was comparable to that of the pure plasma-treated PCL membrane, which reached a 

swelling ratio of about 4000% after 7 days. This demonstrates again the great advantage of using 

electrospun devices for wound care management, where the high porosity and available surface area 

allow to retain a considerable amount of exudate. On the other hand, the lower ability of PCL coating 

to absorb fluid was in line with the previous experiments (section 4.1.5.2.) and could be explained by 

the rapid hydration of the coating in the aqueous environment, which shields the porosity of the 

membrane and affects the swelling capacity of the material, although it still exhibits a high swelling 

ratio (about 1500%).  

 

Figure 36. Swelling behavior in PBS of PCL bilayer (⬣) and PCL coating (■) matrices, compared with plasma-treated 

PCL mats (●).  

The statistical analysis was performed with ANOVA test, applying Bonferroni’s correction. Statistically significant 

differences are indicated with asterisks (*). *** = p < 0.0001. 
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4.2.2.3. Membrane permeability 

 Water vapor permeability and, thus, the ability to promote gas exchanges was assessed up to 72 hours 

on PCL bilayer and PCL coating mats, using plasma-treated PCL membranes as controls. On the 

other hand, Parafilm® was used as a control for non-permeability, while unsealed vials were tested as 

control for total evaporation. Consistent with what observed for the monolayer polysaccharide-based 

membrane (section 4.1.5.4.), the results (Figure 37) revealed an optimal ability of all types of the 

tested membranes to transmit water vapor, with an evaporation efficiency halfway between the total 

evaporation and the lack of transmission. Moreover, this behavior was sustained until 72 hours, 

revealing the effectiveness of these electrospun devices to preserve the proper moist environment at 

the wound site.  

 

Figure 37. Water vapor transmission rate of plasma-treated PCL mats and of polysaccharide-enriched electrospun 

matrices (PCL coating and PCL bilayer). Even after 72 hours, all the electrospun products retain an appropriate 

permeability to water vapor, with a midway behavior between the total evaporation or the absence of evaporation.  
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4.2.2.4. Membrane wettability and surface free energy 

The wettability of all types of electrospun membranes, namely PCL, PCL coating, and PCL bilayer, 

was examined using contact angle measurements. The same samples, but with rifampicin added, were 

also analyzed to evaluate how the presence of rifampicin affects the surface properties of the 

membranes. In particular, in the case of PCL alone, both not-treated and plasma-treated mats were 

tested to examine the effectiveness of air-plasma treatment in increasing the hydrophilicity of PCL-

based membranes. The wettability measurements were carried out in the presence of three types of 

fluids: i) water; ii) water additioned with 10% fetal bovine serum (FBS), to evaluate any possible 

interaction with serum proteins; iii) Dulbecco's Modified Eagle Medium (DMEM), to assess 

membrane behavior in an in vitro cellular environment.  

 

Figure 38. Contact angle images of (A) not-treated PCL, (B) plasma-treated PCL, (C) PCL coating, and (D) PCL bilayer 

matrices in the presence of (I) water, (II) water + FBS, and (III) DMEM. The absence of the drop is due to its complete 

spreading on the surface. Scale bar: 1 mm.  
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The membranes without rifampicin (Figure 38) revealed a highly hydrophilic behavior, with a 

complete fluid spreading on their surface in all cases, except for not-treated PCL, which showed to 

be non wettable with all types of medium tested, thus confirming how the air-plasma treatment 

impacts on membrane hydrophilicity. Similar wetting behavior was observed with the rifampicin-

loaded mats (Figure 39), with drops spreading completely on the surface of both plasma-treated PCL 

and polysaccharide-endowed PCL. However, as far as the non-activated PCL is concerned, the 

expected hydrophobic behavior was retained in the presence of water and turned into a hydrophilic 

one in the case of water + FBS and DMEM. This can be attributed to the presence of rifampicin, 

which interacts with serum proteins and thereby increases hydrophilicity of the membrane.  

 

Figure 39. Contact angle images of Rif-loaded membranes: (A) not-treated PCL, (B) plasma-treated PCL, (C) PCL 

coating, and (D) PCL bilayer matrices in the presence of (I) water, (II) water + FBS, and (III) DMEM. The absence of 

the drop is due to its complete spreading on the surface. Scale bar: 1 mm. 
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Surface free energy of the samples was evaluated according to the Owens-Wendt method, by using 

the contact angle of water to calculate the polar/hydrophilic component (γs
p) and the contact angle of 

ethylene glycol to estimate the dispersive/hydrophobic component (γs
d). The analysis was performed 

both for both non-functionalized and rifampicin-loaded membranes (Table 4). The high contact angle 

values of the non-activated PCL membranes (> 90°) together with the low values of the polar 

component (γs
p) confirmed their basically hydrophobic behavior. On the other hand, in the presence 

of rifampicin, the contact angles of not-treated PCL membranes were < 90° for water + FBS and 

DMEM, leading to an increase of the polar component, evidence of the augmented hydrophilicity. In 

all other cases, contact angles equal to 0° were registered, with the polar component (γs
p) higher than 

not-treated membranes, confirming membrane hydrophilicity.  

Table 4. Mean values of the contact angle measurements and surface free energy components for non-functionalized and 

Rif-loaded membranes. The contact angle values of ethylene glycol were all equal to 0°.  
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4.2.2.5. Polysaccharide release  

The stability of polysaccharides on the bilayer and coated PCL matrices was studied exploiting a 

fluorescein-labeled CTL (CTL-FITC) and a CF640R-labeled hyaluronic acid (HA-CF640R) for 

membrane synthesis. The cumulative release of the labeled polysaccharides in PBS was followed for 

up to 7 days by spectrofluorimety. In the case of the PCL bilayer matrix, the fluorescence was 

estinguished after only 1 hour, with null fluorescence values in the next timepoints. This is due to the 

high solubility of both CTL and hyaluronic acid in aqueous environments, which is further enhanced 

by the high-surface electrospun architecture, making them even more available after immersion in 

water or aqueous solvents. In the presence of the coating, however, a different behavior was observed 

(Figure 40).  

 

Figure 40. Cumulative release of polysaccharides from PCL coating membranes expressed as percentage of CTL-FITC 

(⬣) and HA-CF640R (●) detected in the PBS medium.  

Indeed, the outer hyaluronic acid layer was almost completely released after 24 hours (≈ 85%), then 

the release kinetic stabilized and reached a plateau; meanwhile, the inner CTL layer was slowly 

released in the medium, with a release of ≈ 25% after 7 days. This may be attributed to the stronger 

binding with the underlying plasma-treated PCL matrix, which interacts with the CTL chains and 
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retain them on the structure. At the same time, the outer hyaluronic acid layer is feebly connected to 

the CTL, mainly through weak electrostatic interaction between the residues charges on the two 

polymers, and is thus immediately available in the medium. Therefore, the PCL bilayer could be 

useful for a stronger and immediate release of the polysaccharides, which is particularly beneficial 

for wound dressings that need to be frequently changed, whilst the PCL coating membranes could be 

beneficial for longer treatment times or for skin grafts application.  

