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Abstract 

In the present study, chitosan was chosen as an excellent material for wound dressing application 

due to its non-toxicity, biocompatibility and its ability to stimulate the immune system, promote 

cellular growth, and control bacterial proliferation. Chitosan-based nanocomposite fibrous mats 

were successfully produced by using electrospinning technique. Chitosan–poly(ethylene oxide) blend 

at 1:1 mass ratio was used as matrix, and cellulose or chitin nanocrystals at 50 wt% content were 

used as reinforcing phase. Aqueous solution of 50 wt% acetic acid was chosen as electrospinning 

solvent, and the final solute concentration of the electrospinning solutions was 3 wt%. Preliminary 

experiments were performed in order to determine the optimum processing parameters that could 

generate defect-free fibers. The morphological, thermal and physicochemical properties of the 

as-spun mats were investigated by optical microscopy, SEM, TGA, DSC, porosimetry and water vapor 

transmission. The morphological study showed that the inclusion of nanocrystals decreased the 

average fiber diameter from 308 ± 31 nm to 138 ± 25 nm for cellulose nanocrystals, and to 

213 ± 28 nm for chitin nanocrystals. The thermal analysis indicated that every electrospun mats had 

the thermal stability required for use as wound dressing, except the mat reinforced with cellulose 

nanocrystals, and the mat reinforced with chitin nanocrystals exhibited the highest thermal stability. 

The surface area, average pore size and water vapor transmission were similar from one sample to 

another, and were considered as beneficial for wound healing. The nanofibrous mats reinforced with 

chitin nanocrystals were further crosslinked by using genipin aqueous solution for 4, 8 and 16 hours 

in order to enhance the mechanical properties. Uniaxial tensile testing and scanning electron 

microscopy were performed to control the efficiency of crosslinking. The results suggested that the 

mechanical strength significantly increased as a function of the crosslinking exposure time, which 

confirmed that crosslinking was efficiently achieved. A similar trend was observed when the 

nanocrystals were added to the chitosan-based matrix. The nanocomposite mat reinforced with 

chitin nanocrystals and crosslinked for 16 hours had a tensile strength of 64.9 MPa and an elastic 

modulus of 10.2 GPa, and was considered as the best candidate for wound dressing application.   
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Introduction 

The generation and application of nanomaterials with novel properties is one of the 21st century’s 

key technology developments, offering extraordinary opportunities in various technological fields 

such as electronics, energy management, structural materials, information technology, and also in 

pharmaceutical and medical fields. Polymer nanofibers, an important class of nanomaterials, have 

attracted increasing attentions in the last ten years. They are defined as fibers having a diameter less 

than 100 nm, which gives them several amazing characteristics such as a very large surface area to 

volume ratio, flexibility in surface functionalities, and superior mechanical performance compared 

with any other known form of material. [1-5] 

Research on fabrication methods remains one of the most important topics for polymer nanofibers, 

and has attracted interests from both academia and industry. Several production techniques such as 

electrospinning, drawing, phase separation, self-assembly and template synthesis have been 

employed to produce polymer nanofibers for different purposes. Among them, electrospinning is the 

most popular and preferred technique to use due to its versatility, cost-effectiveness, flexibility and 

ease of use. This process was first reported by Formhals in 1934, but did find applications in a variety 

of disciplines only in late 1990s. This was elucidated by an increase in the number of publications in 

research and development in this area. The technique uses a high voltage to create an electrically 

charged jet of polymer solution. The jet travels toward a metallic collector, and finally fibers with a 

diameter in submicron-scale are deposited on the collector after evaporation of the solvent. Previous 

studies have shown that the system configuration and operational conditions differ vastly from one 

material to another. Solution properties (such as concentration, viscosity, surface tension, 

conductivity) and processing parameters (such as applied electric voltage, needle-to-collector 

distance, flow rate and type of collector) are the main factors influencing the transition of a polymer 

solution into ultrafine fibers, and therefore a deep study of these parameters is required prior any 

production of defect-free electrospun nanofibers. [1-5] 

Increasing attention has also been given in recent years to natural polymers such as polysaccharides, 

due to their abundance in nature, and unique structures and characteristics with respect to synthetic 

polymers. One of them, chitosan, is obtained from partial deacetylation of chitin, which is the most 

abundant polysaccharide in the biosphere after cellulose. Chitosan has several biological properties 

that make it an attractive material for use in medical applications, such as biodegradability, lack of 

toxicity, antifungal effects, wound healing acceleration, hemostatic nature and immune system 

stimulation. The impact of these characteristics can be improved by increasing the specific surface 

area of chitosan-based materials, through the generation of either nanometer-scale materials or 

highly porous structures. Consequently, chitosan nanofibers have been widely studied during the last 

decade, and more especially chitosan nanofibers produced by electrospinning technique. [6,7] 

Cellulose and chitin are also very interesting and promising polysaccharides, and more particularly 

the nanocrystals that can be isolated from both of them through acid hydrolysis. These nanocrystals 

are rod-like highly crystalline particles, having diameter ranging from 5 to 20 nm, and length from 

100 nm to several micrometers. Cellulose and chitin nanocrystals are known to have good 

mechanical properties and low density, leading them to be excellent candidates as 

nanoreinforcements in bionanocomposites. For instance, inclusion of these nanoparticles in chitosan 
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electrospun nanofibers for biomedical application would be very attractive, since it could potentially 

improve their mechanical performance without constraining the final application. [8-11]  

The aim of this project was to develop chitosan-based nanofibrous mats having good mechanical 

properties, thermal stability and specific functional properties such as biocompatibility and wound 

healing ability. Chitosan nanofibers reinforced with chitin or cellulose nanocrystals were produced by 

electrospinning technique and then characterized to understand their morphological, thermal and 

mechanical properties, and to evaluate their potential for use in biomedical application in wound 

dressing and burn healing. 
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Chapter 1   Literature review 

 

1.1 Bionanocomposites 

Nanocomposites are defined as composites with reinforcements in the nanometer scale (< 100 nm) 

in at least one dimension. Depending on the geometrical shape of the nanoreinforcements, they can 

be divided in three groups: one-dimensional nanocomposites when reinforcements are plates or 

laminates, two-dimensional nanocomposites when fillers are nanotubes or nanofibers, and 

three-dimensional nanocomposites when spherical nanoparticles are used. Nanocomposites differ 

from conventional composite materials owing to the nanoreinforcements almost free of defects and 

their exceptionally high surface to volume ratio. Increasing the surface to volume ratio of the 

reinforcing phase induces a higher proportion of atoms on the surface, which provides enhanced 

properties, such as an unusually high surface energy, a raised surface reactivity, elevated thermal and 

electrical conductivity and high strength-to-weight ratios. [2,9,12] 

As a result of the increasing awareness concerning the human impact on the environment and the 

constant increase in the fossil resource price, the last decade has seen the development of efficient 

solutions to produce new environmentally friendly materials. Bionanocomposites are one of these 

solutions. Bionanocomposites are bio-based nanocomposites and they can be defined as composite 

materials derived from biopolymers, as for instance polysaccharides, polypeptides, proteins, nucleic 

acids, etc, and reinforced with synthetic or inorganic nanofillers, such as carbon nanotubes, nanoclay, 

metallic nanoparticles, etc. Some research groups also reported materials made of 

petroleum-derived polymers such as PP, PE and epoxies, and reinforced with biological crystalline 

nanoparticles as bionanocomposites [9,13,14]. Bionanocomposites have the remarkable advantage of 

exhibiting biocompatibility, biodegradability and, in some cases, functional properties provided by 

either the biological or synthetic nanofillers. Consequently bionanocomposites are very appealing 

materials for advanced biomedical applications, as for instance tissue engineering, artificial bones or 

gene therapy. Other possible fields of applications are related to their mechanical, thermal and 

barrier properties, making this class of materials highly attractive for potential uses in controlled drug 

and pesticide delivery, membranes for food processing, drinking water purification and oxygen 

barrier films. [3,9,13,14] 

1.2 Electrospinning 

Electrospinning is a processing technique which generates fibers with diameters ranging from tens of 

nanometers to a few micrometers, though an electric field applied to a polymer fluid. A number of 

other processing techniques have been used to prepare polymer nanofibers in recent years (such as 

phase separation, drawing, template synthesis, self-assembly, etc), but few processes, if any, can 

match electrospinning in terms of its versatility, flexibility and ease of fiber production. [1-3] 
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Recently there has been a significant increase in the annual number of scientific publications 

concerning this process, and more particularly since 1994, the year that the term ‘‘electrospinning’’ 

appeared. Prior to this, it was known as “electro static spinning,” and was patented 70 years earlier 

by Formhals [1,2]. This increasing attention is probably due to a surging interest in the field of 

nanomaterials, which present excellent properties and a wide range of potential applications, as 

mentioned before. 

1.2.1 Basic setup for electrospinning 

Figure 1 shows a schematic illustration of the basic setup for electrospinning. 
[15] 

 
Figure 1. A typical electrospinning setup 

[15]
 

A typical setup for the electrospinning process consists of three major components: 

1. A high-voltage supplier: A direct current voltage in the range of 5–35 kV is necessary to 

generate electrospun fibers. Alternative current potentials are also used, but in a less 

widespread way. [16,17] 

 

2. A capillary tube with a spinneret (needle or pipette of small diameter): The spinneret is 

connected to a syringe in which the polymer solution or melt is hosted. The syringe is usually 

associated to a pump to control the rate of fluid flow. As shown in Figure 1, the capillary tube 

and the needle may be arranged vertically, but more often it is arranged horizontally to 

minimize the effect of gravity on drop formation. [1,17] 

 

3. A metallic collector: Commonly the collector is a conductor metallic screen. With this type of 

collecting device, the fibers are generally deposited as a random network as shown in 

Figure 2a. However, for many applications it is desirable to have aligned fibers (Figure 2b) or 

a specific arrangement of accumulated fibers. By using patterned electrodes, conductive 

substrates separated by a nonconductive gap, disc collectors, or other methods, varying 

degrees of fiber alignment can be achieved [2,17]. Many nanofibers assemblies and their 

associate methods are presented in reference [18]. 
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Figure 2. (a) Non-woven 

[17]
 and (b) aligned 

[19]
 electrospun nanofibers 

1.2.2 Fundamental aspects 

Basically, electrospinning process consists in using a high voltage to create an electrically charged jet 

of polymer solution (or melt polymer) out of the spinneret. Before reaching the collecting screen, the 

solvent of solution jet evaporates or the melt polymer solidifies, and is collected as a network of 

small diameter fibers. The following paragraph explains step by step what occurs during the process. 

First the polymer solution is forced through the syringe pump to the needle, and as a result of 

surface tension, the pendant droplets of the solution are held in place at the needle tip. Then high 

voltage potential is applied to the polymer solution through an immersed electrode, inducing free 

charges into the polymer solution. These charged ions move in response to the applied electric field 

towards the electrode of opposite polarity (i.e. the collector), creating a protrusion at the needle tip 

wherein the charges accumulate. As the intensity of the electric field is increased, the hemispherical 

surface of the fluid at the tip of the spinneret elongates to form a conical shape called Taylor cone. 

Then, when the applied potential reaches a critical value required to overcome the surface tension of 

the liquid, a jet of liquid is ejected from the Taylor cone tip. The charges in the jet accelerate the 

polymer solution in the direction of the electric field towards the collector, thereby closing the 

electrical circuit. Although the jet is stable near the tip of the spinneret, it soon undergoes a chaotic 

motion or bending instability due to the Coulombic repulsive forces from the charged ions within the 

electrospinning jet. As the jet travels through the atmosphere, the solvent evaporates, leaving 

behind a dry fiber on the collecting device. In the case of melt polymer, the discharged jet solidifies 

when it travels in the air. At the end, fibers are obtained with a diameter ranging from tens of 

nanometers to a few microns [1-3,17,18]. Figure 3 shows in broad outline the electrospinning jet 

behavior.  

 
Figure 3. Diagram of the electrospinning jet path 

[17]
 

a b 



 

6 
 

To sum up, the electrospinning process can be divided into five stages: 

1. Charging of the fluid 

2. Formation of the Taylor cone 

3. Initiation of the liquid jet 

4. Thinning and instability of the jet in the electric field 

5. Collection of the jet or its solidified fibers 

1.2.3 Parameters 

Many parameters can influence the transformation of polymer solutions into nanofibers through 

electrospinning, such as: [1,17,18] 

- Polymer properties: Molecular weight, molecular-weight distribution and solubility; 
 
 

- Solution properties: Viscosity, elasticity, polymer concentration, solvent vapor pressure, 

electrical conductivity and surface tension; 
 

- Processing conditions: Solution feed rate, applied voltage, distance from needle tip to 

collector, inner diameter of the needle, type and motion of collector; 
 

- Ambient parameters: Temperature, relative humidity, pressure and type of atmosphere. 

Because of the large range of variables involved in electrospinning process, it is extremely difficult to 

predict the outcome of experimental systems, and obtaining the desired fiber properties involves 

some trials and errors. 

1.2.4 Potential defects in electrospun fibers 

The most common defects which may appear in the electrospun nanofibers are beads (Figure 4a), 

pores (Figure 4b) and different or heterogeneous fiber diameters (Figure 4c). The fiber diameter 

distribution and the formation of beads can be controlled by varying the parameters seen previously. 

For each electrospinning system, optimum parameters, such as solution viscosity, applied electric 

field, solution feed rate, inner diameter of the needle, etc, have to be determined to obtain a 

nanofiber network as homogeneous as possible. However, different fiber diameters may sometimes 

be caused by a splitting into multiple jets of the primary jet during the traveling from the spinneret to 

the metallic collector. [1,18] 

     
Figure 4. SEM micrographs showing defects on electrospun nanofibers: (a) beads 

[20]
,  

(b) nanopores 
[20]

 and (c) different fiber diameters 
[21]

 

a b c 
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1.3 Polysaccharides 

The large number of polysaccharides with different chemical structures and physical properties 

constitutes a large source of materials for more and more applications in the future, especially in the 

domain of biomaterials. Their development opens a large field of applications taking advantage of 

their specific properties, such as renewability, biocompatibility and biodegradability for some of 

them. The following parts focus on cellulose, chitin and chitosan, and also on the nanoparticles that 

can be isolated from both cellulose and chitin natural fibers. 

1.3.1 Cellulose 

Cellulose is the most abundant organic material produced in the biosphere, having an annual 

production that is estimated to be over 1.5 × 1012 tons[22] and is considered as an almost 

inexhaustible source of raw material for the increasing demand of environmentally friendly and 

biocompatible products. Cellulose is widely distributed in higher plants, and to a lesser degree in 

algae, fungi, bacteria and invertebrates. In general, cellulose is a fibrous, tough, water-insoluble 

substance that plays an essential role in maintaining the structure of plant cell walls. During the last 

decades, cellulose in nano- and microscales generated from cellulose natural fibers has been using as 

reinforcement for polymer composites due to its high specific mechanical performance. [8,11] 

Molecular structure 

Cellulose is a linear homopolysaccharide composed of β-D-glucopyranose units linked together by 

(1→4) glycosidic bonds [14]. The basic chemical structure of cellulose is represented in Figure 5. 

