
  

 
 

ABSTRACT 

NAWALAKHE, RUPESH GAJANAN. Improving Healing Performance of Wound 
Dressing: Electrospinning of Chitosan-based, Cellulose-based Fibers and their Blends. 
(Under the direction of Drs. Abdel-Fattah M. Seyam and Samuel M. Hudson.) 
 

The overall goal of this research is to respond to the need for conducting fundamental 

research to develop and evaluate highly absorbable inexpensive chitosan/cellulose based 

structures with high surface area for wound dressings. The goal is achieved by forming and 

evaluating composite structures. The structures consist mainly of two components. The first 

is cellulose based hydrogelled materials or nanofiber layer capable of absorbing at least 10 

times of its weight of wound discharge liquids. The hydrogel fibrous structures are formed by 

grafting with a vinyl monomer to impart hydrophilic functional groups. The second is a 

nonwoven layer of nanofibers formed by electrospinning the nanofibers from chitosan-based 

solutions because chitosan is an excellent antimicrobial polymer. 

This research is focused on forming electrospun nonwoven layer from chitosan-based, 

cellulose-based polymer solution and their blends. Since chitosan cannot be electrospun, a 

chitosan derivative (iminochitosan) was synthesized and electrospinning trials of its solution 

were conducted. The correct blend of electrospinning parameters (polymer concentration in 

the solution, solution feed rate, and electrical field strength) that provide fiber formation was 

revealed and nanofibers webs were formed over woven gauze structures. Contact kill 

performance of the structures against range of microbes was carried out using the disc 

diffusion method. The results indicated that the developed nanofiber webs exhibited an 

excellent antimicrobial behavior. It was observed that the inhibition zone increases with 



  

 
 

increase in covering power of the iminochitosan layer and basis weight and decrease in fiber 

diameter. Also the fiber forming tendency increases with the decrease in the extrusion rate. 

Relationships describing the antimicrobial behavior of iminochitosan layer in terms of 

structural parameters (covering power, diameter, and basis weight) were developed. 

Additionally, structure parameters were related to electrospinning processing parameters 

(solution concentration, extrusion rate, and electrical field). 

To increase the absorbency of proposed wound dressing, a cellulose acetate liquid crystal 

fiberwebs were produced using electrospinning technology from high concentration solutions 

of cellulose acetate in Trifluoroacetic acid. The average absorbency of cellulose acetate 

fiberwebs was found to be 10-15 times compared to their original weight. 

To create antimicrobial high absorbent nanofiber layer, iminochitosan was blended with 

cellulose acetate. Different trials were carried out using electrospinning solutions from 

cellulose acetate and iminochitosan blend. The absorbency and antimicrobial properties of 

the structures were investigated. 

Electrospinning trials were conducted to form core/sheath fibers with iminochitosan as a 

sheath and cellulose acetate as a core. This was achieved by using two separate solutions and 

modified extrusion system. Core/sheath structure is believed to provide effective wound 

dressing in that iminochitosan acts as an antimicrobial while the cellulose acetate provides 

absorbency and strength. 
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1. INTRODUCTION 
Nanofibers provide a very large surface area due to their extreme small size which makes 

them compatible with human cells’ size and suitable to form products for filtration of sub-

particles, adsorption of biological and chemical warfare gases, medical industry as artificial 

blood vessels and organs, sutures, surgical facemask, wound dressing, and drug delivery 

systems. Chitosan is a naturally found antimicrobial agent. Realizing its availability and 

antimicrobial benefits in the medical textile filed and the high surface area of electrospun 

fibers, researchers conducted limited trials, which are detailed in the literature review section, 

to electrospin chitosan and chitosan-based polymer. 