 

4.2.2.6. Rifampicin release  

The cumulative release of rifampicin from the Rif bilayer and the Rif coating membranes was 

evalutated in PBS for 7 days by UV-visible spectroscopy and compared with the rifampicin release 

from plasma-treated and not-treated PCL mats, to analyze the influence of the air-plasma activation 

on rifampicin integrity. The results (Figure 41) revealed a significantly higher antibiotic release in 

the case of the non-activated PCL membranes. This is probably due to a lower amount of intact 

rifampicin within the nanofibrous mesh after the activation process, as this type of treatment seems 

to partially degrade the drug, resulting in a significantly lower release in time. Meanwhile, a 

significant difference was observed between the Rif bilayer and Rif coating meshes. Despite the 

identical PCL/Rif base layer, the diverse release can be explained by the different preparation method 

used to add CTL and hyaluronic acid to the PCL matrix. Indeed, in the case of Rif coating, the 

antibiotic loaded in the PCL mesh is partially solubilized during the layer-by-layer deposition, thus 

is trapped in the polysaccharide layer, and follows the slower polysaccharide release. On the other 

hand, in the case of Rif bilayer, the polysaccharides are immediately solubilized and readily available 

in the medium, thus moving the antibiotic release equilibrium towards the medium. This has been 

demonstrated by immersing two identical PCL/Rif membranes in two different media (namely, PBS 

and PBS enriched with polysaccharides) and evaluating the difference in the antibiotic release. In the 

first case, 1.96 µg/mL of rifampicin were released, while in the presence of the polysaccharides the 
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antibiotic release was of 2.59 µg/mL, revealing how the polysaccharides present in the medium affect 

the release equilibrium.  

 

Figure 41. Cumulative rifampicin release in PBS from non-activated (●) and plasma-treated PCL mats (■), Rif bilayer 

(⬣), and Rif coating (◆) electrospun matrices.  

The statistical analysis was performed with ANOVA test, applying Bonferroni’s correction. Statistically significant 

differences are indicated with asterisks (*). **** = p < 0.0001. 

 

 

 

4.2.3. Biological characterization  

4.2.3.1. Membrane biocompatibility 

Membrane biocompatibility was first tested on the murine NIH-3T3 cell line, to evaluate the potential 

cytotoxic effect of the Tween® 20 employed for the PCL bilayer production. For this reason, the PCL 

bilayer matrices were washed in ethanol for 2 minutes to assess the effectiveness of ethanol in 

extracting the residual surfactant from the polysaccharidic layer without affecting polysaccharide 

availability. As can be seen in Figure 42A, the cells exposed to the PCL bilayer suffered from the 

release of Tween® 20, while, after washing with ethanol, they showed comparable behavior to the 
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untreated controls. Once the need for this post-processing step was established, the biocompatibility 

of all types of matrices (namely control PCL, PCL coating, and PCL bilayer with or without 

rifampicin) was studied using human dermal fibroblasts (HDF). The results (Figure 42B) showed a 

similar trend in all cases, indicating that all the fibrous structures tested were biocompatible regardless 

of the preparation method and even in the presence of the antibiotic.  

 

Figure 42. Multilayer matrices biocompatibility assessed through Alamar Blue Assay. (A) Evaluation of NIH-3T3 cells 

viability in the presence of PCL bilayer membranes treated (EtOH) or not (No EtOH) with ethanol to extract Tween®20 

residues. (B) Biocompatibility towards human dermal fibroblasts of PCL (■) and PCL/Rif (■), PCL coating (◆) and Rif 

coating (◆), PCL bilayer (⬣) and Rif bilayer (⬣) membranes. The control cells are indicated as pink circles (●).  

The statistical analysis was performed with ANOVA test, applying Bonferroni’s correction. No statistically significant 

differences were found.  

 

 

4.2.3.2. Membrane bioactivity 

The bioactivity of the polysaccharides released from the PCL bilayer and PCL coating matrices was 

tested on human dermal fibroblasts using a wound healing assay, which consists in inducing a scratch 

on a cell monolayer to then follow cell migration and proliferation until gap closure.276,277 Untreated 

and PCL-treated cells were used as controls. As can be seen from both the graph (Figure 43) and the 

images (Figure 44-45), the gap closed faster already at earlier timepoints (2 hours) in the presence of 
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the polysaccharide-endowed matrices and this trend was even more visible at longer timepoints (6-

10 hours). Even after 24 hours the scratch was still partially visible in the controls, whereas it was 

clearly completely closed in the case of PCL coating and PCL bilayer membranes. After 48 hours, 

the wound was finally closed in the controls too. On the other hand, despite the slight divergence 

between the PCL bilayer and the PCL coating mats, the latter being slightly slower in promoting gap 

closure, no significant differences were detected between the two. Considering the differential 

polysaccharide release between the two types of matrices, such behavior suggests that the burst 

release of hyaluronic acid from the PCL coating mesh combined with even lower amounts of CTL is 

already sufficient to exert a bioactive effect, thus inducing wound closure.  

 

Figure 43. Wound healing assay on human dermal fibroblast, performed by following gap closure in time in the presence 

of different treatments, namely PCL bilayer (⬣) and PCL coating (◆). The controls are represented by untreated cells (●) 

and cell treated with polysaccharide-free PCL membranes (■).  

The statistical analysis was performed with ANOVA test, applying Bonferroni’s correction. Statistically significant 

differences are indicated with asterisks (*). **** = p < 0.0001. 
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Figure 44. Wound healing assay on human dermal fibroblast, performed by following gap closure (from t0 to 6 hours) 

in the presence of untreated cells (A) and PCL-treated cells (B) as well as in the case of polysaccharide-delivering 

matrices, namely PCL coating (C) and PCL bilayer (D). The red arrows mark the extension of the already existing scratch 

on the cell monolayer.  
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Figure 45. Wound healing assay on human dermal fibroblast, performed by following gap closure (from 10 hours to 48 

hours) in the presence of untreated cells (A) and PCL-treated cells (B) as well as in the case of polysaccharide-delivering 

matrices, namely PCL coating (C) and PCL bilayer (D). The red arrows mark the extension of the already existing scratch 

on the cell monolayer. Images without red arrows represent a complete wound healing.  
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4.2.4. Microbiological characterization  

4.2.4.1. Bacterial growth inhibition 

The ability of Rif bilayer and Rif coating membranes to inhibit the growth of bacteria was assessed 

using four bacterial strains that commonly infect the wound site: the Gram-negatives Escherichia coli 

and Pseudomonas aeruginosa and the Gram-positives Staphylococcus aureus and Staphylococcus 

epidermidis. To test the inhibitory activity of rifampicin, liquid extracts of both types of membranes 

were prepared. An estimated initial rifampicin concentration of 10 µg/mL was obtained and added to 

the bacteria to reach a final antibiotic concentration of 5 µg/mL. The extracts were then serially 

diluted to 0.3125 µg/mL. Bacteria treated with antibiotic were then incubated at 37 °C for 20 hours 

and the bacterial growth was monitored by measuring absorbance at 600 nm every 30 minutes. The 

results (Figure 46) revealed an optimal inhibitory effect of the rifampicin released from the fibrous 

mats (both bilayer and coated matrices) in the case of the Gram-positive bacteria, being effective even 

at low concentrations. Similar results were obtained against the Gram-negative Pseudomonas 

aeruginosa. Unfortunately, the sensitivity of Escherichia coli to the concentrations of rifampicin 

tested was not as high as that of the other bacteria studied. At the highest concentration tested (5 