 
Figure 5. Chemical structure of cellulose 

In nature, cellulose does not occur as an isolated individual molecule. Indeed, the chains of 

poly-β-(1→4)-D-glucopyranose are biosynthesized by enzymes and self-assembled to form 

microfibrils, which are long thread-like bundles of molecules laterally stabilized by a strong and very 

complex intra- and intermolecular hydrogen-bond network. These individual cellulose microfibrils 

have diameters ranging from 2 to 20 nm, depending on their origin [8]. They are constituted by 

regions of low order (amorphous regions) and regions of high order (crystalline domains). Each 

microfibril can be considered as a string of cellulose crystals, linked along the microfibril axis by 

disordered amorphous domains. Microfibrils aggregate further to form cellulose fibers. Therefore 

natural fibers are themselves composite materials. They result from the assembling of microfibrils 

embedded in a matrix mainly composed of lignin and hemicellulose [8-11]. Figure 6 schematically 

represents the fibrillar structure of cellulose. 
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Figure 6. Diagram of cellulose fibrillar organization 

[9]
 

Cellulose polymorphs 

The hydrogen-bonding network and molecular orientation in cellulose can vary widely, which can 

give rise to cellulose polymorphs, depending on the respective source, method of extraction or 

treatment. Six interconvertible polymorphs of cellulose, namely, I, II, IIII, IIIII, IVI, and IVII, have been 

identified. Cellulose I, or native cellulose, is the form found in nature. Cellulose II, the second most 

extensively studied form, can be obtained from cellulose I by either of two processes: regeneration 

(which consists in dissolving cellulose I in a solvent followed by a reprecipitation in water) or 

mercerization (which designates the process of swelling native fibers in concentrated sodium 

hydroxide solutions and then removing the swelling agent). Celluloses IIII and IIIII are formed from 

celluloses I and II, respectively, by treatment with liquid ammonia or amines, and the subsequent 

evaporation of excess ammonia. Polymorphs IVI and IVII can be prepared by heating celluloses IIII and 

IIIII respectively, at approximately 200°C in glycerol. [8,23] 

Cellulosic nanofillers 

The mainly used material for cellulosic nanoreinforcements is native cellulose, due to its high 

modulus and crystallinity [8]. There are basically two families of nanosized cellulosic particles: 

cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs). 

Cellulose nanocrystals consist generally of stiff rod-like particles, referred also as whiskers, 

nanowhiskers, nanoparticles or nanocrystalline cellulose. Their width is generally around few 

nanometers, but the length of CNCs presents a larger range, from tens of nanometers to several 

micrometers [8,9]. Figure 7 shows TEM images of cellulose nanocrystals in dilute suspension from 

different sources. 
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Figure 7. Transmission electron micrographs from dilute suspensions of hydrolyzed (a) cotton,  

(b) sugar-beet pulp and (c) tunicin 
[11]

 

The main process for isolation of nanocrystals from cellulose resources is based on acid hydrolysis. 

Amorphous regions of cellulose are preferentially hydrolysed, whereas crystalline regions that have a 

higher resistance to acid attack remain intact. Thus following an acid treatment that hydrolyses 

cellulose, cellulose rod-like nanocrystals are produced. The obtained CNCs have a morphology and 

crystallinity similar to the original cellulose fibers. [8,9] 

The acid hydrolytic cleavage is basically dependent on the nature of the acid, the acid concentration, 

the acid-to-cellulosic fibers ratio, the origin of the cellulosic fibers, and also time and temperature of 

the hydrolysis reaction. Typical procedures for the production of CNCs consist in subjecting pure 

cellulosic material to strong acid hydrolysis, using sulfuric or hydrochloric acids, under strictly 

controlled conditions of temperature, agitation and time. Dialysis is then performed to remove any 

free acid molecules from the dispersion. Additional steps such as filtration, differential 

centrifugation, ultracentrifugation or ultrasonification can also be done. [8,10] 

Applications of cellulosic bionanocomposites 

The use of nanocellulose as reinforcement in nanocomposites is an exciting and relatively new area 

of interest. Besides the low cost of the raw material, the use of cellulose NCs and NFs as a reinforcing 

phase has numerous well-known advantages, such as low density, renewable nature, low energy 

consumption, high specific properties, modest abrasivity during processing, biodegradability, etc. 

Table 1 regroups some current applications of cellulose-based bionanocomposites. 

Table 1. Principal applications of cellulosic nanocomposites [1,24,25] 

Biomedical Bone and tissue scaffolds 
Drug delivery 
Valves 
Sensors 
Indicators in nano-medicine 

Pharmaceuticals Mask 
Nutritional ingredients 

Automotive Automotive sensors 
Wear resistance tires 
Batteries 

Electronic Industry Biosensors 
Digital display 

a b c 
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1.3.2 Chitin and chitosan 

Chitin is a natural polysaccharide and it consists of units of N-acetylglucosamine and a lesser amount 

of glucosamine (or 2-acetamido-2-deoxy-D-glucose) units, linked by β (1→4) bonds (see Figure 8a). 

This biopolymer is synthesized by an enormous number of living organisms, and is the second most 

abundant biopolymer after cellulose. Chitin occurs in nature as ordered crystalline microfibrils 

embedded in a protein matrix, forming structural components in the exoskeleton of arthropods or in 

the cell walls of fungi and yeast. It is also produced by a number of other living organisms in the 

lower plant and animal kingdoms, serving in many functions where reinforcement and strength are 

required. The most important derivative of chitin is chitosan, obtained by partial deacetylation of 

chitin in the solid state under alkaline conditions or by enzymatic hydrolysis. Structurally, chitosan is 

composed of β-(1→4)-linked D-glucosamine residues with a variable number of randomly located 

N-acetylglucosamine groups (see Figure 8b). The ratio of glucosamine to the sum of glucosamine and 

N-acetylglucosamine is defined as the degree of deacetylation (DD), as shown in Equation 1. When 

the degree of deacetylation is higher than 50%, partially deacetylated chitin can be considered as 

chitosan. [7,9,26] 

 

 
Figure 8. Chemical structure of (a) chitin and (b) chitosan 

 

                               
           

                                 
                                         uation 1  

Chitin polymorphs  

Chitin occurs as three polymorphs, α, β, and γ forms, depending on the source. The most stable and 

abundant form is by far α-chitin. It widely exists in many living organisms such as fungal and yeast 

cell walls, lobster and crab tendons and shells, shrimp shells and insect cuticles. In contrast, β-chitin 

is less abundant and is found in association with proteins in squid and in tubes synthesized by marine 

worms. The γ form was occasionally observed and thought to be a variant of the α form. The 

crystalline structures of α- and β-chitin are represented in Figure 9 and Figure 10. In both structures, 

chitin chains are organized in sheets where they are tightly held by a number of intra-sheet hydrogen 

bonds. [27,28] 

(a) 

(b) 
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Figure 9. Structure of α-chitin: (a) ac projection, 

(b) bc projection and (c) ab projection 
[27]

 

 
Figure 10. Structure of β-chitin: (a) ac projection, 

(b) bc projection and (c) ab projection 
[27]

 

Natural structural organization of chitin 

Similar to cellulose, chitin-based tissue from living organisms is strictly hierarchical organized and 

revealed various structural levels. The molecular level consists of the polysaccharide chitin itself. In 

the case of arthropod exoskeleton, the polymer chains form α-chitin crystals consequently to their 

antiparallel alignment. The next structure level is the arrangement of 18 to 25 of such molecules in 

the form of narrow and long crystalline units, which are wrapped by proteins, forming nanofibrils of 

2–5 nm in diameter and about 300 nm in length. The next step in the scale consists in the clustering 

of some of these nanofibrils into long chitin-protein fibers of about 50–300 nm diameter. Then these 

chitin-protein fibers form a planar woven and periodically branched network. The spacing between 

the fibers is filled up with proteins and minerals of microscopic and nanoscopic size. The most 

characteristic level in the overall hierarchy, visible even by optical microscopy, is referred to as a 

twisted plywood, also called Bouligand pattern. This structure is formed by the helicoidal stacking 

sequence of the fibrous chitin-protein layers, thereby creating a complex structure. The hierarchical 

structure of chitin in crustacean exoskeleton is represented in Figure 11. [26-29] 

 
Figure 11. Hierarchy of the main structural levels in the exoskeleton material of lobsters 

[29]
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Isolation of chitin from shell wastes 

As seen previously, chitin coexists with other compounds in nature, and therefore has to be isolated 

for industrial use. The major sources of chitin in industry are the shell wastes of crabs and shrimps. 

The shell wastes are mainly made up of chitin  20−30% , proteins  30−40% , calcium carbonate 

 30−50% , and lipids and astaxanthin  <1%  [27]. Chitin is extracted from crustacean shells by alkaline 

treatment to solubilize proteins, followed by acid treatment to dissolve calcium carbonate. In 

addition a decolorization step is often added to remove leftover pigments and to obtain a colorless 

product. Figure 12 shows the overall isolation process. The degree of acetylation           of 

obtained chitin is typically 0.90, indicating the presence of some amino groups due to some amount 

of deacetylation that might take place during extraction. [27,28] 

 
Figure 12. Overall process for isolation of chitin from shell wastes 

[28]
 

Properties and applications of chitin and chitosan 

Chitin and chitosan are biocompatible, biodegradable and non-toxic polymers. These properties find 

several biomedical and pharmaceutical applications, such as tissue engineering, wound healing, drug 

and gene delivery. Chitin is also used as an excipient and drug carrier in film, gel or powder forms for 

applications involving mucoadhesivity, and is also used as reinforcing material in bionanocomposites.  

Chitosan is used in other fields such as agriculture, cosmetics, food, water treatment, etc. Table 2 

presents the main applications of chitosan. [9,27,30,31] 

While chitin is highly hydrophobic and insoluble in water and in most organic solvents, chitosan is 

readily soluble in acidic solutions below pH 6, due to the presence of primary amine groups in the 

polymer chain. The structure can be protonated as shown in Reaction 1, and the protonated free 

amine groups on glucosamine units facilitate the solubility of the molecule. However this property 

makes chitosan solutions extremely viscous. [9,32] 

 -                  
                              -   

                                                                               eaction 1  

The molecular weight and the degree of N-deacetylation (DD) are the predominant parameters that 

influence chitin and chitosan solubility as well as solution properties, and therefore have to be 

determined before any studies involving chitin or chitosan solutions. 
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Table 2. Principal applications of chitosan [9,27,30] 

Agriculture Stimulation of plant growth 
 Seed coating, Frost protection 
 Time release of fertilizers and nutriments into the soil 

Water and waste treatment Flocculant to clarify water 
 Removal of metal ions 
 Odor reducer 

Food and beverages Preservative 
 Thickener and stabilizer for sauces 
 Protective, fungistatic, antibacterial coating for fruit 

Cosmetic and toiletries Creams and lotions maintaining skin moisture 
Shampoos, hair colorants, hair sprays 

 Oral care (toothpaste, chewing gum) 

Biopharmaceutics Immunology, antitumor agent 
 Hemostatic and anticoagulant 
 Healing, bacteriostasis 

Biomedical Artificial skin 
 Wound dressing 
 Dental implant 
 Bone reconstruction 
 Corneal contact lenses 
 Controlled drug release 

Chitin nanocrystals 

Chitin nanocrystals (ChNCs) can be prepared from chitins isolated from exoskeleton of arthropods by 

the similar method towards preparation of cellulose nanocrystals through hydrolysis in strong acid 

aqueous medium. Low lateral ordered regions of chitin are preferentially hydrolyzed and dissolved in 

the acid solution, whereas water-insoluble and highly crystalline residues remain intact. [28,33]  

The typical process for preparation of chitin nanocrystal suspension consists in the hydrolysis of 

purified chitin in a strong HCl aqueous solution, followed by additional steps of purification, such as 

centrifugation, decanting, filtration, etc. The optimal concentration of the HCl solution ranges 

between 2.5 to 3 N, regardless of the original chitin source. When 3 N HCl is applied, the hydrolytic 

time (between 1.5 to 6 h) does not significantly affect the geometrical dimensions of nanocrystals. [28] 

On the basis on this procedure, NCs have recently been prepared from many chitins of different 

origins such as squid pen chitin, rifia tubes, crab shells and shrimp shells. The obtained nanocrystals 

show similar size in width, in the range of 10−50 nm, irrespective of chitin origin and hydrolytic time. 

However the lengths of the nanocrystals greatly vary in the range of 150−2200 nm for different 

origins of chitin, which may be related to the different original size of the chitin particles. [28] 

Chitin nanocrystals show so many advantages over conventional inorganic nanoparticles, such as low 

density, high modulus, nontoxicity, biodegradability and biocompatibility. Thus chitin nanocrystals 

can be used as potential nanofillers in reinforcing polymer nanocomposites, and find extensive 

application in many areas such as cosmetic, food industry, drug delivery, tissue engineering, etc. [28]   
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1.4 Chitosan-based nanofibers prepared by electrospinning 

Recently, nanofibers based on chitosan have been widely studied, and various chitosan-based 

nanofiber products have been produced by electrospinning. These nanofibers have potential 

applications in various areas, such as enzyme immobilization, filtration, wound dressing, tissue 

engineering, drug delivery, catalysis, etc [34]. The following part reviews different preparations of 

chitosan-based nanofibers by electrospinning found in the open scientific literature. 

1.4.1 Electrospinning of pure chitosan 

Ohkawa and coworkers[35] investigated on the appropriate solvents for electrospinning of pure 

chitosan. They have found that among the tested solvents, only solutions of trifluoroacetic acid (TFA) 

with a chitosan concentration of 8 wt% produced a fibrous material on the collector. The resulting 

fiber network presented some beads and interconnected fibers, suggesting them to optimize their 

electrospinning process. Then they tested TFA mixed with dichloromethane (DCM) at different ratios 

as solvent, and they observed that the addition of DCM in the electrospinning solution improved the 

homogeneity of the chitosan nanofiber network. Finally it has been concluded that the solvent which 

led to the best results was TFA:DCM at a 70:30 (v/v) ratio. 

Another study was conducted by Ohkawa and coworkers[36] with the aim of optimizing the 

electrospinning process to produce fibers with diameters lower than 100 nm. For this, several 

commercial chitosan samples having different molecular weight were tested, and TFA was used as 

electrospinning solvent. They determined an optimal range of polymer solution viscosity 

(0.8 - 1.0 Pa.s) at which uniform nanofibers were obtained, and they noticed that as the polymer 

concentration decreased, but inside the optimum viscosity range, the average fiber diameter linearly 

decreased for each tested chitosan sample. The best results were obtained from chitosan with the 

highest molecular weight they experimented (i.e.  v̅̅ ̅̅    1 0   104      ) at the lowest concentration 

(i.e. at 2 wt%). The deposited fibers showed an average diameter of 60 ± 22 nm. 

Sencadas et al.[37], as well as Mazoochi et al.[38] studied the influence of the main processing 

parameters on the mean fiber diameter and on the width of fiber diameter distribution. Sencadas et 

al. used a solution of TFA/DCM (ratio of 70:30 v/v) with a 7% w/v chitosan concentration, and 

Mazoochi et al. used a 8% w/v chitosan solution with neat TFA as solvent. They both observed that 

the mean fiber diameter increases when the distance between the needle tip and the collector 

increases from 5 to 20 cm. Concerning the applied voltage, Mazoochi et al. noticed an increase of the 

uniformity of the chitosan nanofibers as the voltage increases. In addition, Sencadas et al. observed a 

decrease of the mean fiber diameter when the applied voltage increases from 20 to 30 kV. They also 

noticed that the needle inner diameter has a slight influence on mean fiber diameters: the mean 

fiber diameter increases as inner diameter increases; whereas the feed rate has no influence. 

Other smooth electrospun chitosan nanofibers without presence of beads using TFA/DCM as 

electrospinning solvent were obtained by other groups of researchers [39-41]. Jacobs et al.[41] reported 

optimization of the electrospinning process and the solution parameters by using a factorial design 

approach to obtain uniform chitosan nanofibers. They studied the interaction effects between 

concentration of chitosan (CC), electric field strength (FS) and ratio of solvents TFA/DCM (SC), and 

discovered that interaction effects between FS and CC, as well as SC and FS, played the most 
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significant role in obtaining uniform nanofibers. The chitosan characteristics and electrospinning 

parameters of the previously cited studies are summarized in Table 3. 