Chitosan is the deacetylated derivative of chitin that is the second most abundant 

polysaccharide found on earth next to cellulose. There is not a sharp boundary in the 

nomenclature distinguishing chitosan from chitin [1]. Chitin is the main component in the 

shells of crustaceans, such as shrimp, crab, and lobster. It is also found in exoskeletons of 

mollusks and insects, and in the cell walls of some fungi [2, 3]. Chitosan is found in some 

fungi, but its quantity is so limited that it is mainly produced commercially by alkaline 

deacetylation of chitin [3]. Huge amounts of crab and shrimp shells have been abandoned as 

wastes by worldwide seafood industry. This has led to considerable scientific and 

technological interest in chitin and chitosan as an attempt to utilize these sustainable 

resources. Chitosan has become the preferred commercial form of these materials, as it is 

more tractable to solution processes than chitin. In the past thirty years, it has been  
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demonstrated by a number of researchers that chitosan has a great potential for a wide range 

of uses due to its biodegradability, biocompatibility, antimicrobial activity, nontoxicity, and 

versatile chemical and physical properties. The applications of chitosan include uses in a 

variety of areas, such as pharmaceutical and medical applications, paper production, textile 

dyeing and finishing, fiber formation, wastewater treatment, biotechnology, cosmetics, food 

processing, and agriculture [1, 2, 4-12].  

The nanofibers formation using electrospinning technique was first reported in 1934 and 

since then many researchers have conducted extensive work to form nanofibers from 

polymer melt or solution [13]. It is a very effective technique of making nanofibers from 

homopolymer compared to other methods such as self-assembly and phase separation and 

has the potential for large-scale manufacturing [14]. The nanofibers provide a very large 

surface area due to their extreme small size which makes them compatible with human cells’ 

size and suitable to form products for filtration of sub-particles, adsorption of biological and 

chemical warfare gases, medical industry as artificial blood vessels and organs, sutures, 

surgical facemask, wound dressing, and drug delivery systems [13, 15-17]. Researchers in 

the medical filed directed their attention to the process of electrospinning to produce 

chitosan-based nanofibers with limited success. Their efforts are addressed in the literature 

review section. 

As mentioned earlier chitin, (1-4)--linked homopolymer of N-acetyl-D-glucosamine, is 

produced in enormous amounts in the biosphere. It is the most abundant biopolymer next to  



  

3 
 

cellulose with an annual production of 1010 to 1011 tons [18]. Shrimp and Crab shells are 

waste products from canning industries and they are the best sources of chitin. Chitin has 

antimicrobial properties and promotes healing of burns and wounds. On the other hand, 

chitosan, which is deacetylated chitin, is used as a homeostatic agent, wound dressing, and 

bacteriostatic agent [19]. When chitin is deacetylated over about 60% it becomes soluble in 

dilute aqueous acids and is referred to as chitosan [20]. Chitosan is found in some fungi, but 

its quantity is so limited that it is mainly produced commercially by alkaline deacetylation of 

chitin [21].  

Through electrospinning, biocompatible polymers can be spun into a nano-sized mesh. This 

nanomesh is composed of fibers with a high surface area, and a nano-sized diameter that can 

be used to mimic a natural extra-cellular matrix (ECM), which acts as scaffolding that allows 

cells to attach, proliferate, differentiate, and develop essential functions within tissue [22-25]. 

Providing cells with an artificial ECM encourages tissue growth and therefore promotes 

healing. Using chitosan as a component in the extracellular matrix would also promote 

healing due to chitosan’s unique biological properties. Chitosan is biodegradable, 

biocompatible, nontoxic, a haemostatic, and a natural antibacterial agent [26-31]. 

The limited research published in the area of developing electrospun chitosan-based fibers 

has inspired carrying out research in this field. Wound dressing with electrospun chitosan-

based fiberweb combined with electrospun layer from cellulose acetate liquid crystal would 

provide antimicrobial, superior absorbency, and strength characteristics that are required for 

improving healing, physical and mechanical performance. 
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2. LITERATURE REVIEW 

This chapter covers previous research of areas relevant to the current work. Whenever 

possible, critical comments are provided. The topics covered include electrospinning trials of 

chitosan-based polymers, control of drug release, principle of electrospinning, and medical 

applications of chitosan-based and cellulose-based polymers. 