µg/mL), the inhibitory effect was only slight after 5 hours. Therefore, to assess the actual sensitivity 

of the bacterial strains analyzed, they were treated with free rifampicin at different concentrations 

(from 40 µg/mL to 0.16 µg/mL) and the bacterial growth was evaluated after 18 hours upon 

spectroscopy measurements, The following minimum inhibitory concentrations (MICs) were 

obtained: 40 µg/mL for Escherichia coli, 1.25 µg/mL for Staphylococcus aureus, 0.16 µg/mL for 

Staphylococcus epidermidis, 0.625 µg/mL for Pseudomonas aeruginosa. To further confirm the 

resistance of the Escherichia coli strain examined, another strain was tested (Escherichia coli ATCC 

25922), revealing a MIC value of 5 µg/mL.  
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Figure 46. Bacterial growth inhibition curves of the (A) Rif coating and (B) Rif bilayer matrices in the presence of four 

different bacterial strains (Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, Escherichia 

coli). The red line indicates the control without antibiotic. Then, different rifampicin concentrations were tested: 5 µg/mL 

(pink line), 2.5 µg/mL (blue line), 1.25 µg/mL (yellow line), 0.625 µg/mL (light blue line), 0.3125 µg/mL (green line). 

 

 

4.2.4.2. Time killing  

The bactericidal effect of the Rif coating and Rif bilayer membranes was tested on the same bacterial 

strains, namely Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and 

Escherichia coli, by using the more sensitive Escherichia coli strain. In this case, the bacteria were 
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grown in the presence of the membranes and non-functionalized matrices were used as controls. At 

different timepoints (t0, 30 minutes, 2 hours, 4 hours) serial dilutions of the bacteria were spread on 

LB agar plates and incubated overnight at 37 °C. The next day, the number of colonies was counted, 

and the CFU/mL were estimated, to assess the ability of the antibiotic membranes to kill the selected 

bacteria over time. As can be seen in Figure 47, the rifampicin-loaded matrices showed a bactericidal 

effect on all strains tested, with Staphylococcus epidermidis being the most sensitive and Escherichia 

coli the most resistant. This was in accordance with what observed in the growth inhibition test, where 

the amount of rifampicin required to inhibit Escherichia coli growth was significantly higher than for 

the other bacterial strains.  

 

Figure 47. Bactericidal effect of the rifampicin-loaded matrices over time, tested towards (A) Staphylococcus aureus, 

(B) Escherichia coli, (C) Staphylococcus epidermidis, and (D) Pseudomonas aeruginosa. The Rif coating and Rif bilayer 

samples are represented in the orange and light pink bars, respectively. The controls of PCL coating and PCL bilayer are 

indicated as blue and green bars, respectively. The statistical analysis was performed with ANOVA test, applying 

Bonferroni’s correction. Statistically significant differences are indicated with asterisks (*). **** = p < 0.0001
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5. DISCUSSION 

Given the compelling need for wound dressings able of mimicking the architecture and composition 

of the extracellular matrix (ECM), absorbing the exceeding exudates, and providing a large surface 

area for water vapor and gas exchange,107,278,279 the current thesis initially focused on the synthesis 

and characterization of monolayer electrospun nanofibrous wound dressings based on two 

different polysaccharides, namely hyaluronic acid (HA) and a bioactive lactose derivative of chitosan 

(CTL). The combined presence of these two polysaccharides should greatly benefit the wound healing 

process. Hyaluronic acid, a natural component of ECM, is indeed widely used, as it provides excellent 

biomimicry and is recognized by cells, while exerting an anti-inflammatory activity. On the other 

hand, CTL offers the enormous advantage of being water soluble at neutral pH, combining the 

properties of chitosan with the possibility to use aqueous, non-toxic solvents for its employment. Its 

bioactivity has been studied in numerous fields, such as osteochondral or neuronal 

regeneration.164,280,281 Recently, the anti-inflammatory properties of CTL, alone or in combination 

with hyaluronic acid, have also been investigated, revealing its ability to modulate the expression of 

pro-inflammatory cytokines (such as, IL-1β, TNF-α) and MMP-3.165 As chitosan derivative , it should 

even provide some of the advantages given by chitosan itself, such as hemostatic or antibacterial 

activity, due to the presence of positive charges along the polymer chains that bind negatively charged 

bacterial cell walls.282,283 Moreover, CTL can be easily functionalized to increase its bioactive 

properties. For example, Porrelli and co-workers enriched CTL with nAg (CTL-nAg) to produce 

PCL-based antibacterial electrospun membranes coated with CTL-nAg, to enhance their antibacterial 

potential.218  

Given the need to combine polysaccharides with synthetic polymers and surfactants, capable of 

improving their electrospinnability and reducing the surface tension of the solution to support the 

extrusion of the filament,284–287 hyaluronic acid and CTL were combined with polyethylene oxide 

(PEO), while Tween® 20 was used as a surfactant. After several attempts, monolayer electrospun 
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matrices were produced, with the best results obtained from a ternary mixture of HA/CTL/PEO. In 

this way, a CTL-based nanofibrous mesh, with homogeneous, uniform, and defect-free nanofibers, in 

a diameter range corresponding to the size of natural collagen nanofibers (50–500 nm), could be 

produced for the first time.103 Not only is the electrospinning process challenging, but even the post-

processing stabilization of the polysaccharidic matrices presents some criticalities. Indeed, due to 

their high hydrophilicity combined with a large surface area available, polysaccharide membranes are 

extremely soluble in aqueous environments, hindering their employment for biomedical purposes, 

where the medical device is expected to interact with biological fluids.184,194,288 In the case of 

HA/CTL/PEO mats, both hyaluronic acid and CTL are highly hydrophilic polysaccharides combined 

with another hydrophilic synthetic polymer, leading to the immediate dissolution of the synthetized 

membranes upon contact with water. For this reason, inspired by the numerous available literature 

examples,2,289–291 different crosslinking strategies have been tested in this work to face the 

considerable instability of the monolayer polysaccharidic membranes, namely physical (heat 

treatment) and chemical (glutaraldehyde, genipin, EDC/NHS, methacrylic anhydride, 

carbonyldiimidazole) methods. The use of carbodiimide-based coupling agents, such as EDC/NHS, 

is well documented,292–294 as they react with carboxylic groups, whose activation promotes the amide 

bond formation. Indeed, in the presence of amino- or alcohol groups, a nucleophilic attack on the 

activated moieties unseat the crosslinker, mediating the amide bond creation without incorporating 

the reactive adduct.295 In this context, Séon-Lutz and co-workers produced and stabilized an 

electrospun wound dressing based on hyaluronic acid and polyvinyl alcohol by EDC/NHS 

crosslinking. They obtained stable and only partially fused nanofibers at various relative humidity 

levels (up to 90%); moreover, they tested EDC/NHS cytotoxicity, not observing any adverse effect.296 

Following these observations, in the present work, HA/CTL/PEO nanofibers were crosslinked by 

adding EDC/NHS directly to the electrospinning solution, both in powder form and previously 

dissolved in water. Unfortunately, regardless of the addition method, there was immediate gelation 