In addition to TFA, the second solvent that has shown to effectively produce chitosan nanofibers is 

concentrated aqueous acetic acid (aqAA). A uniform nanofibrous mat was fabricated by Geng and 

coworkers[42] under the following conditions: 7 wt% chitosan concentration in 90% aqueous acetic 

acid solution, with an applied voltage of 4 kV/cm. A concentration of aqAA higher than 30% was 

prerequisite for chitosan fiber formation, because more concentrated acetic acid in water 

progressively decreased the surface tension of the chitosan solution, but also increased the charge 

density of the electrospinning jet, without significant effect on the solution viscosity. The decreased 

surface tension and increased charge density of the jet at the same time resulted in more stabilized 

electrospinning and in lower electric field required for jet formation. However, acetic acid 

concentration of more than 90% did not dissolve enough chitosan to be electrospinnable. In addition, 

only chitosan having a molecular weight of 106 000 g/mol produced bead-free chitosan nanofibers, 

whereas lower or higher molecular weight of 30 000 and 398 000 g/mol did not. An electric field 

higher than 3 kV/cm but lower than 4.5 kV/cm was required to produce homogeneous chitosan 

nanofibers, and the average diameter decreased with a narrower diameter distribution as the 

applied electric field increased.  

Vrieze et al.[43], as well as Homayoni et al.[21] tried to find the optimal ranges of the processing 

parameters for the deposition of chitosan nanofibers, using aqAA as electrospinning solvent. The 

study of Vrieze and coworkers showed that chitosan nanofibers having a diameter of 70 ± 45 mm 

could be obtained from a 90% acetic acid solution with a 3 wt% chitosan concentration at an applied 

voltage of 2.0 kV/cm and a flow rate of 0.3 mL/h. On the other hand, Homayoni and coworkers tried 

to solve the problem of the high viscosity of chitosan solution which limits its electrospinnability, 

through chitosan hydrolysis. They applied an alkali treatment which hydrolyzed chitosan chains and 

so decreased their molecular weight. Optimum nanofibers were achieved when chitosan was 

hydrolyzed for 48 hours, and had a molecular weight of 294 000 g/mol after its alkali treatment. The 

obtained fibers showed a mean diameter of 140 ± 51 nm, and were obtained from a 90% acetic acid 

solution with a 5 wt% chitosan concentration. 

The electrospinning parameters and chitosan characteristics of theses mentioned studies are also 

summarized in Table 3. 

Through this short literature review, it is obvious that electrospinning of pure chitosan is very 

challenging. This is mainly due to the polycationic nature of chitosan and its high viscosity in solution, 

and specific inter and intra-molecular interactions. Indeed, formation of strong hydrogen bonds 

prevents the free movement of the polymeric chain segments exposed to the electrical field, leading 

to difficulties to form a stable jet. Moreover, the repulsive forces occurring between ionic groups on 

the polymer backbone hinder the formation of sufficient chain entanglements to allow continuous 

fiber formation during jet stretching, whipping and bending, and so often result in nanobeads instead 

of nanofibers. It has been seen that TFA is a very satisfying solvent for chitosan electrospinning, since 

it can form stable salts with chitosan, which prevents intermolecular interactions, and has also a 

lower boiling point (71.8°C compared to 118.1°C for acetic acid), which is beneficial for faster fiber 

formation in the evaporation region of the electrospinning process. However, TFA is environmentally 

harmful, very toxic and corrosive, which makes its use very limited for biomedical applications. [35,36,42] 
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Table 3. Electrospun pure chitosan nanofibers 

Solvent MW (g/mol) DD CS conc. ES parameters Ref. 

TFA:DCM 
(70:30 v/v) 

21 x 10
4
 77% 8 wt% 

Voltage = 15 kV 
TCD = 15 cm 
ND = 0.6 mm 
No pumping pressure 

[35] 

TFA 180 x 10
4
 - 2 wt% 

Voltage = 15 kV 
TCD = 15 cm 
ND = 0.6 mm 
No pumping pressure 

[36] 

TFA:DCM 
(70:30 v/v) 

61 x 10
4
 85% 7 % w/v 

Voltage = 25 kV 
TCD = 20 cm 
ND = 0.91 mm 
No pumping pressure 

[39] 

TFA:DCM 
(80:20 v/v) 

- 85% 7 wt% 

Voltage = 22 kV 
TCD = 15 cm 
ND = 0.3 mm 
No pumping pressure 

[40] 

AqAA 90% 10.6 x 10
4
 54% 7 wt% 

Electric field = 3–4.5 kV/cm 
ND = 0.58 mm 
Feed rate = 1.2 mL/h 

[42] 

AqAA 90% 19-31 x 10
4 

75–85% 3 wt% 

Voltage = 20 kV 
TCD = 10 cm 
ND = N/A 
Feed rate = 0.3 mL/h 

[43] 

AqAA 90% 29.4 x 10
4
 75–85% 5 wt% 

Voltage = 17 kV 
TCD = 16 cm 
ND = 0.7 mm 
Feed rate = N/A 

[21] 

Abbreviations: MW = Molecular weight; DD = Degree of deacetylation; CS = Chitosan; ES = Electrospinning; TCD = Needle 

tip-to-collector distance; ND = Needle inner diameter. 

1.4.2 Electrospinning of chitosan–PEO blend with acetic acid as ES solvent 

A successful and easy method to improve the electrospinnability of chitosan is to blend it with a 

second natural or synthetic polymeric phase. This co-spinning agent is usually an easily 

electrospinnable polymer, such as polyethylene oxide (PEO), polyvinyl alcohol (PVA), polylactic acid 

(PLA), silk fibroin, collagen, etc, which are all biocompatible and biodegradable, and therefore which 

do not constrain the final application of chitosan nanofibers. [34,44] 

For our study, polyethylene oxide (PEO) was employed, since successful PEO electrospinning has 

already been achieved in our department. PEO is a nontoxic and inert polymer, and can significantly 

decrease the total solution viscosity for the same overall polymer concentration, which creates a 

blend that is much more spinnable than chitosan alone. 

The following paragraphs sum up the studies completed in the last decade about electrospinning of 

chitosan–PEO blend, with acetic acid as electrospinning solvent. Numerous studies were led with the 

use of surfactants in order to facilitate the electrospinning procedure, but these latter are not 

presented there, since such electrospinning system was not used in this study. 
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Duan and coworkers[45] studied the possibility to obtain electrospun nanofibers by electrospinning of 

chitosan–PEO blend solutions in 2 wt% aqueous acetic acid. They observed that fibers could be 

generated from chitosan–PEO solutions having a total polymer concentration between 4 and 6 wt%, 

with 2:1 or 1:1 mass ratios of chitosan to PEO, at 15 kV voltage, 20 cm capillary–collector distance 

and 0.1 mL/h flow rate. They obtained the best results with a 6 wt% polymer concentration at a 

chitosan–PEO mass ratio of 1:1. The resulting fibers presented an average diameter of 124 ± 19 nm. 

However, microfibers with visually thicker diameters were also deposited on the collector. Results 

from X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy and differential 

scanning calorimetry showed that the larger electrospun microfibers were almost entirely made of 

PEO, while the electrospun nanofibers contained mainly chitosan. They concluded that this 

phenomenon was caused by the phase separation of the chitosan–PEO solution during the 

electrospinning process. Otherwise they also tried different PEO grades, and concluded that the 

molecular weight of PEO has no influence on the resulting CS–PEO nanofibers.  

Klossner and coworkers[46] fabricated defect-free nanofibers with average diameters ranging from 

62 ± 9 nm to 129 ± 16 nm by electrospinning of blended solutions of chitosan and PEO in acetic acid. 

The two solutions with the highest amount of chitosan were (a) 10:9 chitosan–PEO blend with 

3.8 wt% total polymer and 32% total acetic acid and (b) 5:3 chitosan–PEO blend with 4 wt% total 

polymer and 40% total acetic acid, which led to electrospun nanofibers with a mean diameter of 

112 ± 5 nm and 103 ± 7 nm, respectively. Their study showed that as the total polymer concentration 

increased, the number of beads decreased, and as chitosan concentration increased, fiber diameter 

decreased.  They also observed that if the blend solutions were stored for more than 24 hours, they 

became increasingly difficult to electrospin, required a higher electric field, formed beaded 

structures, and eventually were no longer able to be electrospun. This behavior was due to phase 

separation of the solutions, even though they appeared homogeneous to the eye. The addition of 

NaCl stabilized these solutions and increased the time that the blend solutions could be stored 

before electrospinning. 

 ošic et al.[47] used different mass ratios of blend solutions of 3 wt% chitosan in 2 wt% acetic acid and 

3 wt% PEO in distilled water to produce nanofibers by electrospinning method. They observed that 

smooth nanofibers with rare or no beads were produced only when the content of chitosan in the 

blends was 40% or less, with a mean diameter ranging from 40 to 100 nm. The electrospinning 

parameters used were 25 kV as applied voltage, a 17 cm tip-to-collector distance, a 0.8 mm needle 

inner diameter and 1.77 mL/h as flow rate. 

Pakravan and coworkers[48] used a very highly deacetylated chitosan (DD = 97.5%). They managed to 

produce bead-free nanofibers from mixtures of 50/50 to 80/20 of chitosan–PEO blends in 50 wt% 

acetic acid, with a 4 wt% total polymer concentration. They noticed that the fiber diameter decreases 

with increasing the chitosan content: increasing the chitosan/PEO ratio from 50/50 to 80/20 leads to 

a diameter reduction from 123 to 86 nm. The fibers were obtained using the following 

electrospinning parameters: 15 cm tip-to-collector distance, 30 kV voltage and flow rate of 0.5 mL/h. 

As well as for electrospinning of pure chitosan, the electrospinning parameters and chitosan 

characteristics of the mentioned studies are summarized in Table 4. 
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Table 4. Electrospun chitosan–PEO blended nanofibers 

Solvent 
      Chitosan Total polym.  

conc. 
CS/PEO ratio ES parameters Ref. MW (g/mol) DD 

AqAA 2wt% 654 x 10
4
 90 % 6 wt% 1:1 (w/w) 

Voltage = 15 kV 
TCD = 20 cm 
ND = 0.8 mm 
Feed rate = 0.1 mL/h 

[45] 

AqAA 32wt% 
14.8 x 10

4
 75-85% 

3.8 wt% 10:9 
Voltage = 7 – 25 kV 
TCD = 10 cm 
ND = 0.8 mm 
Feed rate = 1 – 15 µL/min 

[46] 
AqAA 40wt% 4 wt% 5:3 

AqAA 
1.4wt% 

- - 3 wt% 40:60 

Voltage = 25 kV 
TCD = 17 cm 
ND = 0.8 mm 
Feed rate = 1.77 mL/h 

[47] 

AqAA 50wt% 85 x 10
4
 97.5 % 4 wt% 80:20 

Voltage = 30 kV 
TCD = 15 cm 
ND = 0.8 mm 
Feed rate = 0.5 mL/h 

[48] 

AqAA 2wt% - 90 % 4% w/v 1:1 (w/w) 

Voltage = 20 kV 
TCD = 15 cm 
No needle  
No pumping pressure 

[49] 

1.4.3 Biomedical applications of electrospun chitosan-based nanofibers 

Table 5 contains examples of chitosan-based electrospun nanofibers which have been studied for 

potential biomedical applications. Most of the studies found in the open literature were dealing with 

chitosan blended with another biocompatible polymer. Table 5 shows some of these different 

blends, the used solvent and the corresponding application. 

Table 5. Chitosan-based electrospun nanofibers for biomedical applications 

Polymer Solvent Application Reference 

Chitosan TFA/DCM Tissue engineering [39] 
Chitosan/PVA AqAA Wound dressings [50] 
Chitosan/PET TFA Wound dressings [51] 
Chitosan/PCL HFIP Bone tissue engineering [52] 
Chitosan/PCL HFIP/TFA/DCM Neural tissue engineering [53] 
Chitosan/PVA-PCL AqAA/CHCl3 Bone tissue engineering [54] 
Chitosan/PVA-PLGA AqAA/THF/DMF Tissue engineering [55] [56] 
Chitosan/Collagen HFIP/TFA Tissue engineering [57] 
Chitosan/Collagen/PEO AqAA Wound dressings [58] 
Chitosan/HAp/UHMWPEO AqAA/DMSO Bone tissue engineering [59] 
Chitosan/HAp/PVA AqAA Bone tissue engineering [60] 
Chitosan/HAp/PVA AqAA/DMSO Bone tissue engineering [61] 
Chitosan/PEO/Ag nanoparticles AqAA Wound dressings [62] 
Chitosan/Gelatin/Ag nanoparticles AqAA Wound dressings [63] 

Abbreviations: PVA=Polyvinyl alcohol; PET=Polyethylene terephthalate; PCL=Polycaprolactone; Hap=Hydroxylapatite; 

PLGA=Poly(lactic-co-glycolic acid); UHMWPEO=Ultrahigh-molecular-weight PEO; HFIP=Hexafluoroisopropanol; 

DMF=Dimethylformamide; GA=Glutaraldehyde; DMSO=Dimethyl sulfoxide. 
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1.5 Project objectives 
This project consisted in producing chitosan-based nanocomposite fibrous mats having the required 

thermal, mechanical and moisture stability for wound dressing application. The mats were prepared 

by electrospinning and made up of a chitosan and PEO blend as matrix phase. The effects of chitin or 

cellulose nanocrystals as reinforcements/functional additives were evaluated, as well as crosslinking 

of the mats’ constituents. The aim was to have a high amount of chitin and cellulose nanocrystals, 

which is expected to provide higher mechanical and moisture stability without compromising the 

non-toxicity and the antibacterial properties of chitosan. Different characterization techniques were 

employed in order to study the morphological, thermal and mechanical properties of the electrospun 

mats. Functional properties were also evaluated, such as moisture permeation, pore size and surface 

area. The specific objectives of the study are detailed below. 

Specific objectives: 

- To establish a suitable electrospinning procedure, which include to find a suitable 

electrospinning solution (nature of solvent, solvent concentration, polymer concentration) 

and to determine optimum processing parameters (voltage, needle tip-to-collector distance, 

flow rate); 

- To produce randomly oriented nanocomposite fibrous mats by electrospinning technique, 

with chitosan as matrix phase and chitin or cellulose nanocrystals as reinforcing phase; 

- To crosslink the components of the produced mats at different crosslinking durations; 

- To characterize the obtained mats by Scanning Electron Microscopy (SEM), 

Thermogravimetric Analysis (TGA), Differencial Scanning Calorimetry (DSC), Water Vapor 

Permeability (WVP), Surface Area and Pore Size Measurement by gas adsorption (BET) and 

Uniaxial Tensile Testing; 

- To compare the properties of the produced nanofibrous mats and discuss the impact of the 

inclusion of chitin or cellulose nanocrystals on their properties; 

- To analyse the effect of crosslinking on the morphological and mechanical properties of the 

mats; 

- To determine which produced nanocomposite mat is the most promising for wound dressing 

application, given its morphological, mechanical and thermal properties, as well as its 

functional properties. 
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Figure 13 schematically summarizes the mentioned objectives. 

 
Figure 13. Project aims schematically represented 

 

 

 

  



 

21 
 

Chapter 2   Experimental Part 

 

2.1 Materials 

2.1.1 Matrix 

Chitosan blended with poly(ethylene oxide) was used as matrix. Both polymers were purchased from 

Sigma-Aldrich GmbH (Germany) in the form of powder, and had the following characteristics: 

(a) Chitosan powder: Medium molecular weight grade (Mv = 190,000   310,000) with DD = 75   85%; 

(b) PEO powder: Mv ~ 1,000,000 and containing 200   500 ppm BHT as inhibitor (values provided by 

Sigma-Aldrich GmbH, Germany). The polymer powders were used as received.  

2.1.2 Nanoreinforcements 

Cellulose nanocrystals (CNCs) and chitin nanocrystals (ChNCs) were used as reinforcing phase of the 

electrospun fibers. The following paragraphs describe step by step the procedure used for the 

isolation of these nanocrystals from the raw materials. 