2.1. Synthesis of Chitosan 

Chitin sponges were obtained from shrimp residues using chemistry procedures. The residues 

include protein, fats, mineral salts, and chitin. Partial deproteinization was performed by 

grinding fresh residues with water during 30 seconds in a food blender obtaining 39.3% 

decibels (d.b.) partial deproteinized cephalothorax (PDC). The procedure produced 41% 

chitin [32]. The biopolymer, chitin is composed of (1®4)-2-acetamido-2-deoxy-ß-Dglucan, 

which is bio-degradable but not water-soluble. The acetyl group connected to an amine group 

in the C2 position on the glucan ring, may be removed by enzymatic or chemical hydrolysis 

in caustic soda. When the fraction of acetylated amine groups (FA) is lower than 0.35-0.40, 

the co-polymer of (1®4)-2-amino-2-deoxy-ß-D-glucan and (1®4)-2-acetamido-2-deoxy-ß-D-

glucan is referred to as chitosan [33]. Figure 1 shows the structure of chitin and its 

conversion to chitosan after deacetylation. 
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A) Chitosan         B) Chitin 

Figure 1 Chemical structures chitosan and chitin (chitin occurs as mostly the “m” or N-acetyl 
form and chitosan occurs as the “n” or amino form) [20] 

 

2.2 Application of Chitin and Chitosan in Controlled Drug Release 

A novel hydrogel was prepared based on crosslinking chitosan with glutaraldehyde 

interpenetrating polyether polymer network. The gel can hydrolyze in acid due to cleavage of 

imine bonds in the network below pH 7. At pH more than 7, there was no hydrolysis of the 

gel. This gel was used for the pH dependent release of drugs. The biodegradability and 

solubility of chitin in water was remarkably enhanced by carboxymethylation at C-6 

hydroxyl group of N-acetylglucoseamine residues [34]. Carboxymethyl chitin was used as a 

carrier for the controlled and sustained release of methaphetamine in subcutaneous injections. 

The injected drug was able to elicit a good response for a reasonable period of time [35]. 

Chitosan membranes were studied for the in vitro release of various drugs. Kinetics of drug 

release and relation between molecular weight and diffusion coefficient for chemicals such as 

acetamide and sodium salicylate were established. For all drugs tested, the kinetics of drug  
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release followed zero order [36]. A zero order process is one in which past behavior does not 

affect the future outcome. For example, in kinetics of drug release, the zero 

order hypothesis holds that the drug release observed next will not depend on the drug 

release observed earlier. 

2.3 Application of Cellulose Acetate in Medical Field 

Cellulose is naturally occurring material found in wood, cotton, hemp and other plant based 

materials, and consists of repeating anhydro-glucose units joined by β-(1,4) linkages, forming 

the basic repeating unit. Films and tubes manufactured from cellulose have historically been 

used in the treatment of renal failure, but their use for this purpose has declined in recent 

years in favor of films manufactured from synthetic material blends. As the clinical 

application of cellulose for dialysis declines appears to be used for microbial cellulose 

synthesized by Acetobactor Xylinum as a novel wound healing system and as scaffold for 

tissue regeneration, by using cellulose in the wound dressing along with chitosan not only 

increases the strength of material but also the absorption [37]. Absorption is important in 

wound healing as it absorbs the fluid from the wound and avoid the wound from further 

infection. 

2.4 Wound Healing Applications 

Chitosan lactate and methylpyrrolidinone-chitosan were found to be excellent for wound 

dressing [38]. Due to their excellent biocompatibility, biodegradability and wound healing 

properties, chitosan and chitin as wound dressing materials and absorbable sutures have been  
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studied [39, 40, 41]. Chitin and chitosan have been found to demonstrate haemostatic 

characteristics. The physical form of chitosan, along with its characteristics of molecular 

weight, degree of deacetylation, and degree of ionization, play a role in their haemostatic 

action and efficacy. By utilizing these characteristics it should be possible to design new 

physical and chemical forms of these materials with enhanced haemostatic capabilities for 

specific injury types [42]. 