Discussion 

 
90 

 

in the solution, which hindered its electrospinning. This could be due to an increased reactivity given 

by the presence of hyaluronic acid and CTL, whose combination hinders the maintenance of the 

solution state after crosslinker addition. Alongside EDC/NHS, glutaraldehyde is an efficient and 

widely employed aldehydic chemical crosslinker.297–300 Glutaraldehyde mediates the formation of 

imminic bonds (C≡N) exploiting a Shiff's base reaction between glutaraldehyde aldehydic groups and 

free amino groups.301 Given the free amino groups of CTL, it should potentially interact with 

glutaraldehyde, to form a mesh able to entangle hyaluronic acid and PEO chains. Glutaraldehyde 

treatments reported in the literature follow a wide range of timepoints, from 4 hours to 12–16 hours 

to 3 days.166,302,303 Here, two different approaches were attempted by testing glutaraldehyde vapor 

crosslinking at different times, namely 4 hours and 2 hours. In the latter case, membranes were further 

heat treated to additionally stabilize the final structure. Prolonged reaction times were not possible 

due to the partial fiber fusion observed upon exposure to glutaraldehyde vapor; on the other hand, the 

architecture was completely lost after heat treatment. According to Ahmadi and co-workers, this 

could be explained by the release of water as a by-product of the reaction, which could be entrapped 

into polymer chains, leading to swelling of the fibers and morphology alteration.304 Hence, 

considering the presence of the highly hydrophilic hyaluronic acid and CTL in the produced 

electrospun mats, this swelling phenomenon is particularly pronounced, hampering polysaccharidic 

matrices exposure to a wet environment for extended times. On the other hand, the heat treatment 

would be too strong, irreparably destroying the nanofibrous architecture. In any case, the membranes 

were completely unstable in water, and dissolved within a few seconds, thus revealing the 

ineffectiveness of glutaraldehyde in crosslinking HA/CTL/PEO membranes. Furthermore, the 

potentially toxic effects of glutaraldehyde must be considered. For this reason, novel approaches have 

been suggested and investigated over the years, such as the use genipin,192,288 which has been 

successfully employed instead of glutaraldehyde for the production of biocompatible chitosan-based 

biomaterials.305 Genipin crosslinking reaction entails the nucleophilic substitution of the genipin ester 
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function by primary amines to form secondary amides or the nucleophilic attack on genipin 

dihydropyran ring, creating a six membered nitrogen heterocycle.306 To obtain genipin-crosslinked 

nanofibrous devices, genipin can be directly added to the polymeric solution or it can be used in a 

post-processing step by dissolution in ethanol or PBS and immersion of the electrospun matrices in 

the crosslinking solution.194,289,307 For instance, Panzavolta and co-workers stabilized gelatin-based 

electrospun meshes both by adding genipin to the electrospinning solution 30 minutes before the 

process and post-treating the matrices with a genipin-based ethanolic solution up to 7 days.308 In the 

present thesis, both approaches were tried. As described for glutaraldehyde, genipin could react with 

amino groups of CTL to form an entangled nanofibrous matrix which entraps hyaluronic acid and 

PEO chains. In our case, the presence of genipin as crosslinker did not alter the polysaccharide 

solution properties, ensuring the production of optimal nanofibers, with a surface free of defects. The 

obtained matrices were then heated at 37 °C for 24 hours to 7 days, to trigger genipin reaction and 

assist the crosslinking between the polymer nanofibers. Unfortunately, the reaction did not occur and 

even after 7 days of incubation the membranes were completely unable to resist in an aqueous 

environment. This could be due to the dry environment offered by electrospun devices, which is not 

a suitable condition to guarantee genipin activity. Indeed, during the electrospinning process the 

solvent evaporates and the fibers are deposited on the collector as ideally solvent-free fibers. On the 

other hand, the post-electrospinning crosslinking was performed by dissolving genipin in ethanol and 

embedding the polysaccharidic membranes for different times. The matrices were then heated to 

support genipin reactivity, but even this approach was unsuccessful, leading to the loss of the 

nanofibrous structure. In fact, the prolonged exposure to ethanol affects the nanofibrous morphology 

and the thermal treatment seemed to further worsen the already altered architecture. Consequently, 

with the aim of investigating the effects of the thermal treatment alone on the nanofibrous mat, heat 

was used as potential crosslinking strategy. Indeed, as mentioned earlier (section 1.3.1.), the thermal 

crosslinking is a physical method that can induce crystallization of the electrospun polymers and 
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stabilize the resultant structure.211 Two different methods were here adopted: membranes were heated 

at 80 °C in a convection oven or in a vacuum oven. Membrane burning was here observed above 80 

°C, despite the higher temperatures successfully tested in the literature.211,309,310 Moreover, the heated 

membranes were completely unstable in water, quickly losing their nanostructured feature. Thus, in 

an attempt to stabilize the final polysaccharidic structure, the thermal treatment was combined with 

a chemical treatment with carbonyldiimidazole (CDI), which was both coupled with the physical 

crosslinking or used alone. As explained in section 1.3.1., CDI is a carbodiimide coupling agent able 

to mediate amide bond formation between carboxyl- or hydroxyl-groups and aminic moieties without 

being incorporated,199 as shown by the analysis of ATR-FTIR. In fact, CDI signal was not detectable 

in the spectrum of CDI-crosslinked mats, which was comparable to that of not-crosslinked ones. In 

the presence of the characteristic carbonyl (C=O) and carboxyl (-COOH) bands, the amide bond IR 

spectrum could not be distinguished because of band overlap, thereby requiring further 

characterization of the reaction mechanism by 1H NMR. CDI has been investigated in literature as 

covalent crosslinker in various fields, as covalent immobilization on electrospun surfaces, polymer 

grafting, or hydrogels and nanosponges stabilization.200,201,311–313 However, to the best of our 

knowledge, the use of CDI as a coupling agent for electrospun nanofibers, therefore leading to 

polymeric chain entanglement through amide bond formation, has not been documented yet. 

Nevertheless, the best crosslinking results were obtained with CDI in the case of HA/CTL/PEO 

membranes, representing a suitable compromise between mat aqueous stability and nanofiber 

architecture maintenance. Indeed, despite some unavoidable architecture alteration, the 

morphological characterization of the membranes revealed a partial retention of the nanofibrous 

morphology. Meanwhile, they were particularly stable in aqueous environment, preserving their 

macroscopic integrity. This was confirmed by the swelling and degradation studies, which revealed 

the high absorption potential of CDI-crosslinked mats as well as their optimal stability in water and 

saline solution. Indeed, the ability to absorb and retain exudates is of remarkable importance when 
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considering the efficacy of wound dressings and their potential application in mild and highly 

exudating wounds.314,315 A comparison with polycaprolactone (PCL) electrospun membranes was 

useful to evaluate the behavior and efficacy of an electrospun nanofibrous matrix. Indeed, PCL is a 

well-established polymer in numerous fields, including wound management; several PCL wound 

dressings have been synthetized over the years, with in vitro and in vivo studies supporting their 

usefulness in wound management.316–319 However, one of the major drawbacks of PCL lies in its 

hydrophobicity, which could affect its interaction with biological environments. To overcome this 

issue, it can be associated with hydrophilic polymers, or subjected to a surface modification that 

increases material hydrophilicity.320–322 In this direction, Porrelli and co-workers produced a 

hydrophilic PCL-based nanofibrous scaffold by using an air-plasma treatment as a surface 