Cellulose nanocrystals were isolated from cellulose sludge (provided by Domsjö Fabriker AB, Sweden) 

by acid hydrolysis, following the procedure reported by Bondeson et al.[64]. Sludge from cellulose 

manufacturer was hydrolyzed in 63% sulphuric acid at 44°C for 130 min under vigorous mechanical 

stirring. After the hydrolysis step, the excess of sulphuric acid was removed by repeated cycles of 

centrifugation, using a Beckman Avanti J25 Centrifuge. The supernatant was removed from the 

sediment and was replaced by deionized water after each cycle. The centrifugation continued until 

the supernatant became turbid, which indicates the presence of isolated nanocrystals. Then the 

suspension containing the nanocrystals was neutralized by dialysis against deionized water until 

pH~5. Finally the nanocrystal suspension was sonicated for 5 min at 24 kHz using an ultrasonic 

processor (UP400S, Heilscher) to obtain a good dispersion. To finish, the suspension was freeze-dried 

or concentrated by dialysis against polyethylene glycol solution. In our study, both nanocrystals in 

suspension at a concentration of 5.5 wt% and freeze-dried cellulose nanocrystals were used. The 

procedure is illustrated in Figure 14, and an AFM micrograph of CNCs is shown in Figure 16a. 

 
Figure 14. Procedure for isolation of cellulose nanocrystals 

[12]
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Chitin nanocrystals were produced by using the procedure reported by Nair and Dufresne [33]. The 

raw material consisted of crab shell chitin in form of flakes, purchased from Sigma-Aldrich GmbH 

(Germany). The source material was first boiled and stirred in a 5 wt% potassium hydroxide solution 

for 6 hours to remove the protein matter. The suspension was then washed several times with 

distilled water. Afterwards, the material was bleached with chlorite for 6 hours at 80°C, with an 

intermediate abundant rinsing with distilled water. Further to the bleaching step, the chitin 

suspension was kept in a 5 wt% KOH solution overnight to remove residual proteins, and then was 

washed with distilled water, and concentrated by centrifugation. The protein-free bleached chitin 

was then hydrolyzed using 3N hydrochloric acid at 80°C for 90 min under stirring. After acid 

hydrolysis, the suspension was diluted with distilled water, followed by centrifugation cycles in order 

to neutralize the suspension. The neutralization was completed by dialysis against distilled water for 

7 days. The dispersion of nanocrystals was achieved by a further ultrasonic treatment for 5 min at 24 

kHz. Finally the suspension was concentrated using dialysis against distilled water with polyethylene 

glycol in excess. The final suspension had a concentration of 9 wt% chitin nanocrystals. This 

procedure is illustrated in Figure 15, and ChNCs produced in our laboratory are shown in Figure 16b. 

 
Figure 15. Procedure for isolation of chitin nanocrystals 

 
Figure 16. AFM micrographs of (a) cellulose and (b) chitin nanocrystals prepared in our laboratory 

a b 
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2.1.3 Chemicals 

Acetic acid 96% for analysis EMSURE® was purchased from Merk KGaA (Germany) and was used as 

electrospinning solvent. Genipin was used to crosslink the components of the produced 

bionanocomposite films and was obtained from Sigma-Aldrich GmbH (Germany) in the form of 

colorless crystals with a purity higher than 98%. Phosphate buffer saline (PBS) was used to rinse the 

electrospun mats. It was purchased from Sigma-Aldrich GmbH and was used as received. 

2.2 Electrospinning process 

2.2.1 Electrospinning solutions 

The electrospinning solutions were composed of chitosan blended with PEO, in a 1:1 mass ratio, and 

different amounts of cellulose and chitin nanocrystals. Chitosan–PEO blend played the role of matrix 

whereas cellulose and chitin nanocrystals acted as nanoreinforcements of the electrospun fibers. 

Each solution had a constant final solute concentration of 3 wt% to make the results comparable, and 

the solvent used was aqueous acetic acid at a concentration of 50 wt%. In total, three different 

compositions of solution were experimented to produce nanofibrous mats by electrospinning: (i) one 

solution containing only matrix phase, (ii) another solution with addition of cellulose NCs and (iii) one 

solution with inclusion of chitin NCs. The three final compositions are summarized in Table 6. 

Table 6. Composition of the electrospinning solutions 

Sample code M100 M50ChNC50 M50CNC50 

Acetic acid concentration 50wt% 50wt% 50wt% 
Final solute concentration 3wt% 3wt% 3wt% 

Matrix (CS–PEO 1:1) content  100wt% 50wt% 50wt% 
Chitin nanocrystals content - 50wt% - 

Cellulose nanocrystals content - - 50wt% 

The composition of the electrospinning solutions was determined through previous studies and 

electrospinning trials, which are detailed in Appendix A. 

Preparation of the electrospinning solutions 

Each batch of electrospinning solutions was prepared the day prior to its use and in amount of 100g. 

The following paragraphs explain step by step the procedure for the preparation of each 

electrospinning solution. See Appendix C for achieved calculations. 

Solution M100 

The electrospinning solvent was first prepared by diluting acetic acid 96% with deionized water to 

obtain the desired concentration, i.e. 50 wt%. Afterwards, 1.5g of chitosan and 1.5g of PEO powders 

were dissolved in 97g of electrospinning solvent by vigorous magnetic stirring at room temperature 

until complete dissolution of both polymer powders (which took approximately one whole night). 

The solution was covered with a paraffin film during the stirring step to avoid evaporation of solvent. 

The final solution was homogeneous and looked slightly yellowish. 
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Solution M50ChNC50 

This electrospinning solution was prepared using chitin nanocrystals in suspension in deionized water 

at a concentration of 9 wt%. In first place, 16.5g of ChNC suspension was mixed with 31.5g of 

deionized water and 50.5g of acetic acid 96%. The mixture was homogenised by stirring for 

10 minutes at room temperature. Afterwards the system was sonicated during 1 min at 24 kHz. The 

sonification was used to assure a good dispersion of the nanocrystals in the solution. Then 0.75g of 

chitosan and 0.75g of PEO powders were added to the solution. The system was stirred overnight at 

room temperature to complete the dissolution of both polymer powders. The solution beaker was 

covered by a paraffin film during the final stirring step. The obtained solution was homogeneous with 

a bright white coloration. 

Solution M50CNC50 

Two different types of cellulose nanocrystals were used to prepare M50CNC50 electrospinning 

solution: (a) freeze-dried cellulose nanocrystals (M50CNC50-fd) and (b) cellulose nanocrystals in 

suspension in deionized water at a concentration of 5.5 wt% (M50CNC50-susp). 

For the preparation of M50CNC50-fd solution, 1.5g of freeze-dried cellulose nanocrystals was 

dispersed in 97g of electrospinning solvent by magnetic stirring for 10 min. Then to complete the 

dispersion, the solution was sonicated for 1 min at 24 kHz. The beaker containing the solution was 

placed in an ice bath in order to avoid any increase of solution temperature, which can partially 

damage the nanocrystals. Afterwards, 0.75g of chitosan and 0.75g of PEO powders were added to 

the mixture. The solution was kept stirred overnight at room temperature and covered with a 

paraffin film.  

To prepare M50CNC50-susp solution, 27.1g of 5.5 wt% CNC suspension was diluted with 20.9g of 

deionized water, and then 50.5g of acetic acid 96% was added to the suspension. The mixture was 

stirred magnetically for 10 min at room temperature in order to homogenize it. Afterwards the 

solution was sonicated for 1 min at 24 kHz using an ice bath. Then 0.75g of chitosan and 0.75g of PEO 

powders were added to the mixture. The solution was stirred overnight at room temperature while 

being covered with a paraffin film. 

Both of M50CNC50 solutions looked pale grey, and very small white particles in the solution were 

noticed in the case of M50CNC50-susp, which could not be removed by further filtration or 

homogenization by longer stirring or sonication. These small particles caused some perturbations 

during the electrospinning process, which are described later in the discussion part. 

Ageing effects on electrospinning solutions 

Each electrospinning solution was prepared approximately 24 hours prior to its use. It has been 

noticed that solutions which were stored for more than 24 hours became increasingly difficult to 

electrospin and led to many complications, such as requirement of higher electric field, formation of 

beads and discontinuous electrospinning jet. In addition, after 4 days of storage the solutions were 

no longer able to be electrospun. This behaviour has been also observed by other research groups, 

such as Duan et al. [45], Klossner et al. [46] and Pakravan et al. [48]. All of them explained this 

phenomenon by ageing effects and phase separation of the blended solutions, even though they 

appeared homogeneous to the eye for over 2 weeks. 



 

25 
 

The general procedure for the preparation of the electrospinning solutions containing chitin or 

cellulose nanocrystals is illustrated in Figure 17. 

 
Figure 17. Procedure for the preparation of the ES solutions containing chitin or cellulose nanocrystals 

2.2.2 Electrospinning setup and parameters 

Electrospinning was performed by using a Single 150 mm Laboratory Electrospinning Platform Model 

ES1a, provided by Electrospinz. It consisted of a stainless steel spinning platform, on which a 

polyethylene target plate was fixed to support the grounded metallic screen (or collector). The 

electrospinning solution was hosted in a 10 mL plastic syringe (10 mL Plastipak Syringe from BD, 

USA), linked up to a 200 µL plastic needle (PLASTIBRAND, Germany) by a hose in silicone rubber. The 

rate of solution flow was controlled by a syringe pump (Aladdin-1000 from World Precision 

Instrument, USA), and the needle was connected with a high voltage power supply (ES1a, 

Electrospinz) which was able to generate positive DC voltages up to 30 kV. The setup is shown in 

Figure 18. 

 
Figure 18. Electrospinning setup in our laboratory 
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The electrospinning solution was loaded into the syringe, and then pushed manually through the 

hose and plastic needle until the solution reached the needle tip.  Then the syringe was fulfilled again 

with electrospinning solution. Electrospinning experiments were carried out at room temperature 

and under the parameters indicated in Table 7. The electrospinning parameters were different for 

each solution in order to obtain fibers with as few defects as possible, and were determined by 

preliminary experiments which are described in Appendix A. 

Table 7. Electrospinning parameters 

ES parameters Amount 

Sample code M100 M50ChNC50 M50CNC50-fd M50CNC50-susp 

Voltage 25 kV 16 kV  22 kV 20 kV 

Tip to collector distance 155 mm  130 mm  150 mm  80 mm 

Flow rate 13 mL/h 10 mL/h 13 mL/h  10 mL/h 

The fibrous networks were first collected on aluminium foils, which were placed over the collecting 

screen for an easy removal of the produced materials for subsequent characterization. But the 

fibrous networks were very sticky and thus impossible to be separated from the aluminium foils 

without damaging them. The problem was solved by using a Teflon sheet substrate fixed to the 

collector by double-faced tape. 

In order to produce mats with suitable thickness and mechanical resistance to be handled, it was 

necessary to electrospin at least 15 mL of polymer solution. In a concern to save time and material, it 

has been decided that 20 mL of polymer solution would be used per mat. Consequently it was 

necessary to interrupt the electrospinning process to fill again the syringe after having electrospun 

10 mL of solution. Mats M100 and M50CNC50-fd were collected after 1.5 hours of electrospinning, 

and mats M50ChNC50 and M50CNC50-susp after 2 hours, due to the different flow rates.  

The mats were carefully removed by hand from the Teflon substrate and stored in hermetic plastic 

bags until their subsequent use. In total, ten mats were produced for each composition, except for 

M50CNC50-susp. Only one mat of this composition was prepared to show the influence of solution 

preparation method on M50CNC50 mat properties. 
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2.3 Additional treatments 

Several post-electrospinning treatments were applied to the produced mats for further 

characterization and comparison: some of the mats were kept as-spun and studied as control 

samples, another part was rinsed with both deionized water and phosphate buffer saline (PBS), and 

another part was submitted to crosslinking. Figure 19 sums up these different treatments. 

 
Figure 19. Diagram summarizing the mat post-electrospinning treatments 

2.3.1 Rinsing  

During the electrospinning process, most of the electrospinning solvent evaporated and thus dry 

fibers were deposited on the collector. However some acetic acid molecules may have remained on 

the fiber surface and have to be removed since the produced materials will be evaluated for 

potential medical application. Consequently mat rinsing with deionized water was experimented. 

Additionally wound dressing products need to be auspicious for cell regeneration. Phosphate buffer 

saline is a salty solution containing different ions in concentrations that match those of the human 

body and helps to maintain a constant pH. This solution is used in cell-culturing and rinsing the 

electrospun mats with PBS was achieved to create a favorable environment for cell adhesion and 

proliferation. 

Procedure 

One mat of each composition (M100, M50ChNC50, M50CNC50-fd and M50CNC50-susp) was soaked 

in distilled water in a petri dish for 3 hours, and then in phosphate buffered saline for 1 hour. 

Afterwards the wet mats were laid on Teflon sheets and dried in air at room temperature for 

24 hours. The rinsed and dried mats were then stored in hermetic plastic bags until their further use. 

The rinsing operation was quite problematic for mats M100 and M50CNC50-fd. Indeed once the 

mats got wet, they curled up and became extremely fragile. Thus it was extremely difficult to dry 

them flat and to handle them without tearing.  At the end very few decent samples of rinsed M100 

were achieved and none rinsed M50CNC50-fd mats were obtained. 
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2.3.2 Crosslinking 

Crosslinking was attempted in order to enhance the mechanical properties and the moisture stability 

of the electrospun mats by creating bonds between the constituents’ reactive groups  i.e. amine, 

amide and hydroxyl groups). The most common chitosan crosslinkers are dialdehydes, and in 

particular glutaraldehyde. The chitosan crosslinking mechanisms involving glutaraldehyde are 

currently well-documented, but this synthetic crosslinker reagent is highly cytotoxic. Therefore, even 

if the crosslinked mats are purified before their use as wound dressing, the presence of free 

unreacted dialdehydes in the fibrous network could not be completely excluded and may induce 

toxic effects. The use of genipin is an interesting alternative to dialdehydes for chitosan crosslinking. 

It is a naturally occurring material, which is commonly used in herbal medicine and as a food dye. The 

biocompatibility of genipin in humans has not been assessed yet, but this compound is not cytotoxic 

in vitro and has been shown to be biocompatible after injection in rats [65]. Consequently genipin was 

chosen as crosslinking reagent for our study. 

Chitosan crosslinking in aqueous phase using genipin has already been achieved in our laboratory by 

immersing chitosan-based materials in 0.05 mmol/L genipin solutions for 4 hours. First trials on 

electrospun mats were accomplished by following the same procedure. After rinsing and drying, the 

obtained samples were much damaged, in particular M100 and M50CNC50-fd. The crosslinking time 

was then reduced from 4 hours to 1 hour, without improvement. A decrease of the genipin solution 

concentration from 0.05 to 0.04 mmol/L was also experimented, leading this time to good results for 

mat M50ChNC50. The decision of crosslinking only mat M50ChNC50 was then taken, since it has 

been previously observed that mats M100 and M50CNC50 were not stable in wet environment and 

thus hardly crosslinkable in aqueous phase. Therefore crosslinking was achieved on mat M50ChNC50 

with several reacting durations. However it was observed that the mats were partially destroyed for 

durations up to 24 hours, and so crosslinking exposure time was limited to 16 hours maximum. 

Procedure 

Two of the produced mats containing chitin nanocrystals were treated with a genipin solution to 

induce crosslinking. The electrospun mats were kept immersed in a 0.04 mmol/L genipin solution for 

different exposure time: 4, 8 and 16 hours.  Afterwards the mats were washed with distilled water 

for 3 hours and then with phosphate buffered saline for 1 hour, and finally dried in air at room 

temperature. The crosslinked mats were stored in hermetic plastic bags. 

All of the materials that were produced during this study are summarized in Table 8.  