modification approach, thus increasing membrane wettability and favoring the interaction with 

cells.218 In this study, PCL membranes were employed as pristine (non-activated matrices), air-plasma 

activated membranes, and coated with a double polysaccharide layer of CTL and hyaluronic acid (to 

compare the presence of a polysaccharide coating with the use of polysaccharides as nanofiber 

constituents themselves). Notably, the swelling behavior of the activated PCL membranes was similar 

to that of the CDI-crosslinked polysaccharide mats, indicating that the high surface area and porosity 

offered by the nanofibrous architecture combined with a strong hydrophilicity enables a considerable 

fluid retention ability. On the other hand, the polysaccharide coating of the PCL membranes slightly 

altered membrane ability to absorb fluids, perhaps because the rapid hydration of the polysaccharidic 

layer limits the porosity of the underlying electrospun mesh, thereby hindering the water uptake 

capacity of these matrices. The advantage of using electrospun wound dressings was further proven 

by the comparison with a commercial product, namely the Chitoderm®, and CDI-crosslinked 

membranes produced through the freeze-drying technique. In both cases, the fluid retention ability 

was significantly less than that of electrospun products, despite their proved stability in both water 

and saline solution. Overall, the swelling capacity was slightly lower in saline solution compared to 
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water. This could be attributed to the osmotic pressure created by the mobile ions between the saline 

solvent and the nanofibrous network. Donnan's equilibrium theory establishes that the ionic forces 

are determined by the counterions present in the solvent and the ionizable chemical groups on the 

material. In the presence of free sodium cations, a charge-screening effect could occur, consequently 

reducing the osmotic pressure and turning the absorbed solution back towards the medium.323,324 The 

stability of CDI crosslinking became even more evident when compared to the last crosslinking 

method tested, which was based on methacrylic anhydride. Methacrylic anhydride is a methacrylate 

agent commonly used to chemically modify polymer chains thanks to the introduction of 

methacryloyl moieties that allow the photo-crosslinking of the methacrylated polymers, without 

affecting the biocompatibility of the final product.204–209,325 Here, the ability of this crosslinker to 

directly react with primary amines and hydroxyl groups was exploited, using pure methacrylic 

anhydride as post-electrospinning treatment on HA/CTL/PEO membranes. Nevertheless, despite the 

good morphology displayed by the crosslinked membranes washed in acetone or dimethylformamide, 

the use of methacrylic anhydride alone was not sufficient to pursue a long-term stabilization of the 

polysaccharidic mats, resulting in their degradation already after few hours. Probably, the interaction 

between the methacrylate moieties introduced after the electrospinning process caused a weak and 

temporary stabilization of the nanofibrous network, subsequently leading to its rapid degradation. On 

the contrary, CDI-crosslinked mats were stable up to 7 days in water, while in saline a mild 

degradation behavior was observed after 3 days. As described above, a change in the osmotic pressure 

could induce membrane shrinkage in the presence of salts, a phenomenon that varies depending on 

the composition of the material considered. Nevertheless, the frequency of dressings changes must 

be considered, which is approximately 2–3 times per week, depending on the type of wound to be 

treated.326–328 Furthermore, the advantages of a local release of the polysaccharides employed to favor 

wound closure and tissue regeneration should not be neglected.329–333 Hence, the degradation behavior 

exhibited by CDI-crosslinked mats after 3 days of immersion in saline solution should not affect the 
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quality of the final product but should rather be an added value in promoting skin regeneration. 

Another important parameter to consider when producing wound dressing materials is their ability to 

transmit water vapor and favor gaseous exchanges to ensure moisture retention at the wound site, in 

line with Winter’s findings.334–336 As discussed in section 1.1.1., in 1962 Winter demonstrated that in 

the presence of a dry environment, where the wound is covered by a superficial scab, the regeneration 

process is delayed if compared to a wound maintained in a moist environment, which instead prevents 

the formation of the scab.32 Consequently, an ideal wound dressing should ensure the maintenance of 

the proper equilibrium between the evaporation rate, which, if too high, would hamper moisture 

retention, and a barrier behavior, which, if too occlusive, would not allow an adequate drainage of 

fluids, leading to skin maceration and paving the way for infections.337,338 After evaluating the 

goodness of CDI crosslinking among the different strategies attempted, the water vapor permeability 

was tested by a comparison with PCL electrospun membranes (pristine, plasma-treated, or 

polysaccharide coated) and Chitoderm®. The water vapor transmission rate of electrospun products 

was higher than that of the commercial product, due to the outer polyurethan layer of Chitoderm®, 

which acts as a barrier against microorganism being impermeable. On the other hand, the evaporation 

rate of CDI-crosslinked matrices was lower than that of the electrospun PCL products after 48 hours, 

possibly due to their higher hydrophilicity and thus greater efficiency in trapping water molecules. In 

fact, the water vapor transmission ability also depends on the diffusivity of the water molecules within 

the polymer meshes;339 consequently, the presence of hyaluronic acid and CTL, with their 

considerable hydrophilicity, should cause a slight water retention on the nanofibrous mat after 48 

hours. Nevertheless, the water vapor permeability of electrospun devices is well halfway between the 

complete evaporation and total impermeability, as expected from an ideal wound dressing.  

Based on these considerations, the present monolayer polysaccharidic matrices should be a good 

starting point to produce electrospun dressing devices, despite all the critical aspects related to the 

crosslinking with the numerous approaches currently available. However, the mechanical stability of 
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such products could be a critical issue since handling and the adaptability to the wound bed concur 

in defining the goodness of the final product.  

To this end, the synthesis of multilayer electrospun matrices should be of great advantage to obtain 

stable and easy to handle devices, which could induce wound closure by releasing polysaccharides in 

the wound. In fact, multilayer nanofibers are often characterized by better mechanical properties and 

volume expansion if compared to monolayer matrices, which could favor blood clot formation. 

Moreover, they can be easily functionalized with bioactive and antibacterial agents to further 

stimulate wound closure as well as protect it from infections.340–343 The current thesis project presents 

two types of multilayer mats, in particular: i) a fully electrospun dressing obtained by electrospinning 

the ternary polysaccharidic mixture used to produce the monolayer meshes on a plasma-treated PCL 

membrane (named, “PCL bilayer”); ii) a PCL mat activated by air-plasma treatment and 

subsequently coated by layer-by-layer deposition of CTL and hyaluronic acid (called, “PCL 

coating”). The concentration of the polysaccharides was increased in this case with respect to the 

polysaccharide-coated PCL mats used as comparison in the characterization of the monolayer 

membranes, with the aim of improving the potential bioactivity of the final dressing. Considering the 

increased risk of infection at the wound site, which could further worsen and discourage the 

regeneration process,344–346 the multilayer structure was exploited to even confer antibacterial 

properties to the obtained electrospun matrices; in fact, a broad-spectrum antibiotic drug (namely, the 

rifampicin) already studied, among others, in the dermatology field347–349 was loaded on the basal 

PCL layer of both the PCL bilayer and PCL coating membranes, obtaining the so-called “Rif bilayer” 

and “Rif coating” matrices. In all cases, an optimal morphology was displayed, with randomly 

oriented, homogeneous, and defect-free fibers. In detail, the dual nature of the PCL bilayer 

membranes is noteworthy, as it was possible to appreciate the presence and contribution of the 

underlying thicker PCL layer and of the thinner polysaccharidic nanofibers uniformly deposited 

above. Meanwhile, the presence of the rifampicin did neither alter the PCL solution properties and 
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the electrospinning process nor the goodness of membrane architecture. On the other hand, the ATR-

FTIR analysis allowed to detect slight differences in the spectra of the Rif coating and Rif bilayer 

mats due to the different polysaccharidic functionalization. In fact, in the case of the bilayer matrices, 

the higher CTL and hyaluronic acid concentrations combined with the addition of PEO to ensure 

polysaccharide electrospinnability determined a more pronounced -OH band with respect to the 

coated membranes, where the only -OH source is represented by CTL and hyaluronic acid used at 

lower concentrations. The differences between the two types of multilayer matrices became even 

more evident by the characterization of their swelling capacity, which is a fundamental parameter to 

evaluate based on the need to absorb wound exudates. Indeed, as well known, the presence of 

exceeding exudates causes skin maceration, fibroblast inactivity, and the extension of the 

inflammatory phase, which is responsible for the self-perpetuation of the chronic wound, thus 

complicating patient’s treatment and increasing its morbidity.350–352 The comparison between the PCL 

control membrane and the multilayer structures revealed in all cases an optimal swelling behavior in 

phosphate buffered saline solution (PBS); however, albeit still considerable, the fluid retention ability 

of the PCL coating mats was significantly lower than that of PCL and PCL bilayer membranes. As 

hypothesized in the monolayer matrix characterization, where the PCL membranes coated with a 

lower polysaccharide concentration were used as a comparison, this is likely due to the rapid 

hydration of the coating which masks the underlying PCL porosity, thus reducing the ability of the 

coated network to absorb fluids. Despite the alteration in the swelling behavior, the water vapor 

permeability was not influenced by the different polysaccharide loading. Indeed, as observed for the 

monolayer structures, all the electrospun products were able to maintain a proper moisture 

equilibrium, being halfway between the total water evaporation and the absence of transmission. 

Moreover, the water vapor transmission ability was followed up to 72 hours in this case, in line with 

the frequency of dressing changes,326–328 demonstrating an optimal permeability trend even at 

prolonged timepoints.  
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All types of matrices activated by air-plasma exposure were also fully wettable in the presence of 

several fluids, namely, water, water supplemented with fetal bovine serum (FBS), and a traditional 

cell culture medium (the DMEM medium). The study of the different types of liquids was devoted to 

exploring the behavior of the membranes in the presence of serum proteins, which are present both 

in the physiological and in vitro microenvironment and whose interaction could determine changes 

in matrix hydrophilicity. In fact, in the presence of not-treated PCL/Rif membranes a hydrophilic 

behavior (measured by means of sessile contact angle) was observed in the presence of FBS-

supplemented deionized water (θ = 57.35°) and DMEM (θ = 0°), demonstrating the already known 

ability of rifampicin to interact with serum proteins.353–356 This represents a relevant result as a 

hydrophobic behavior (independently of the employed fluid) was expected in the case of membranes 

not subjected to air-plasma treatment, due to the basal un-wettable PCL layer. It must be pointed out 

that if on the one hand the interaction with the biological environment is of pivotal importance for 

the success of a biomaterial, on the other hand the non-specific protein adsorption could possibly 

trigger a foreign body reaction, thus impairing biomaterial function and biocompatibility.357 

According to the Berg’s limit, which gives a quantitative definition to the hydrophobic and hydration 

forces driving protein adsorption, a contact angle θ < 65° defines a hydrophilic surface which avoids 

non-specific adsorption of proteins, since they are not able to displace water from the hydrophilic 

surface, while an opposite behavior is registered for θ > 65°.358–360 However, this model presents 

some limitations, as it underestimates the mutual protein interactions during adsorption as well as it 

relies on large scale interactions on ideally flat surfaces, not considering what happens at the 

nanometer scale. In this sense, Whitesides and co-workers analyzed the structure-property 

relationship of different self-assembled monolayers to study at the molecular level those factors which 

could avoid the non-specific protein interactions, finding the so called “Whitesides rules” whereby 

the non-specific protein adsorption is determined by: i) the presence of a hydrophilic surface; ii) the 

presence of hydrogen bond acceptors; iii) the absence of hydrogen bond donors; iv) the absence of 
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net charge.361,362 Basing on these considerations, the presence of polymeric coatings could satisfy 

many of these rules. In the specific case of the non-functionalized multilayer matrices here 

synthetized, the non-specific protein adsorption should be overcome, since the air-plasma treatment 

combined with the addition of polysaccharides, whose pH is moreover finely regulated, determines a 

considerable shift of the material towards a hydrophilic behavior with total drop spreading, which 

enhances its biocompatibility, not considering the bioactive properties of the polysaccharide 

employed. The change in the biomaterial surface properties is even confirmed by the surface free 

energy examination, performed through the Owens−Wendt method, which specifically relates the 

surface free energy of a material with the polar and dispersive interactions between the solid and the 

respective liquid under examination.257,363 The analysis revealed an increase in the polar component 

in the case of all the air-plasma treated membranes as well as in the case of not-treated rifampicin-

loaded membranes exposed to FBS-supplemented water and DMEM, thus confirming the surface 

modification occurred on the analyzed matrices.  

Once assessed the surface properties of the multilayer fibrous matrices, their stability had to be 

evaluated, highlighting the effects of the differential polysaccharide incorporation. In detail, 

membrane stability was characterized both in terms of polysaccharide and rifampicin release. In the 

first case, the polysaccharides were immediately released from the PCL bilayer upon medium contact 

because of their high hydrophilicity combined with the elevated surface area offered by the 

nanofibrous architecture. Indeed, being a not-crosslinked entirely electrospun architecture, the 

polysaccharide dissolution was almost instantaneous, with the PCL bottom layer always staying 

intact. Considering the application as wound dressing materials, which are frequently replaced,364,365 

the local delivery and immediate availability of anti-inflammatory and pro-regenerative agents (as 

the polysaccharides employed are) in the injured site could be particularly advantageous to stimulate 

wound response165,366–369 while maintaining an outer PCL fibrous layer able to protect the wound 

from external abrasions, absorb the produced exudate, and favor the gaseous exchanges.370,371 On the 
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other hand, in the case of the PCL coating a burst release of the hyaluronic acid was registered in the 

first 4 hours, while the CTL was more stable and slowly released in time, reaching a ≈ 25% of release 

after one week. This could be attributed to the sequential coating procedure, which consists in a first 