Table 8. List of the produced samples with their associate coding 

Samples Sample codes 

M100 
As-spun M100 
Rinsed M100r 

M50CNC50-fd As-spun M50CNC50-fd 

M50CNC50-susp 
As-spun M50CNC50-susp 
Rinsed M50CNC50-suspr 

M50ChNC50 
As-spun M50ChNC50 
Rinsed M50ChNC50r 
Crosslinked for 4/8/16 h M50ChNC50CL4/CL8/CL16 
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2.4 Characterization Techniques and Sample Collection 

The characterization of the materials was done at different levels. First, characterization of the 

electrospinning solutions by flow birefringence testing was performed to examine the dispersion of 

nanocrystals within the aqueous electrospinning solutions. The rheological behavior of the 

electrospinning solutions was also studied since viscosity is one of the parameters that have the most 

significant influence on the electrospinning process and the resultant fiber morphology. Then the 

produced fibrous mats were characterized by using OM, SEM, DSC and TGA to understand their 

morphological and thermal properties. In addition, other functional properties that are essential for 

wound dressing application were evaluated, such as moisture permeation, pore size and surface 

area. The morphology of the rinsed and crosslinked mats was then studied to understand the 

influence of rinsing and crosslinking on the produced fiber networks. Finally tensile testing was 

performed to evaluate the mechanical properties of the mats and to study the influence of addition 

of nanocrystals and crosslinking on the mechanical stability. The characterizing equipment used in 

this study is presented below, as well as the different required sample preparations. 

2.4.1 Characterization of electrospinning solutions 

2.4.1.1     Flow Birefringence Testing 

The presence of non-flocculated nanocrystals in a colloidal suspension can be highlighted by 

examination of flow birefringence. When nanocrystals are well dispersed in a suspension subjected 

to stirring, the rodlike particles are free enough to align with their long axis in the flow direction, 

creating then macroscopic domains where the nanocrystals are parallel. These macroscopic liquid 

crystalline phases can be observed as bright areas through polarized light, revealing the intrinsic 

birefringence of chitin and cellulose nanocrystals [64,66]. The flow birefringence test was performed to 

check the presence of non-aggregated nanocrystals in the electrospinning solutions.   

The setup for flow birefringence test was very simple: it consisted of a light source, a magnetic stirrer 

and two crossed polarizing films, as shown in Figure 20. The electrospinning solutions were observed 

under magnetic stirring and the flow birefringence was captured using a digital camera. The tested 

solutions were voluntary less concentrated in matrix and nanocrystals than the final electrospinning 

solutions, since the solutions had to be clear enough to easily observe the flow birefringence. 

Consequently the tested solutions had a final concentration less than 1 wt%, but the concentration of 

acetic acid was maintained at 50 wt%. The flow birefringence of nanocrystals in water medium was 

also observed as a reference in order to compare the birefringence patterns and thus the dispersion 

of nanocrystals.  

 
Figure 20. Diagram of the experimental setup for flow birefringence testing 

[19]
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2.4.1.2     Viscosimetry 

The shear viscosity of the electrospinning solutions was measured by using a rotating viscometer 

(Brookfield DV-I Prime) with spindle No. SC4-21. The temperature of the electrospinning solutions 

was maintained at 20°C by a water jacket and a thermostatically-controlled water bath. The 

measurements were made at multiple spindle rotational speeds in order to determine the 

rheological behavior of the solutions. Each reading was recorded after 10 spindle rotations to be sure 

that the equilibrium was reached. For each applied rotational speed, viscosity (cP), shear rate (s-1) 

and torque (%) values were recorded. Special attention had to be paid to the torque range: accurate 

torque readings were indicated to be between 10% and 100%. When the torque was out of range, 

the viscosity measurement was not achievable. Therefore the speed needed to be reduced or the use 

of a smaller spindle was required. However to have comparable results, the same spindle was used 

for every solution. Consequently the viscosity was measured at low rotational speeds for the most 

viscous solutions, and at higher rotational speeds for less viscous solutions. 

2.4.2 Characterization of as-spun mats 

2.4.2.1     Optical Microscopy (OM) 

Optical microscopy was performed during the preliminary experiments to determine the optimum 

processing parameters. Observation under OM permitted to have an overview of the freshly 

electrospun fibers and thus to easily evaluate their quality. Then the solution composition or the 

electrospinning parameters could be adjusted to reduce the possible present defects. For the main 

body of the report, the fibers produced from the final electrospinning solutions under the optimized 

parameters were studied. The fibers were electrospun for 60 seconds on glass slides fixed to the 

collector by double-faced tape, and then were observed by using a Leica DFC 290 Optical Microscope 

at different magnifications.  

2.4.2.2     Scanning Electron Microscopy (SEM) 

The fiber diameters and the structural morphology of the as-spun mats were studied by observing 

their surface with a FEI Quanta 200 Environmental Scanning Electron Microscope. One sample per 

as-spun mat having dimensions of about 1cm x 1cm was prepared by cutting up the produced 

materials. The three samples were horizontally fixed to the sample holder with carbon conductive 

double-faced tape, and then were inserted into the sample chamber. No coating or pre-treatments 

were necessary with this equipment, which allows gaseous environment in the specimen chamber. 

The average fiber diameter analysis was done by using an image analysis software (ImageJ Software, 

USA). For each mat, 50 randomly and manually selected nanofibers were measured. 

2.4.2.3     Thermogravimetric analysis (TGA) 

The thermal analysis of the fibrous mats and polymer powders was done using a thermogravimetric 

analyzer (Pyris 1 TGA, Perkin-Elmer, USA). Samples with weight in range of 8–10 mg were heated 

under nitrogen atmosphere in a platinum pan from 30 to 500°C at a heating rate of 10°C/min. For 

each electrospun mat and polymer powder, two measurements were carried out in order to check 

the reliability of the obtained thermogravimetric graphs. 
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2.4.2.4     Differential scanning calorimetry (DSC) 

Differential scanning calorimetry measurements were performed for both polymer powders and 

electrospun mats, using a Pyris Diamond DSC, Perkin–Elmer, USA. Samples with weight in range of  

5–7 mg were loaded in DSC aluminum pans, which were then closed using a crimping tool. The 

specimens were equilibrated to 30°C for 1 min, and then heated from 30 to 220°C at a heating rate of 

5°C/min. The DSC tests were done under nitrogen atmosphere with a flow rate of 20 mL/min. 

2.4.2.5    Water vapor permeability (WVP) 

The moisture permeability of the nanocomposite mats was determined using a water vapor 

permeability tester (LYSSY L80-4000 from PBI Dansensor, Switzerland), in accordance with the 

standard ASTM E398-03. This permeability tester consisted of two chambers separated by the tested 

membrane. The lower chamber was saturated with water whereas the upper chamber was dry and 

contained a sensor which measured the relative humidity level of the medium (see Figure 21a). The 

permeability rate is the transmission of water vapor from the lower to the upper chamber through 

the membrane, and is usually expressed in g.m-2.day-1. 

The mat samples were fixed on self-adhesive test cards, shown in Figure 21b, and then inserted into 

the tester, separating the upper and lower chamber. These sample cards are used for measuring 

WVP of high permeability materials because they permit to decrease the surface area of the sample. 

This reduction of the surface prevents the system from getting saturated, and therefore it becomes 

possible to dry the upper chamber and obtain a measurement. 

                          
Figure 21. (a) Diagram of the permeability tester 

[67]
 and (b) photo of the self-adhesive sample cards 

The test cycle was automatically controlled. First the upper chamber was dried via a purge flow to a 

defined level, i.e. to 9.9% Rh. After this step, the system monitored the time it takes until the 

humidity has increased from 9.9% to 10.1%, and then directly calculated the result into g.m-2.day-1. 

The test cycle was repeated until equilibrium was reached, i.e. until the test results were stabilized 

and repeated around 3–5 times.  

2.4.2.6     Surface area and Pore Size measurement by gas adsorption (BET) 

Carbon dioxide adsorption/desorption isotherms were performed to determine the specific surface 

area of the electrospun mats by using a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. 

The specific surface area was calculated using the Brunauer-Emmet-Teller (BET) equation. Prior to 

the measurement, the samples were degassed at 40°C during one whole week to remove absorbed 

water and oxygen molecules. 

b a 
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2.4.3 Characterization of rinsed and crosslinked mats 

2.4.3.1     Scanning Electron Microscopy  

The structural morphology of the electrospun mats subjected to rinsing and crosslinking was studied 

by observing their surface with a scanning electron microscope (SEM Jeol JSM-6460LV, USA) 

operated at 10 kV. Observation of the cross section was also performed under the same conditions in 

order to measure the thickness of the mats with high precision. For observing the mat surface, the 

samples were mounted on a metal substrate with a slight inclination and fixed with conductive 

carbon cement, while samples for thickness measurement were mounted vertically. All samples were 

then sputter-coated with gold for 50 seconds at 50 mA to reduce electron charging effects. The mat 

thickness corresponded to the average based on at least 10 measurements achieved per samples. 

2.4.3.2     Uniaxial Tensile Testing 

The mechanical properties of the rinsed and crosslinked electrospun mats were determined through 

uniaxial tensile testing. The experiment was carried out using a Dynamic Mechanical Analyser (DMA) 

QA 800 from TA Instrument, US. The non-woven mats were tested with a 0.001 N preload at 

isothermal temperature of 23°C and at displacement rate of 100 µm/min. Samples were cut in 

rectangular shape and the tested samples were about 30 mm in length, 5 mm in width and 7–20 µm 

in thickness depending on the composition of the electrospun mats. The dimensions of the 

specimens were measured with precision prior to each testing since these parameters are directly 

related to the mechanical properties. The width was measured with digital electronic calipers and the 

thickness was determined using SEM imaging of the cross-section (see the previous paragraph). All 

the specimens were first mounted on cardboard frames for an easier handling (see Figure 22a), and 

then the frames were vertically mounted on the two gripping units of the DMA, leaving a 15-mm 

gauge length for mechanical loading (see Figure 22b). The sample gripping was reinforced by using 

additional sand paper fixed on each end of the sample frames. All specimens were kept in a 

desiccator for 7 days before their testing. 

   
Figure 22. (a) Sample mounted on a cardboard frame and (b) assembly in DMA equipment 

At least five specimens were tested for each fiber mat, and the average values of Young’s modulus, 

ultimate tensile strength and maximum elongation were calculated from the obtained stress–strain 

curves. Consequently the results were an average based on at least five measurements for each 

produced material. 

 

a b 
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Chapter 3   Results and Discussion 

 

In the current study, randomly oriented fibrous mats made of CS–PEO blend and reinforced with 

either chitin or cellulose nanocrystals were obtained by electrospinning under the parameters 

previously described and aqueous acetic acid as electrospinning solvent. The collected mats were 

characterized by several techniques, and the results and conclusions obtained are described below. 

In addition, the electrospinning solutions were also analyzed through rheological study and flow 

birefringence testing. 

3.1 Characterization of electrospinning solutions 

3.1.1 Dispersion of nanocrystals 

Flow birefringence testing was performed before spinning in order to examine the dispersion of the 

nanocrystals within the electrospinning solutions. As a reminder, the electrospinning solutions were 

made of 3wt% CS−PEO dissolved in 50wt% aqueous acetic acid, neat or containing cellulose or chitin 

nanocrystals. Figure 23b and 24b show optical photographs of the diluted electrospinning solutions 

containing cellulose and chitin nanocrystals, respectively, observed in polarized light between two 

crossed polarizers while magnetic stirring. Bright and colored areas in the suspensions were revealed, 

corresponding to typical flow birefringence behavior of stable nanocrystal suspensions. Moreover 

the birefringence pattern of the diluted electrospinning solutions was not significantly different from 

the birefringence pattern of nanocrystals in water medium (Figure 23a and 24a), confirming then the 

presence of non-flocculated and well-dispersed nanocrystals in the diluted electrospinning solutions. 

Therefore it was concluded that the colloidal suspensions of nanocrystals were stable for their 

subsequent use for electrospinning.  

 
Figure 23. Flow birefringence of CNCs in suspension in 

(a) deionized water and in (b) diluted ES solution  

  

Figure 24. Flow birefringence of ChNCs in suspension 
in (a) deionized water and in (b) diluted ES solution 
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3.1.2 Viscosimetry 

The rheological properties of the electrospinning solutions were investigated in order to relate the 

effect of their flow behavior on their electrospinnability and the associated produced fibers. The 

viscosity study was performed by using a rotating viscometer and the results are plotted in 

Figure 25a and 25b in linear and logarithmic scale, respectively. The shear rate interval was slightly 

different from one electrospinning solution to another because of the equipment limitation. 

Accurate measurements were achieved only when the torque reading was ranging between 10% and 

100%, requiring then adjustments in the spindle rotational speed when it went out of range. But 

despite this difficulty, the results were relevant enough to be analyzed and interpreted. 

 

 
Figure 25. Viscosity of the electrospinning solutions as a function of shear rate  

in (a) linear scale and (b) logarithmic scale 

It is apparent in Figure 25 that the viscosity of the electrospinning solutions decreases while the 

shear rate increases, suggesting a pseudoplastic non-Newtonian behavior, as it is usually observed 

for most polymer solutions. The viscosimetric study indicates that the inclusion of chitin and cellulose 

nanocrystals within the CS–PEO solutions significantly decreased the viscosity. For instance at a 

constant shear rate of 1.86 s-1, the viscosity decreased by 41% after addition of chitin nanocrystals, 

and by 74% after addition of cellulose nanocrystals (see Table 9). This diminution can be explained by 

a 
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the chitosan content which is significantly lower in the solutions containing nanocrystals (where CS 

represents 25% of the total solute weight) than in the solution containing neat matrix (where the CS 

content is 50 wt%). Indeed the viscosity of solutions containing chitosan significantly decreases with 

decrease of chitosan concentration. However the fact that the viscosity of M50CNC50 solution is 

about twice lower than M50ChNC50 is more difficult to explain.  

Table 9. Viscosity of the electrospinning solutions at constant shear rate 

ES solutions Viscosity (cP) at shear rate = 1.86 s-1 

M100 16,675 

M50CNC50-fd 4,325 

M50ChNC50 9,850 

Even though every electrospinning solution showed the same pseudoplastic behavior, the viscosity 

was significantly different from one solution to another. It was observed later in the study that these 

differences in viscosity had a great impact on the electrospinning process. Indeed it is important to 

understand that the properties of the polymer solution, and in particular the viscosity, have the most 

significant influence on the electrospinning process and the resultant fiber morphology. A viscosity 

that is too high will make the solution very difficult to pump through the needle. On the other hand, 

a minimum viscosity is required to yield fibers without beads, as the viscosity is directly affected by 

the polymer chain entanglements, which were found to have a significant impact on whether the 

electrospinning jet breaks up into small droplets or whether the resultant electrospun fibers contain 

beads. When the viscosity increases, which means that there is a higher amount of polymer chain 

entanglements in the solution, the charges on the electrospinning jet are able to fully stretch the 

solution with solvent molecules distributed among the polymer chains, producing then defect-free 

and continuous fibers. [46,68] 
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3.2 Characterization of as-spun mats 

3.2.1 Morphology 

3.2.1.1    Visual appearance 

Fibrous mats were obtained after spinning for 1.5−2 hours, depending on the mat composition. All 

the mats were flexible and slightly translucent with a white/pale grey coloration. Photographs of the 

as-spun mats are given in Figure 26.  

  

  
Figure 26. Photographs of the as-spun mats 

(a) M100, (b) M50ChNC50, (c) M50CNC50-fd and (d) M50CNC50-susp 

The mat made of neat matrix (Figure 26a) showed many macroscopic defects which corresponded to 

areas where the fibrous structure was partially destroyed. The electrospinning process was quite 

unstable for mats M100 and uncontrolled whipping of the electrospinning jet and in a lesser degree 

explosion of the jet were common during the process. These instabilities accelerated the travel of the 

electrospinning solution towards the collecting device, preventing then the solvent to evaporate 

completely. Conse uently large “wet fibers” and solution droplets spurted onto the collector and 

destroyed the fibrous structure by re-dissolution of the polymers that constitute the bulk of the 

freshly dry deposited fibers (i.e. chitosan and PEO). An example of a partially damaged mat is shown 

in Figure 27, wherein the conse uences of the “wet fibers” are clearly visible. In addition, the fibrous 

structure of mats M100 was very loose. The mats had a very bad mechanical stability, requiring then 

a special carefulness while handling them to avoid damages.  

a b 

d c 
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Figure 27. Example of a mat partially damaged by an unstable whipping of the ES jet 

The mat reinforced with chitin nanocrystals (Figure 26b) had a uniform and homogeneous surface, 

without presence of macroscopic defects. The mats could be handled with more ease, and light 

stretching without tearing the mats was even possible. The electrospun mats M50ChNC50 had thus a 

better mechanical stability than the mat M100, as it was expected after addition of nanocrystals. 