CTL layer followed by hyaluronic acid deposition. Therefore, the hyaluronic acid, which is the outer 

coating layer, is rapidly released from the matrix, while the inner CTL layer is strictly interconnected 

with the underlying activated PCL matrix, thus being more stable in time. This could open new 

perspectives for the application of the PCL coating membranes not only as wound dressing materials, 

but also as skin substitutes, which must lie in the injured site for a prolonged timespan following 

tissue regeneration. Thus, even a controlled and prolonged release of the bioactive agents, compatible 

with the treatment times, could represent a plus to employ electrospun materials for chronic wound 

care.372–374 Meanwhile, the stability of the loaded rifampicin was evaluated too, by comparing not-

treated and plasma-treated membranes. As a matter of fact, the activation procedure affected 

rifampicin integrity thus reducing its availability in time. On the other hand, by comparing the 

multilayer matrices with the plasma-treated PCL/Rif control membranes, a higher rifampicin release 

was detected in the case of the Rif bilayer, even if the basal PCL/Rif mat is the same in all cases. It 

was hypothesized, and then experimentally validated, that the immediate polysaccharide dissolution 

in the medium from the bilayer shifts the release equilibrium towards the medium, driving the 

rifampicin out of the membrane. Indeed, the high affinity of polysaccharides with water allowed them 

to expand in the medium, which was a PBS solution, thus absorbing solvent molecules between the 

polymer chains and increasing the local salt concentration.375 Then, according to the Donnan’s 

equilibrium, as explained above in reference to the differential behavior of monolayer matrices in 

water and saline solution, a membrane shrinkage occurs due to the change in the osmotic pressure, 

thereby forcing the rifampicin towards the medium. On the contrary, in the case of the PCL coating, 

the antibiotic is partially solubilized and trapped within the first coating layer, reducing the percentage 

of release in time.  
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Once the physicochemical performance of the multilayer matrices was studied, their biological 

evaluation has been investigated, first considering their composition. Indeed, the presence of the 

surfactant in the polysaccharide layer of the PCL bilayer meshes could significantly impair the 

biocompatibility of the device.376,377 Due to the ability of high ethanol concentrations to solubilize 

Tween® 20,378,379 but not polysaccharides,380,381 an additional ethanol wash (of only few minutes, so 

as not to destroy the nanofibrous architecture) was included in the preparation protocol, with the aim 

of washing out any residual surfactant. In fact, this post-processing procedure ensured the 

biocompatibility of the PCL bilayer membranes towards murine fibroblasts. Subsequently, taking into 

account the release of polysaccharides and rifampicin from the multilayer matrices, their 

biocompatibility was assessed towards human dermal fibroblasts, to exclude any possible acute 

toxicity of the final biomaterial. In no case was cell proliferation affected by the presence of the 

biomaterial, with a similar trend between all the types of treatments, which were moreover 

comparable to the controls of not-treated fibroblasts. This demonstrated the safety of the 

polysaccharidic multilayer matrices with or without antibiotic and their potential applicability on the 

wound site, where the fibroblast proliferation is essential to ensure the repair of the damaged tissue. 

Indeed, chronic wounds affect a deeper portion of skin, including not only the epidermal layer, but 

even the underlying dermis. Here the fibroblasts should proliferate and migrate towards the wound 

bed, reconstructing the ECM, promoting granulation tissue formation, and offering a support for the 

migration of inflammatory cells as well as secreting cytokines, chemokines, and growth factors which 

guide cell response and survival at the wound site. Unfortunately, the stress induced by the 

uncontrolled inflammatory phase of chronic wounds, can induce premature senescence of fibroblasts. 

Therefore, strategies need to be developed to protect the wound from the external environment while 

stimulating tissue regeneration and remodelling.382–385 In this sense, the bioactivity of both PCL 

coating and PCL bilayer membranes was tested by a wound healing assay, with the purpose to study 

the influence of the polysaccharide released in stimulate wound closure. Therefore, human dermal 
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fibroblasts were also selected in this case and untreated and PCL-treated cells were used as controls. 

Both types of polysaccharide-based matrices revealed their bioactivity, inducing a significantly faster 

gap closure already at the earlier timepoints. Even after 24 hours, the scratch was still partially visible 

in the controls, while it was completely closed in the presence of the polysaccharides. On the other 

hand, no significant differences were detected between the PCL coating and PCL bilayer mats, despite 

a slightly faster scratch closure in the presence of the PCL bilayer, which could be attributed to the 

faster polysaccharide release in the short term. In the future, a comparative study could be carried out 

on the synergistic effect of the CTL and hyaluronic acid released from the material in inducing tissue 

response and regeneration with regard to wound closure, also considering the already proven ability 

of both polysaccharides to play an active role in modulating the inflammatory and remodelling 

phases, while exerting an antioxidant and pro-regenerative potential.165 

Finally, in view of the urgent need for wound dressings and skin substitutes that can also counteract 

and prevent wound infections, the antibacterial efficacy of the rifampicin released from the antibiotic-

enriched matrices was tested against four bacterial strains commonly infecting the wound site, namely 

the two Gram-positives Staphylococcus aureus and Staphylococcus epidermidis and the two Gram-

negatives Escherichia coli and Pseudomonas aeruginosa. 386–389 The inhibitory activity was first 

assessed, by exposing the bacteria for 20 hours to rifampicin extracts obtained from the Rif coating 

and Rif bilayer membranes, which were serially diluted to test a wide range of concentrations (from 

5 µg/mL to 0.3125 µg/mL). The antibiotic thus showed efficacy in inhibiting Gram-positives growth 

as well as Pseudomonas aeruginosa. However, the same efficacy was not observed in the presence 

of Escherichia coli, which seemed to be resistant also at the higher drug concentration analyzed. 

Perhaps, the Escherichia coli strain adopted developed resistance to rifampicin thanks to a mutation 

in the β subunit of the bacterial RNA polymerase, as systematically discussed by Goldstein in his 

review on the mechanisms underlying rifampicin resistance.390 For this reason, the minimum 

inhibitory concentration of the antibiotic drug was evaluated on all bacteria strains, including an 
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additional Escherichia coli strain which revealed a higher sensitivity (5 µg/mL with respect to the 40 

µg/mL of the first strain employed) though it was less sensitive with respect to the other bacteria 

under investigation. Based on these considerations, the bactericidal activity of rifampicin was tested 

in the presence of the four bacterial strains, this time using the more sensitive Escherichia coli. The 

antibiotic revealed its bactericidal activity over time towards all the bacteria tested, with 

Staphylococcus epidermidis being the most affected and Escherichia coli suffering the least under 

the influence of rifampicin, which is consistent with the inhibitory activity studied. Therefore, the 

antibiotic-endowed matrices (both Rif coating and Rif bilayer mats) have demonstrated their ability 

to prevent bacterial infections caused by Staphylococcus aureus, Staphylococcus epidermidis, and 

Pseudomonas aeruginosa. On the other hand, a lower antibacterial efficacy was observed in the case 

of Escherichia coli, due to possible antibiotic resistance. Nonetheless, even the limitations 

encountered in the antibacterial activity can be overcome by loading different antibiotic drugs on the 

fibrous surface, as the combination of antibiotics is well exploited in clinical practice to achieve 

higher antibacterial efficacy.391–393  

As a matter of fact, the employment of the multilayer matrices revealed numerous advantages 

because: i) they are easy to handle; ii) they possess suitable physicochemical properties; iii) they are 

able to deliver bioactive polysaccharides locally with different feed rate depending on the synthesis 

method (thus extending their application not only as wound dressings but also as skin substitutes); 

iv) they can be easily functionalized with further bioactive, anti-inflammatory, or antibacterial 

moieties to reach the final goal of wound closure, tissue regeneration, and remodelling, reducing 

patient’s pain and unwanted scarring as much as possible.  
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6. CONCLUSIONS 
 

Exploring new strategies to treat non-healing (or chronic) wounds is of pivotal importance in the 

wound care practice, as there is an urgent medical need worldwide. In this scenario, the 

electrospinning technique could be a valid alternative approach, since it allows the production of 

nanofibrous extracellular matrix (ECM)-like membranes, with a large surface area and porosity which 

favor fluid drainage and gas permeation besides exerting an anti-scarring and hemostatic potential. 