Moreover no noticeable problems occurred during the electrospinning process and the 

electrospinning jet was relatively stable.  

The electrospun mat containing freeze-dried cellulose nanocrystals (Figure 26c) showed also a 

uniform and smooth surface without macroscopic defects. However the mats were very loose and so 

had a very poor mechanical stability. They were so fragile that is was extremely difficult to handle 

them without damaging them. For instance, fingerprints were visible on the mat surface after 

touching them. Therefore it was deduced that the inclusion of freeze-dried cellulose nanocrystals did 

not improve the mechanical strength of the mats as it was expected, but on the contrary declined 

the mechanical stability, highlighting some potential problems in the structure of the electrospun 

networks. In addition the mats were very sticky; if two mats were in contact, it was then impossible 

to detach them without tearing them. During electrospinning of mats M50CNC50-fd, the bending 

instability of the jet was significant and spread in a large area. This instability is required for a 

successful electrospinning process as it increases the jet path, which allows then more stretching of 

the solution and consequently results in smaller fiber diameters [24]. However this instability was too 

pronounced during electrospinning of mats M50CNC50-fd: a part of the produced fibers were 

collected on the grounded metallic screen, but a large part was deposited all around the equipment 

and could not be recovered. Retro-moving of fibers also occurred during the process. Consequently a 

significant loss of material may have occurred, decreasing then the thickness of the produced mat in 

comparison with the other materials. The fact that the mats M50CNC50-fd were thinner than the 

other mats can also explain their poor mechanical stability.  

Electrospinning using cellulose nanocrystals in suspension was experimented to check if an 

improvement of the mechanical properties of the cellulose-reinforced mats was possible by using 

another procedure for the electrospinning solution preparation. Only one mat of this composition 

was produced because of material and time limitations. It was observed that the use of CNCs in 

suspension led to a significant improvement of the mechanical stability but disturbed the 

homogeneity of the mat surface, as it can be seen in Figure 26d. Many macroscopic defects were 

visible on the mat surface, and in particular numerous small white lumps. In addition, the 

electrospinning process for mats M50CNC50-susp was quite unstable, mostly due to the presence of 

very small particles within the electrospinning solution. A large part of these particles aggregated 
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inside the plastic needle during the electrospinning process, which needed to be interrupted several 

times in order to replace the blocked needle. The presence of macroscopic defects on the mat 

surface and particles in the electrospinning solution might be directly related, and may be owing to 

strong electrostatic and molecular interactions occurring between cellulose nanocrystals and 

chitosan molecules. The cellulose nanocrystals used in this study were prepared by hydrolysis in 

sulfuric acid, which reacted with the surface hydroxyl groups of cellulose to yield negatively charged 

sulfate esters [8]. It is highly possible that these negatively charged sulfate groups (SO4
2-) interacted 

with the positively charged ammonium groups (NH3
+) present on chitosan molecules under acidic 

conditions, and thus led to complications during the electrospinning process. Moreover, given the 

chemical structure of chitosan and cellulose, hydrogen bonds between both polysaccharides are 

highly expected. Li et al.[69] and Mesquita et al.[70] also reported the existence of strong interactions 

between chitosan and cellulose nanocrystals.  

To sum up, the mats reinforced with chitin nanocrystals were the most stable in terms of 

homogeneity and mechanical strength; whereas mats reinforced with freeze-dried cellulose 

nanocrystals were the most fragile and the mat prepared from CNCs in suspension the most 

heterogeneous. In the rest of the study, mat M50CNC50-susp was not characterized. The study 

focused on mats M50CNC50-fd since many materials were prepared. However observation of its 

morphology by SEM was performed, as well as the study of its mechanical properties.  

3.2.1.2    Optical microscopy 

Optical microscopy was used as a fast and simple way to evaluate the quality of the electrospun 

fibers and optimize the electrospinning parameters. OM images presented in Figure 28 show 

randomly oriented fiber structure for every studied material under optimized electrospinning 

conditions. The fibers M100 (Figure 28a) and M50ChNC50 (Figure 28c) had a continuous and uniform 

structure without presence of beads, confirming the successful preparation of a randomly oriented 

network of sub-micron fibers. However the electrospun fibrous network reinforced with freeze-dried 

cellulose nanocrystals (Figure 28b) showed an unstable and non-uniform structure, even under the 

optimized electrospinning parameters. This observation was quite expected, given the weak 

mechanical stability of mat M50CNC50-fd.  

   
 Figure 28. Optical micrographs of (a) M100, (b) M50CNC50-fd and (c) M50ChNC50 electrospun fibers 

Deeper characterization by using a scanning electron microscope was then performed to observe the 

morphology of the produced fibers with higher magnification. 

a c b 
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3.2.1.3    Electron Scanning Microscopy 

The surface of the electrospun mats was observed under environmental scanning electron 

microscope in order to have an overview of the fibers’ morphology. The resulting S   images are 

shown in Figure 29. For each mat, a network of randomly oriented continuous fibers was observed, 

supporting the information obtained from optical microscopy. Every network was made of submicron 

non-interconnected fibers and had a loose and highly porous structure, which is highly 

recommended for wound dressing application.  

 

   
Figure 29. SEM micrographs showing the surface of (a) M100, (b) M50CNC50-fd and (c) M50ChNC50 mats 

Uniform fibers with no beads were observed for both unreinforced mat (Figure 29a) and chitin 

reinforced mat (Figure 29c), confirming the successful production of defect-free fibers. The SEM 

study showed also that fibers reinforced with chitin nanocrystals had a smooth surface, which 

indicates the inexistence of a significant level of aggregation and so a good dispersion of the 

nanocrystals. This observation is particularly satisfactory considering the high content of chitin 

nanocrystals within the fibers (i.e. 50 wt%). However the mat reinforced with freeze-dried cellulose 

nanocrystals (Figure 29b) showed thin fibers coexisting among many beads under optimized 

electrospinning parameters. The presence of beads may be owing to two reasons: i) the strong 

electrostatic and molecular interactions that may occur between cellulose nanocrystals and chitosan, 

and ii) the low viscosity of M50CNC50-fd solution, which may have not allowed enough polymer 

chain entanglements during the electrospinning process. The surface of the mat reinforced with 

cellulose nanocrystals in suspension (M50CNC50-susp) was also observed under scanning electron 

microscope, and the obtained micrographs are shown in Figure 30. It is apparent that the use of 

a 

b c 
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nanocrystals in suspension did not improve the quality of the electrospun fibers, since many beads 

are still visible. This suggested that the method of solution preparation did not have a real impact on 

the resulting fiber morphology. 

  
Figure 30. SEM micrographs showing the surface of M50CNC50-susp mat 

The average diameter of the fibers was calculated by measuring the width of 50 randomly and 

manually selected fibers with an image analysis software. The average diameter reached 308 ± 31 nm 

for neat CS–PEO fibers, and decreased to 213 ± 28 nm after inclusion of chitin nanocrystals and to 

138 ± 25 nm for freeze-dried cellulose nanocrystals. Consequently the SEM study indicated that 

addition of nanocrystals shows a trend to decrease the fiber diameters. This trend can be explained 

by the decrease of solution viscosity after addition of nanocrystals; lower viscosity leads to solutions 

that are less resistant to be stretched by the charges on the jet, and thus fibers with smaller 

diameters are collected. Fibers reinforced with cellulose nanocrystals were thinner than 

chitin-reinforced ones because of the lower solution viscosity, but it may be also related to the more 

pronounced bending instability that occurred during electrospinning of fibers M50CNC50-fd. 

To sum up, SEM and OM studies indicated that every mat consisted of a network of continuous and 

randomly oriented fibers. However, defect-free fibers were obtained only for unreinforced and 

chitin-reinforced mats. Chitin-reinforced fibers had smaller diameters than the neat matrix fibers, 

making them the most satisfying fibers among the produced materials regarding their morphology. 

3.2.2 Thermal properties 

3.2.2.1    Thermogravimetric analysis 

The potential use of chitosan-based nanocomposite mats in wound dressing application requires 

thermal stability. Consequently the thermal decomposition of the produced mats has been studied 

by thermogravimetric analysis. The weight percentage against temperature curves obtained after 

testing are shown in Figure 31, and the onset degradation temperatures are displayed in Table 10.  
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Figure 31. (a) TGA and (b) differential TGA curves of the electrospun mats  

It was first observed that the thermogravimetric curves show three different stages of weight loss for 

each nanofibrous mat. A first small weight loss was observed between 30 and 100°C, which 

corresponds to the release of moisture and acetic acid molecules from the samples. Thereafter the 

produced fibrous mats showed a stable behavior up till 160°C, which indicates that every studied 

mats had the required thermal stability to be used as wound dressing in contact with the body or for 

steam sterilization [78]. Then the nanocomposite mats displayed two stages of active weight loss with 

elevating temperature.  The weight loss at 168–417°C can be related to the decomposition of 

chitosan, and the weight loss at 373–499°C to the decomposition of PEO. Consequently the 

thermogravimetric analysis confirmed the presence of both polymers within the blend fibers.  

It has also been observed that inclusion of chitin nanocrystals resulted in a delayed onset 

temperature of degradation, whereas cellulose nanocrystals decreased the onset temperature. This 

observation was expected given the onset degradation temperatures of isolated chitin and cellulose 

nanocrystals (Table 10). However, the increased thermal stability in presence of chitin nanocrystals 

may also be related to a well-dispersed nanocomposite material, which benefited from good 

interactions between chitosan and chitin nanocrystals. 

a 
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Table 10. Onset degradation temperatures of the nanocomposite mats and isolated compounds 

Samples/Compounds 
TGA onset temperatures (°C) 

1st weight loss 2nd weight loss 

M100 289 441 

M50CNC50-fd 224 393 

M50ChNC50 317 414 

Chitosan 324 - 

PEO 360 - 

CNCs* 185 - 

ChNCs* 234 - 

*The onset degradation temperatures of cellulose and chitin nanocrystals were obtained from previous studies 

carried out in our laboratory. 

It was also noticed that the complete degradation of the nanocomposite mats was not achieved. 

Indeed, as it can be seen in Figure 31, there is some residual polymer present in the platinum pan 

after the test cycle (between 12 and 17%, depending on mat composition). On the TG curves of 

chitosan and PEO powders shown in Figure 32, it is apparent that PEO is almost entirely degraded at 

500°C, whereas ~40% of chitosan has not been degraded. Thus it was deduced that the unburnt 

residue from nanocomposite films was mostly composed of chitosan. 

 
Figure 32. TGA curves of the polymer powders used in the current study 

To sum up, the mat reinforced with chitin nanocrystals exhibited the highest thermal stability among 

the studied materials; it started degrading at about 270°C, whereas the mats containing cellulose 

started degrading at ~160°C, making them the least stable electrospun mats. But despite this 

observation, the thermal stability of every produced mat fulfilled the requirements of biomedical 

application. 

3.2.2.2    Differential scanning calorimetry 

Thermal analysis of the electrospun mats was also achieved by differential scanning calorimetry, and 

the obtained DSC thermographs of the nanocomposite mats and polymer powders are presented in 

Figure 33. The melting temperatures were taken at the peak temperature of the melting endotherm 

and are displayed in Table 11. 
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Figure 33. DSC curves of (a) electrospun mats and (b) polymer powders 

Table 11. Melting points of the nanocomposite mats and polymer powders 

Samples Tm,1 (°C) Tm,2 (°C) 

PEO powder 67 - 
CS powder 94 - 
M100 52 83 
M50CNC50-fd 42 86 
M50ChNC50 55 - 

The DSC thermograph of PEO powder (Figure 33b) showed a sharp endothermic peak at 67°C, which 

corresponds to the melting temperature of PEO, whereas chitosan powder thermogram 

demonstrated a very broad endothermic transition around 97°C, associated to water evaporation. 

The majority of polysaccharides do not experience melting but rather degradation upon heating 

above a certain temperature, which can be attributed to their associations through hydrogen 

bonding [71].  

a 
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It was observed in Figure 33a that the melting temperature of PEO shifts towards a lower 

temperature when PEO was mixed with chitosan in the electrospun mats. This change in melting 

temperature can be explained by a decrease of polymer crystallinity due to chitosan addition, which 

presents lower crystallinity than PEO. In addition, it was noticed that incorporation of cellulose 

nanocrystals decreased even more the melting point of PEO, in comparison with the other 

electrospun mats. This phenomenon can be explained by the existence of molecular and electrostatic 

interactions between cellulose and chitosan. The difference between mats containing only matrix 

and mats containing chitin nanocrystals was not very significant (Tm = 52 and 55°C, respectively). 

The DSC study showed that the mats were stable up to 35°C in the case of mats M50CNC50-fd, to 

45°C for mats M100 and to 50°C for mats M50ChNC50. These results are significantly lower than the 

results obtained from TGA, suggesting that the electrospun mats are finally not stable enough for 

steam sterilization or for any other sterilization processes using heat. Consequently other 

sterilization methods have to be applied prior their use as wound dressings, such as chemical 

sterilization or radiation sterilization. In addition, mats M50CNC50-fd experienced melting below the 

body temperature, making their use for further biomedical application consequently impossible.  

3.2.3 Functional properties 

3.2.3.1    Water vapor permeability 

Water vapor permeability being a crucial factor in the application of electrospun mats and especially 

in wound dressing application, measurement of the moisture permeation of the mats was 

performed. The water vapor transmission rates (WVTR) of the produced materials are displayed in 

Table 12. It was observed that all the electrospun fibrous mats have comparable water vapor 

permeability. Therefore it was concluded that the inclusion of nanocrystals within the fibers does not 

have a real impact on the water vapor permeability of the fibrous mats. This parameter is usually 

mostly affected by the network morphology. Consequently similar WVTR were expected since every 

mat showed a similar porous network of entangled electrospun fibers.  

Table 12. Water vapor permeability rates of the electrospun mats 

Sample Code Testing Temperature (°C) 
Nr. of repetitions 
until equilibrium 

WVTR (g.m-2.day-1) 

M100 18.8 12 1353 
M50CNC50-fd 18.9 17 1308 
M50ChNC50 19.2 12 1290 

An ideal wound dressing must control the evaporative water loss from a wound at an optimal rate, in 

order to prevent excessive dehydration but also accumulation of wound exudates and so excess 

moisture. The water vapor permeation rate for normal skin is 204 g/m2 per day, while the one for 

injured skin can range from 279 to 5138 g.m-2.day-1, depending on the type of wound [72]. In several 

publications [73,74,75] it is claimed that the optimum value of water evaporation for a wound dressing is 

around 2500 g.m-2.d-1. This value is actually the mid-range of moisture loss rates from injured skin, 

and so is not representative of the wound dressing requirements. Therefore, although the WVTR of 

the produced mats are lower than this recommended value, they are absolutely not limited for this 
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application, from a permeability point of view at least. As several types of wound can be found, 

several types of wound dressing must be used, taking into account the amount of exudates 

emanating from the wound and the desired moisture content in contact with the wound.  

3.2.3.2    Surface area and pore size 

The BET specific surface areas of the electrospun mats are shown in Table 13 and were found to 

range from 54.64 to 59.38 m²/g. The differences in the surface area of as-spun mats are not really 

significant, and therefore it was concluded that inclusion of nanocrystals does not have a real impact 

on the surface area of the fibrous mats. Similarly to water vapor permeability, the specific surface 

area is mostly influenced by the network morphology. 

Table 13. Specific surface area and pore size of the electrospun mats 

Sample Code BET surface area (m²/g) Adsorption average pore width (Å) 

M100 54.64 100.30 
M50CNC50-fd 55.42 - 
M50ChNC50 59.38 125.23 

Electrospun fiber membranes with high surface area and microporous structure can stimulate the 

fibroblast action and proliferation in order to repair injured tissues. According to Huang et al. [1], high 

surface area of 5–100 m2/g is extremely efficient for fluid absorption and dermal delivery. The 

surface area of our materials being in that range, they have a promising potential for cell attachment 

and proliferation in would healing.   
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3.3 Characterization of rinsed and crosslinked mats 

Rinsing in both deionized water and PBS was achieved for every mat because of the application 

requirements. Mats for wound dressing application need to be biocompatible and favorable for cell 

adhesion and proliferation, which can be contributed by rinsing the mats with PBS. In addition 

crosslinking of the mats reinforced with chitin nanocrystals was also experimented in order to 

enhance the mechanical properties and the moisture stability of the mats. The morphological and 

mechanical properties of both rinsed and crosslinked mats were studied to evaluate the influence of 

the post-electrospinning treatments on the produced fibrous networks.  

3.3.1 Morphology 

3.3.1.1    Visual properties 

Every mat was subjected to rinsing in water for 3 hours and then in PBS for 1 hour, followed by a 

drying step at ambient conditions. Photographs of as-spun and rinsed mats reinforced with chitin 

nanocrystals are shown in Figure 34a and 34b, respectively. It is apparent that the visual aspect of 

the mats changed after the rinsing operation: as-spun mats were white and slightly translucent, and 

turned colorless and transparent after rinsing. Photographs of the other produced mats are not 

presented but showed the same tendency. Crosslinking was performed on chitin-reinforced mats by 

immersing them in genipin aqueous solution for 4, 8 and 16 hours. A photo of the mat crosslinked for 

16 hours is shown in Figure 34c. It can be observed that the crosslinked mat looks similar to the 

rinsed mat: it is homogeneous, colorless and transparent. The mats crosslinked for other durations 

showed also the same visual characteristics. This macroscopic evolution of the general aspect of the 

electrospun mats might be explained by a change in the microstructure of the network. In order to 

understand what occurred at a submicroscopic scale during the rinsing and crosslinking step, a 

deeper study of the morphology by using SEM was achieved.  

 
Figure 34. Photographs of M50ChNC50 (a) as-spun, (b) rinsed and (c) 16 hour-crosslinked mats 

3.3.1.2    Scanning Electron Microscopy 

SEM micrographs of electrospun mats reinforced with chitin nanocrystals are shown in Figure 35. 

Clear differences can be observed between as-spun, rinsed and crosslinked networks, showing that 

rinsing and crosslinking had a significant impact on the morphology and the pore structure of the 

mats. Figure 35a corresponds to the surface of as-spun M50ChNC50 mat and shows typical material 

that can be obtained from electrospinning: the network is loose and has much porosity, confirming 

the previous SEM study of the as-spun mats. After rinsing, the fibrous structure is still retained but 

a b c 
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with a great loss of porosity, as shown in Figure 35b. Moreover, the individual fibers that were visible 

for the as-spun mats became interconnected after the rinsing operation. These observations can be 

explained by two possible ways: i) the partial dissolution of PEO (that constituted 25wt% of the fiber 

bulk) might have occured during the rinsing operation since this polymer is easily soluble in aqueous 

medium; consequently PEO may have filled the pores and linked the fibers at their contact sites after 

recrystallization of PEO during the drying step; ii) the probable compaction of the loose network 

while it was immersed in deionized water can also explain the large decrease of porosity. Figure 35c 

shows the surface of the M50ChNC50 mat that was crosslinked for 16 hours in aqueous liquid phase. 

The porous structure of the fiber network is completely lost, and the fibers are very difficult to 

discern. The same observation was made for the mats crosslinked for 4 and 8 hours as well. This 

might be owing to the same reasons that were previously exposed, but in a larger degree, since the 

mats were immersed in aqueous solution for a longer time. 

   

Figure 35. SEM images of the surface of M50ChNC50 mats (a) as-spun, (b) rinsed and (c) crosslinked for 16 h 

The thickness of the fibrous mats was also studied and determined using SEM imaging of the cross 

section of cryo-fractured membranes. The measurements are displayed in Table 14 and are also 

shown as bar charts in Figure 36. First it was observed that the thickness of the mats significantly 

decreased after either rinsing or crosslinking (see Figure 36a), thus confirming the hypothesis of the 

compaction of the mats after immersion in aqueous phase. Moreover the thickness of every 

water-conditioned mats was similar from a sample to another, independently of the nature of the 

treatment or the crosslinking duration. It was also noticed that the thickness of the mat decreased 

with addition of nanocrystals, which is probably directly related to the diameter of the electrospun 

fibers, which decreased after addition of nanocrystals as it was seen previously. 

Table 14. Thickness of the electrospun mats 

Sample Code Mat thickness (µm) 

M100 rinsed 20.2 ± 3.1 

M50CNC50-susp rinsed 14.8 ± 3.2 

M50ChNC50 rinsed 8.6 ± 2.7 

M50ChNC50 as-spun 22.0 ± 3.4 

M50ChNC50 crosslinked 4h 7.4 ± 2.4 

M50ChNC50 crosslinked 8h 10.5 ± 1.8 

M50ChNC50 crosslinked 16h 7.2 ± 1.4 

 

a b c 
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Figure 36. Thickness of (a) chitin-reinforced mats and (b) rinsed mats 

3.3.2 Mechanical properties 

The mechanical properties of the rinsed and crosslinked randomly oriented fibrous mats were 

investigated by uniaxial tensile testing. In addition, electrospun mat reinforced with chitin 

nanocrystals without any post-electrospinning treatment was also tested, as a control sample.  

The average values of Young’s modulus, ultimate tensile strength and elongation at break of the 

electrospun mats are reported in Table 15. The average values were obtained from at least five tests 

for each material. Young’s modulus was calculated by measuring the slope in the initial linear area of 

the obtained stress-strain curves (i.e. in the strain range of 0–0.1%). Ultimate tensile strength and 

elongation at break were obtained from the largest values of stress and strain before fracture, 

respectively. Moreover, typical tensile stress-strain curves of the nanocomposite mats are plotted in 

Figure 37 for an easier comparison of mechanical properties of the electrospun mats. The chosen 

curves corresponded to the curves that showed the closest Young’s modulus and ultimate tensile 

strength to the calculated average values. 

a 
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Figure 37. Stress-strain curves of (a) rinsed mats and (b) mats reinforced with chitin nanocrystals 

Table 15. Young’s modulus, ultimate tensile strength and elongation at break of the mats 

Material 
Young’s Modulus  

(GPa) 
Ultimate tensile strength 

 (MPa) 
Elongation at break 

 (%) 

M100 rinsed 0.4 ± 0.1 4.6 ± 0.7 1.3 ± 0.4 

M50CNC50-susp rinsed 3.3 ± 0.5 24.3 ± 2.2 1.0 ± 0.1 

M50ChNC50 rinsed 4.3 ± 0.9 34.9 ± 9.4 0.9 ± 0.2 

M50ChNC50 as-spun 3.4 ± 0.2 24.4 ± 2.3 0.9 ± 0.2 

M50ChNC50 crosslinked 4h 6.3 ± 0.9 34.0 ± 5.0 0.7 ± 0.1 

M50ChNC50 crosslinked 8h 5.9 ± 1.1 60.9 ± 23.3 1.2 ± 0.6 

M50ChNC50 crosslinked 16h 10.2 ± 2.7 64.9 ± 12.6 0.9 ± 0.1 
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First, the uniaxial tensile testing indicated that the mechanical properties of the mat containing only 

chitosan and PEO were very low. However the addition of nanocrystals within the electrospun fibers 

significantly increased the ultimate tensile strength and the Young’s modulus of the electrospun 

mats. The tensile strength increased from 4.6 ± 0.7 MPa to 24.3 ± 2.2 MPa after inclusion of CNCs in 

suspension, and from 4.6 ± 0.7 MPa to 34.9 ± 9.4 MPa after addition of ChNCs. The same trend was 

observed for the Young’s modulus: it increased from 0.4 ± 0.1 GPa to 3.3 ± 0.5 GPa with addition of 

CNCs, and to 4.3 ± 0.9 GPa with addition of ChNCs. These results suggested that the inclusion of 

crystalline nanoparticles into the electrospun fibers was beneficial to enhance the mechanical 

properties of chitosan-based mats. However, chitin nanocrystals had a greater impact on the 

mechanical strength of the mats than cellulose nanocrystals, which can be explained by the better 

quality of the resultant fibers. It was seen earlier that the fibers containing cellulose nanocrystals 

showed lots of beads, which consequently limited the enhancement of the fibers’ mechanical 

properties. On the other hand, the elongation at break decreased from 1.3 ± 0.4 % to 1.0 ± 0.1 % 

after addition of CNCs, and to 0.9 ± 0.2 % after addition of ChNCs.  

The mat reinforced with chitin nanocrystals was subjected to crosslinking for several durations, and 

the resulting mechanical properties were also studied by uniaxial tensile testing. The as-spun mat 

M50ChNC50 was also tested as a control sample. First, it was observed that the tensile strength of 

mat M50ChNC50 increased from 24.4 ± 2.3 MPa to 34.9 ± 9.4 MPa after rinsing, and the similar 

observation was made for Young’s modulus, which increased from 3.4 ± 0.2 GPa to 4.3 ± 0.9 GPa. 

This result can be explained by the compaction of the mats that occurred during the rinsing step, 

leading to more dense and strong mats. The mechanical testing also showed that the ultimate tensile 

strength and the Young’s modulus of the electrospun mats increased after crosslinking.  oreover, 

the mechanical properties showed the trend to increase as the crosslinking duration increased. The 

best results were obtain after 16 hours of crosslinking; the tensile strength of the mat reached 

64.9 ± 12.6  Pa and the Young’s modulus 10.2 ± 2.7 GPa. Conse uently, it was concluded that 

crosslinking was successfully achieved and positively influenced the mechanical stability of the 

electrospun mats. Regarding the elongation at break of the crosslinked mats, it was noticed that the 

values were not significantly different from the rinsed mats’ values. 

To conclude, the tensile testing showed that addition of nanocrystals as well as crosslinking had a 

positive impact on the mechanical stability of the electrospun mats. In the current study, the 

improvement of the mechanical properties was exceptional. The ultimate tensile strength of 

crosslinked chitin-reinforced mats increased by 1311% and by 2450% for the Young’s modulus in 

comparison to as-spun unreinforced mats. The successful incorporation of 50 wt% chitin nanocrysals 

having good reinforcing potential into the electrospun matrix have contributed to this enhanced 

mechanical performance. The favorable interaction between chitin and chitosan and the possibility 

to electrospin the fibers from aqueous medium is also expected to have an impact on the good 

dispersion of ChNCs.  Strong interactions between matrix phase and nanocrystals through hydrogen 

bonding also might have led to an improvement of the structural morphology and the mechanical 

properties. However addition of nanocrystals as well as the crosslinking decreased the strain from 1.3 

to 0.7 %. This behavior was expected and some earlier reports have shown that crosslinking of 

chitosan films using genipin improved the tensile strength but decreased the strain at break [76].  
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Conclusions  

The aim of this project was to produce chitosan-based nanocomposite fibrous mats by 

electrospinning, and to evaluate if the resultant materials have potential to be used in wound 

dressing application. Inclusion of chitin and cellulose nanocrystals into the electrospun fibers, as well 

as crosslinking of the mats’ constituents were experimented, and were expected to enhance the 

mechanical properties and the moisture stability of the mats without compromising the non-toxicity 

and antibacterial properties of chitosan. Optical and scanning electron microscopy, 

thermogravimetric analysis, differencial scanning calorimetry, water vapor permeability, surface area 

and pore size measurement by gas adsorption, as well as uniaxial tensile testing were performed in 

order to characterize the produced mats. Moreover, preliminary experiments were completed in 

order to establish the optimal procedure to achieve continuous defect-free fibers by electrospinning. 

The concluding remarks of this study are listed below: 

- Randomly oriented fibrous mats made of chitosan and PEO and reinforced with chitin or 

cellulose nanocrystals were successfully prepared by electrospinning; 

- The morphological study revealed that networks of randomly oriented continuous fibers 

were obtained for every studied material under the optimized electrospinning conditions. 

The networks showed a loose and highly porous structure, as it is recommended for wound 

dressing application;  

- The diameters of the electrospun fibers were ranging between 140 and 310 nm. Moreover, 

the SEM study indicated that the addition of nanocrystals decreased the fiber diameters; 

- Defect-free fibers were observed in the case of the unreinforced and chitin-reinforced mats. 

In addition, the fibers reinforced with chitin had a smooth surface similarly to the 

unreinforced fibers, which revealed the good dispersion of the chitin nanocrystals. 

Consequently this study showed that 50 wt% of nanocrystals can be successfully 

incorporated into a chitosan-based matrix during electrospinning; 

- The fibers reinforced with cellulose nanocrystals contained many beads, even under the 

optimized electrospinning parameters, which is probably related to strong interactions 

occurring between cellulose and chitosan, and to the low viscosity of the electrospinning 

solution as well. However, fibers reinforced with cellulose nanocrystals were thinner than the 

fibers reinforced chitin nanocrystals; 

- Thermogravimetric analysis and differential scanning calorimetry indicated that the mat 

containing neat matrix and the chitin-reinforced mat had the required stability for wound 

dressing application, unlike the mat reinforced with cellulose nanocrystals. However none of 

the electrospun materials had the required thermal stability for steam sterilization, 

necessitating another sterilization method by using radiations or chemical treatments. 

Finally, the mats reinforced with chitin nanocrystals exhibited the highest thermal stability 

among the studied materials; 
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- All the produced mats had comparable water vapor permeability, showing that the inclusion 

of nanocrystals in the electrospun fibers did not have a real impact on the moisture 

permeation. The water vapor permeability rate was ranging from 1290 to 1353 g.m-2.day-1, 

which is in the range of injured skins and wounds; 

- The BET specific surface areas of the electrospun mats were ranging from 54.64 to 

59.38 m²/g, and were not significantly different from one material to another. The high 

surface area of the mats was also considered beneficial for wound healing; 

- The mats reinforced with chitin nanocrystals were subjected to crosslinking in aqueous phase 

by using genipin. The enhancement of the mats’ mechanical properties confirmed that 

crosslinking was efficiently achieved. In addition, crosslinking of the unreinforced mat was 

also attempted but without successful results, which shows that the addition of chitin 

nanocrystals improved the moisture stability of the mats and facilitated water-mediated 

crosslinking processes;  

- The macroscopic aspect of the mats changed after rinsing and crosslinking: the as-spun mats 

were white and slightly translucent, and turned colorless and transparent after rinsing or 

crosslinking. It was also observed that the thickness of the mats significantly decreased after 

either rinsing or crosslinking, indicating that compaction of the mats occurred during 

immersion in liquid phase;    

- The structural morphology of the electrospun mats showed also great changes after rinsing 

and crosslinking. The fiber networks had interconnected fibers and a great loss of porosity 

occurred after rinsing, whereas the porous structure of the crosslinked mats was completely 

lost and the fibers were very difficult to discern; 

- The tensile testing indicated that addition of nanocrystals as well as crosslinking had a 

significant positive impact on the mechanical properties of the electrospun mats. The 

ultimate tensile strength of as-spun matrix mat was multiplied by 14 after addition of chitin 

nanocrystals and crosslinking for 16 hours, and the Young’s modulus by 25.  oreover, as the 

crosslinking duration increased, the ultimate tensile strength and the Young’s modulus of the 

mats increased. However, the elongation at break decreased after rinsing or crosslinking; 

- In general, improvements in morphological, thermal and mechanical performance of the 

electrospun mats were observed to result from combination of addition of chitin 

nanocrystals and crosslinking; 

- The electrospun nanofibrous mat reinforced with 50 wt% chitin nanocrystals was considered 

as the most promising candidate for wound dressing application, regarding its morphology, 

functional properties, and thermal and mechanical stability. 