Depending on the polymers employed, it is then possible to mimic ECM composition other than its 

architecture. The present thesis proposes the exploitation of the electrospinning technique to produce 

biomimetic and bioactive polysaccharide-based nanofibrous scaffolds to be used as wound dressing 

materials, endowed with antibacterial properties. In detail, two main work section can be 

distinguished: i) the synthesis, stabilization, and physicochemical characterization of polysaccharidic 

monolayer membranes; ii) the production and physicochemical, biological, and microbiological 

characterization of multilayer polysaccharide-based matrices endowed or not with a broad-spectrum 

antibiotic, the rifampicin. 

In the first part of the project, the monolayer dressing was produced starting from two different 

polysaccharides, namely a lactose-modified chitosan (CTL, known for its bioactive and anti-

inflammatory properties) and hyaluronic acid (HA, which is a natural component of the ECM). 

Considering that the polysaccharides are non-spinnable alone, due to their unfavorable solution 

properties, they were combined with a synthetic polymer (the polyethylene oxide, PEO) and a 

surfactant (the Tween® 20), able to reduce solution surface tension. After several combinations 

(HA/PEO, CTL/PEO, HA/CTL/PEO), the best results in terms of solution and electrospinning 

process stability as well as nanofiber morphology were obtained with a ternary mixture of 

HA/CTL/PEO. Unfortunately, given the high hydrophilicity of the chosen polymers and the elevated 

surface-to-volume ratio, the membranes immediately dissolved in water, hampering their application 

as wound dressing materials. For this reason, an additional crosslinking step was needed and different 



Conclusions 

 
105 

 

approaches were explored, ranging from strategies already reported in the literature (EDC/NHS, 

glutaraldehyde vapor, genipin, thermal treatment) to unexplored methods (carbonyldiimidazole, or 

CDI, and an alternative use of methacrylic anhydride). However, only the CDI and methacrylic 

anhydride crosslinking produced satisfactory results, representing a compromise between nanofiber 

architecture maintenance and water resistance. In view of their potential use as wound dressings, both 

CDI- and methacrylic anhydride-crosslinked mats were compared to synthetic electrospun matrices 

and non electrospun products. In the first case, polycaprolactone (PCL) subjected or not to air-plasma 

treatment (to increase membrane hydrophilicity) and coated with CTL and hyaluronic acid was 

chosen; in the second case, a freeze-dried matrix obtained with the same ternary polysaccharide 

mixture used for the electrospun membranes and a commercial product, the Chitoderm®, were 

selected. The swelling capacity of the nanofibrous matrices was significantly higher than that of non-

electrospun ones, regardless of their composition. On the other hand, the CDI-crosslinked matrices 

revealed a better ability to retain fluids with respect to that treated with methacrylic anhydride, which 

rather showed a degradation behavior in the first hours of immersion. The study of the degradation 

rate of all the analyzed membranes confirmed what seen during the swelling analysis. Moreover, the 

CDI-crosslinked mats revealed their stability in water for up to 7 days, while their started to partially 

degrade after 3 days in saline solution, being anyway compatible with the times of dressing 

substitution. Electrospun products also demonstrated an optimal water vapor permeability, with an 

intermediate behavior between the total evaporation and the absence of transmission. Although the 

promising physicochemical features, the polysaccharide-based meshes were not stable and 

handleable as the synthetic matrices. Consequently, synthetic polymers and polysaccharides were 

combined to produce two types of easy-to-handle multilayer matrices: i) an entirely electrospun 

product made of a PCL basal layer and a HA/CTL/PEO upper layer (named “PCL bilayer”); ii) a 

CTL/HA coated PCL membrane (called “PCL coating”). The multilayer structure was even exploited 

to functionalize the dressings, by introducing an antibiotic (namely, rifampicin) into the PCL layer, 
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resulting in the so-called “Rif bilayer” and “Rif coating” membranes. In order to improve the 

bonding between the PCL and polysaccharides (electrospun or layer-by-layer deposited), the PCL-

based nanofibrous network was activated by air-plasma treatment, ensuring a high wettability of the 

surface. On the other hand, the multilayer matrices showed satisfactory results in terms of swelling 

capacity and water vapor permeability, in line with what observed in the case of the monolayer 

membranes. In addition, the different synthesis method was strictly correlated with different release 

of both polysaccharides and rifampicin from the nanofibrous structures. Indeed, both CTL and 

hyaluronic acid were immediately released from the PCL bilayer, due to the combination of polymer 

hydrophilicity and large surface area of the electrospun products. This could be greatly advantageous 

in the case of a wound dressing material, which needs to be frequently changed and rapidly release 

the loaded bioactive agents. On the other side, in the case of the PCL coating, the outer hyaluronic 

acid layer was immediately released in the first 4 hours, while the inner CTL layer was more 

interconnected with the underlying PCL matrix, being more stable and slowly released over time. 

Such behavior suggests that PCL coating mats can be used as skin substitutes, which must resist in 

the tissue for a longer period, thus requiring a prolonged release of the bioactive components too. In 

any case, no acute cytotoxicity was observed on human dermal fibroblasts (HDFs), while a bioactivity 

of the polysaccharidic membranes was observed by wound healing assay. Indeed, the closure of the 

scratch on HDFs was significantly higher when treated with the PCL bilayer and PCL coating 

matrices compared to the control, reaching complete healing after 24 hours. 

Likewise, with respect to the antibiotic, the immediate polysaccharide release from the PCL bilayer 

caused an osmotic imbalance which forced the rifampicin out of the membranes, thus resulting in a 

faster drug release kinetic with respect to the PCL coating. In this sense, it must be anyway considered 

the effect of the air-plasma treatment, which partially affects rifampicin integrity. Nevertheless, the 

antibacterial efficacy against Staphylococcus aureus, Staphylococcus epidermidis, and Pseudomonas 

aeruginosa was not impaired, both in terms of inhibitory and bactericidal activity. However, the 
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membranes were partially effective in the case of Escherichia coli, which showed resistance to the 

antibiotic. A mild bactericidal activity was observed in the presence of a more sensitive strain, despite 

always lower than the other bacterial strains tested.  

In view of these results, the polysaccharide-based electrospun nanofibrous dressings developed in 

this work, should be highly advantageous as wound dressing materials, from both a structural and 

compositional point of view, and even open up new sceneries in the field of skin substitutes. The 

bioactivity of these devices should be further investigated at the molecular level, to analyze the effects 

of the polysaccharide presence in the wound healing process. On the other hand, the versatility of the 

multilayer matrices offers the possibility to incorporate a variety of compounds, ranging from 

antibacterial, anti-inflammatory, anesthetics, or bioactive moieties, being therefore even modulable 

and designed for different types of wounds. Both the bioactivity and antibacterial properties of the 

final product should be finally tested through in vivo wound models (such as rats or rabbits) to 

evaluate the clinical performance of the device in a microenvironment as close as possible to that of 

humans. This should include the ability to stimulate wound closure and dermal regeneration and 

prevent scar formation as well as its ability to prevent the occurrence of infections at the wound site. 
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