  



 

53 
 

Future work and suggestions 

 To improve the quality of the fibers reinforced with cellulose nanocrystals by: 

- Increasing the viscosity of the electrospinning solutions by increasing the total solute 

concentration;  

- Using cellulose nanocrystals that were isolated from the raw material by HCl 

hydrolysis in order to obtain crystalline nanoparticles having neutrally-charged 

surface, in order to limit the electrostatic interactions between cellulose and 

chitosan and also to increase the thermal stability of the cellulose nanocrystals; 

 To measure the degree of achieved crosslinking by gel content measurement or FTIR; 

 To experiment more crosslinking durations, and determine the optimal one regarding the 

mechanical properties; 

 To experiment crosslinking in vapor phase and compare its influence on the morphological 

and mechanical properties of the mats with crosslinking in liquid phase; 

 To perform biocompatibility and wound healing ability tests on the electrospun mats. 
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Appendix 

A.  Preliminary study about electrospinning of chitosan−based solutions 

Nature of the solvent, solvent concentration, polymer concentration, and chitosan−PEO mass ratio 

were determined through previous experiments and electrospinning trials. 

The first step was to take cognizance of the different studies already achieved by other research 

groups about pure chitosan electrospinning. Indeed the original idea of the project was to produce 

nanofibers with pure chitosan as matrix phase. As mentioned in the literature review, only two 

solvents were found to be appropriate for electrospinning of pure chitosan: trifluoroacetic acid and 

concentrated aqueous acetic acid. Acetic acid was chosen as electrospinning solvent for our study 

because of its limited toxicity in comparison with trifluoroacetic acid. A range of polymer solutions 

having different chitosan contents and acetic acid concentrations were prepared (see Table A1) by 

dissolving different amounts of chitosan powder in the different solvents by magnetic stirring, and 

then were used in the electrospinning equipment. For this preliminary study, three parameters were 

varied, and for each parameter were given three values presented in Table A2. All combinations of 

parameter values were investigated to evaluate the electrospinnability of the solutions.  Analysis of 

the results was done by visual detection during the experiment and by microscopic pictures (by using 

a Leica DFC 290 Optical Microscope) of the resulting deposition at the collector surface. 

Table A1. Composition of pure chitosan solutions analyzed for electrospinning  

Trial Nr. Acetic acid concentration Chitosan concentration Electrospinnability 

1 90 wt% 4 wt% Negative 

2 90 wt% 3 wt% Negative 

3 90 wt% 2 wt% Negative 

4 90 wt% 1 wt% Negative 

5 80 wt% 4 wt% Negative 

6 80 wt% 3 wt% Negative 

7 80 wt% 2 wt% Negative 

8 80 wt% 1 wt% Negative 

9 70 wt% 4 wt% Negative 

10 70 wt% 3 wt% Negative 

11 70 wt% 2 wt% Negative 

12 70 wt% 1 wt% Negative 

13 60 wt% 4 wt% Negative 

14 60 wt% 3 wt% Negative 

15 60 wt% 2 wt% Negative 

16 60 wt% 1 wt% Negative 
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Table A2. Values of the electrospinning parameters used in the preliminary study 

Parameters Values 

Applied voltage (kV) 10 20 30 
Needle tip-to collector distance (cm) 8 12 15 
Solution flow rate (mL/h) 5 10 15 

None of these solutions resulted in deposition of fibers on the collecting device.  For solutions having 

a CS concentration over 2wt%, the complete dissolution of chitosan powder was impossible. The 

resulting solutions were heterogeneous and saturated, thus inappropriate for electrospinning. 

Moreover they were so viscous that it was impossible to push them through the needle tip. However 

a slight improvement of chitosan dissolution was observed as the acetic acid concentration 

decreases. Concerning solutions having a 2wt% and 1wt% CS concentration, chitosan powder was 

totally dissolved and the solutions were homogeneous, but extremely viscous. During the 

electrospinning trials, a well-defined Taylor cone was observed at the beginning, followed by an 

explosion of the cone and jet, resulting in the deposition of solution drops on the metallic screen.  

In contrast with the previous studies about pure chitosan electrospinning, we did not manage to 

obtain fibers from pure chitosan solutions. As said previously, the main problems were the difficulty 

of dissolving chitosan in acetic acid and the extremely high viscosity. In all, three research groups 

(Geng et al. [42], Vrieze et al. [43], and Homayoni et al. [21]) succeeded in producing pure chitosan 

electrospun fibers with 90 wt% AqAA as electrospinning solvent. The difference between our study 

and Geng et al.’s study [42] was the chitosan grade. They used chitosan with a molecular weight of 

106,000 g/mol (versus 190,000   310,000 for our study) and with a degree of deacetylation of 54% 

(versus 75-85% in our case). These differences between molecular weight and DD have a huge impact 

on the viscosity of the resulting solutions. Indeed, it is important to understand that increasing the 

degree of deacetylation increases the amount of primary amine, which in turn increases the amount 

of charge on the chain under acidic conditions, since the following reaction occurs: 

               
                

           

As the charge on the chain increases, the conformation of the chain in solution expands due to 

Coulomb repulsions and so the viscosity increases. Therefore, the degree of deacetylation is an 

extremely important parameter to consider when attempting to electrospin chitosan, as well as the 

molecular weight. Vrieze et al. [43] used a chitosan grade which was seemingly identical to the one 

used in this study, but as written previously, subtle differences in the degree of deacetylation can 

greatly alter the chitosan electrospinnability. The chitosan provided by Sigma-Aldrich GmbH had a 

degree of deacetylation ranging between 75% and 85%. It is possible that the chitosan ordered for 

our study had a higher DD than the chitosan used by Vrieze et al., which makes its electrospinnability 

much more difficult. Homayoni and coworkers [21] used also the same chitosan grade. They were not 

able to obtain satisfying nanofibers unless they applied an alkali treatment to the chitosan powder 

for more than 24 hours, which permitted to hydrolyse chitosan chains and so decreased their 

molecular weight, leading to less viscous electrospinning solution. 

At this point of the project, it has been decided to blend chitosan with another polymeric phase in 

order to improve its electrospinnability by decreasing the solution viscosity. A commonly used 

co-spinning agent for chitosan electrospinning is polyethylene oxide (PEO) which is a non-toxic and 

biocompatible polymer. Consequently several solutions with different concentrations and 
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chitosan−PEO ratios were prepared by dissolving PEO and chitosan powders in concentrated acetic 

acid by magnetic stirring.  Then the obtained solutions were submitted to electrospinning with the 

same electrospinning parameters presented in Table A2. The experimented solutions and the 

evaluation of their electrospinnability are presented in Table A3. 

Table A3. Composition of the blended solutions experimented for electrospinning 

Trial 
Nr. 

Acetic acid conc. Chitosan conc. PEO conc. 
Chitosan to PEO 

mass ratio 
Electrospinnability 

1 90 wt% 2 wt% 2 wt% 90:10 Negative 

2 90 wt% 2 wt% 2 wt% 80:20 Negative 

3 90 wt% 2 wt% 2 wt% 70:30 Negative 

4 90 wt% 2 wt% 2 wt% 60:40 Negative 

5 90 wt% 2 wt% 2 wt% 50:50 Negative 

6 50 wt% 2 wt% 2 wt% 90:10 Negative 

7 50 wt% 2 wt% 2 wt% 80:20 Negative 

8 50 wt% 2 wt% 2 wt% 70:30 Negative 

9 50 wt% 2 wt% 2 wt% 60:40 Positive 

10 50 wt% 2 wt% 2 wt% 50:50 Positive 

11 50 wt% 2.5 wt% 2.5 wt% 60:40 Positive 

12 50 wt% 2.5 wt% 2.5 wt% 50:50 Positive 

13 50 wt% 3 wt% 3 wt% 60:40 Negative 

14 50 wt% 3 wt% 3 wt% 50:50 Positive 

15 50 wt% 3.5 wt% 3.5 wt% 50:50 Negative 

Electrospinning of chitosan solutions with PEO as a co-spinning agent was successful only when 

aqueous acetic acid having a concentration of 50 wt% was used as solvent. The solution with a 

CS−PEO mass ratio of 60:40 and a 2wt% total concentration (solution Nr. 9) showed a well-defined 

Taylor cone and a continuous electrospinning jet, and above all, fibers with few beads were obtained. 

Increasing the concentration was attempted since it can increase the amount of polymer chain 

entanglements and consequently improve the quality of the fibers. The highest concentration that 

could be obtained was 3wt%, with a CS−PEO mass ratio of 50:50 (solution Nr. 14). Above this value, 

the solutions were too viscous to be electrospun. In addition, the fibers obtained from this solution 

showed the best morphology among all the produced fibers (see Figure A1). Consequently this 

solution composition was chosen for our study. 

 
Figure A1. Optical micrograph of fibers electrospun from solution Nr. 14  
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B . Viscosimetry of the experimented electrospinning solutions 

The solutions mentioned in Appendix A were studied through viscosity measurements by using a 

rotating viscometer (Brookfield DV-I Prime) in the same conditions that the ones used in the main 

study: the temperature of the solutions was kept at 20°C and each reading was recorded after 10 

spindle rotations. The curves exhibiting solution viscosity vs. shear rate are presented in Figure B1, 

and clearly show that the viscosity decreased with increase of PEO content.  

 

 
Figure B1. Viscosity of the CS–PEO blend solutions  

at 2wt% polymer concentration and at (a) 90wt% and (b) 50wt% aqueous acetic acid 

 

 

a 

b 
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Figure B2 shows viscosity at constant shear rate vs. chitosan content curves. It was observed that the 

solution viscosity was lower when 50wt% aqueous acetic acid was used as solvent. In addition, above 

70:30 CS–PEO mass ratio, the viscosity of the solutions shows the tendency to stabilized. 

 
Figure B2. Viscosity at a constant shear rate of 1.86 s

-1
 of the CS–PEO solutions  

having 2wt% polymer concentration and different acetic acid concentrations  

According to Figure B3, it is obvious that increasing chitosan concentration increased the viscosity of 

the electrospinning solutions. 

 
Figure B3. Viscosity of CS–PEO solutions with 50/50 mass ratio and 50% aqueous acetic acid 

at different solute concentrations  
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C.  Composition of the final electrospinning solutions 

Solution M100 

Solution M100 consisted of a chitosan–PEO blend (1:1 mass ratio) dissolved in 50 wt% acetic acid at a 

concentration of 3 wt%. Equations (C1) and (C2) correspond to the solute mass fraction of the 

electrospinning solution and indicate the quantity of the different compounds necessary for its 

preparation. 

Solute mass fraction: 

     
         

                      
                                                                                                                

     
                

          [                        ]
                                                                               

Table C1. Compounds necessary for the preparation of 100 g of M100 solution 

 
Compound Amount 

Solvent 
Acetic Acid 96% 50.5 g 

Deionized Water 46.5 g 

Matrix 
Chitosan Powder  1.5 g 

PEO Powder 1.5 g 

 

Solution M50ChNC50 

M50ChNC50 solution was made of 50 wt% matrix and 50 wt% chitin nanocrystals dispersed in 50wt% 

acetic acid at a final solute concentration of 3 wt%. In our laboratory, chitin nanocrystals were 

available in suspension in deionized water at a concentration of 9 wt%. This suspension contained a 

large amount of water which had to be taken into consideration for the preparation of the 

electrospinning solutions. Consequently calculations had to be made to determine the quantity of 

both nanocrystal suspension and deionized water necessary for the preparation of the solution with 

the desired composition.  

Solute mass fraction: 

     
                       

                      
                                                                                                                

     
[                  ]            

          [                        ]
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Consequently, to prepare 100g of M50ChNC50 solution, 48g (1.5g ChNCs + 46.5g water) of 3.1 wt% 

ChNC suspension was mixed with 50.5g of 96% AA and 1.5g of polymer powders. Besides, to obtain 

48g of 3.1 wt% ChNCs suspension, 16.5g of 9 wt% ChNC suspension was diluted with 31.5g of 

deionised water.  

Table C2. Compounds necessary for the preparation of 100 g of M50ChNC50 solution 

 
Compound Amount 

Solvent 
Acetic Acid 96% 50.5 g 

Deionized Water 31.5 g 

Matrix 
Chitosan Powder  0.75 g 

PEO Powder 0.75 g 

Reinforcement 9wt% ChNC suspension  16.5 g 

 

Solution M50CNC50 

Two different types of cellulose nanocrystals were used to prepare M50CNC50 solution: freeze-dried 

cellulose nanocrystals (so theoretically without any humidity content) and cellulose nanocrystals in 

suspension in deionized water at a concentration of 5.5 wt%. Solute mass fractions were used to 

determine the quantity of the different compounds necessary for their preparation. The calculations 

were similar to the previous ones, thus the results are directly summarized in Table C3 and C4. 

Table C3. Compounds necessary for the preparation of 100 g of M50CNC50-fd solution 

 
Compound Amount 

Solvent 
Acetic Acid 96% 50.5 g 

Deionized Water 46.5 g 

Matrix 
Chitosan Powder  0.75 g 

PEO Powder 0.75 g 

Reinforcement Freeze-dried CNCs 1.5 g 

 

Table C4. Compounds necessary for the preparation of 100 g of M50CNC50-susp solution 

 
Compound Amount 

Solvent 
Acetic Acid 96% 50.5 g 

Deionized Water 20.9 g 

Matrix 
Chitosan Powder  0.75 g 

PEO Powder 0.75 g 

Reinforcement 5.5wt% CNW suspension  27.1 g 
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D.  Distribution of the deposited fibers on the collector 

It was observed by visual detection that the produced mats had different aspects depending on the 

sampling area. In order to evaluate whether the fibers showed the same quality in every area of the 

collecting screen, glass slides were fixed by double-faced tape in different places onto the collector. 

The glass slides were observed by using an optical microscope after performing electrospinning for 

5 minutes, and the obtained OM images are shown in Figure D2. In addition, Figure D1 schematically 

shows the different areas where the electrospun fibers were collected. 

 
Figure D1. Sample collection on glass slides in different areas of the collector 

  

  
Figure D2. Electrospun fibers collected in the sampling area (a) Nr. 1; (b) Nr. 2; (c) Nr. 3; and (d) Nr. 4. 

a b 

c d 
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The observation of the electrospun fibers by optical microscopy revealed that depending of the 

sampling area, the number of collected fibers and the evaporation of solvent changed. In front of the 

needle tip (sample area Nr. 1), many fibers were collected, but splashed solution drops destroyed the 

deposited fibers (see Figure D2a). In the sampling area Nr. 2, much more fibers were collected but 

large “wet fibers” which destroyed the deposited fibers were still visible  see Figure D2b). Figure 2c 

shows the collected fibers in the sampling area Nr. 3. It was noticed that the fibers had few beads, 

and almost no solution drops were deposited in this area of the collector. In the sampling area Nr. 4, 

the electrospun fibers were defect-free and no drops sprayed onto the collector. Consequently, the 

electrospun mats were collected in the areas Nr. 2, 3 and 4.    
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E.  Used equipment for mat characterization 

Characterization of electrospinning solutions 

  
Figure E1. (a) Brookfield Viscometer DV-I Prime at 

CSIR laboratory and (b) SC4-21 spindle 

Characterization of as-spun mats 

 
Figure E2. Leica DFC 290 Optical Microscope at LTU 

laboratory 

 
Figure E3. FEI Quanta 200 Environmental Scanning 

Electron Microscope at CSIR laboratory 

 
Figure E4. Pyris 1 Thermogravimetric Analyzer from 

Perkin-Elmer at CSIR laboratory 

 

 
Figure E5. Micromeritics ASAP 2020 Surface Area and 
Porosity Analyzer at  hodes University’s laboratory 

(Grahamstown, South Africa) 

 

a b 
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Figure E6. Pyris Diamond DSC from Perkin–Elmer at 

CSIR laboratory 

 
Figure E7. LYSSY Water Vapor Permeability Tester 

L80-4000 at CSIR laboratory 
 

 

Characterization of rinsed and/or crosslinked mats

 
Figure E8. Scanning Electron Microscop Jeol 

JSM-6460LV at LTU laboratory 

 
Figure E9. Dynamic Mechanical Analyser QA 800 from 

TA Instrument at LTU laboratory 

 

 