2.5 Mechanism of Antibacterial Activity 

Several different mechanisms for microbial inhibition by chitosan have been proposed, but 

the exact mechanism is still not known. The most accepted one is the interaction of the 

positively charged chitosan with the negatively charged residues at the cell surface of many 

fungi and bacteria, which causes extensive cell surface alterations including cell permeability 

[43-49]. This causes the leakage of intracellular substances, such as electrolytes, UV-

absorbing material, proteins, amino acids, glucose, and lactate dehydrogenase. As a result, 

chitosan inhibits the normal metabolism of microorganisms and finally leads to the death of 

these cells. Fang et al [44] reported that the growth of Aspergillus niger was inhibited by 

chitosan. Chitosan at the concentration of 5.0 mg/ml induced considerable leakage of UV-

absorbing and proteinaceous materials from A. niger at pH of 4.8. In contrast, chitosan at pH 

of 7.6 and chitin at pH of 4.8 did not induce leakage, which suggests that the antifungal 

activity of chitosan is related to the polycationic nature of chitosan and is directly affected by 

the pH value. The leakage of nucleic acid and protein from Escherichia coli was observed by  
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Hwang et al [45] in their study on the bactericidal activity of chitosan on E. coli. 

Transmission Electron Microscopy (TEM) revealed that the outer cell wall of E. coli was 

greatly distorted and frayed, and the cytoplasmic membrane was detached from the inner part 

of the cell wall after chitosan treatment. Tsai and Su [46] observed the chitosan-induced 

leakage of glucose and lactate dehydrogenase from E. coli cells and suggested that the death 

of cells resulted from the interaction between chitosan and the E. coli cell that changed the 

membrane permeability, which resulted in the leakage of intracellular components such as 

glucose and lactate dehydrogenase. Young et al [48, 49] suggested that chitosan induces the 

leakage of electrolytes, protein, and UV-absorbing material from Glycine max and Phaseolus 

vulgaris cells. Severe damage to the G. max cell membrane by chitosan was indicated by 

reduced staining with fluorescein diacetate and the leakage of fluorescein from preloaded 

cells [48]. Another mechanism is that the positively charged chitosan interacts with cellular 

DNA of some fungi and bacteria, which consequently inhibits the RNA and protein synthesis 

[50, 51]. In this mechanism, chitosan must be hydrolyzed to a lower molecular weight (MW) 

to penetrate into the cell of microorganisms. However, this mechanism is still controversial. 

Tokura et al [52] examined the antimicrobial action of chitosan with weight average MW of 

2,200 and 9,300 having degree of deacetylation (DD) of 0.54 and 0.51, respectively. It was 

observed that the chitosan of MW 9,300 was stacked on the cell wall and inhibited the 

growth of E. coli. However, the chitosan of MW 2,200, which permeated into the cell wall, 

accelerated the growth of E. coli. They suggested that the antimicrobial action is related to  
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the suppression of the metabolic activity of the bacteria by blocking nutrient permeation 

through the cell wall rather than the inhibition of the transcription from DNA. 

2.6 Blending Cellulose and Chitosan  

The special characteristics and uses of chitosan, such as its use in separations, adsorption, 

immobilized enzyme systems, and polymer catalysis are explored in the context of the blends 

of cellulose and chitosan. Well-mixed blends of cellulose and chitosan films with sufficient 

physical strength can be prepared by using of trifluoroacetic acid as a co-solvent for both 

cellulose and chitosan. This behavior is consistent with the similarity of both the primary and 

secondary structures of the two linear polysaccharides [42, 53]. Cellulose-chitosan blend 

films with varied mixing ratios were prepared by dissolving the polymers in 

chloral/dimethylformamide followed by casting onto glass plates [54]. The tensile strength 

and Young's modulus of the blended films were greater than those of unblended individual 

components. Chitosan in the blend films showed increased resistance to extraction with 

acetate buffer (pH 4.5), which might indicate the occurrence of specific interactions between 

cellulose and chitosan molecules (probably based on the structural similarity). In other 

words, blending cellulose with chitosan leads to novel desirable characteristics, including 

improved mechanical properties, increased stability of chitosan, and higher solute 

permeability, i.e. blending is useful in preparing cellulosic materials containing immobilized 

amino groups [54]. 
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Blended chitosan/cellulose in form of beads was prepared by Twu et al [55] via homogenous 

dissolution of chitosan and cellulose in N-methyl morpholine-N-oxide followed by spray 

drying process to yield microspheres with diameters below 3 m. These beads have potential 

applications for odor treatment as well as metal ions adsorption. 

Microcrystalline chitosan in form of gelatinous water dispersion is mixed in the ratio of 1:2 

with sodium alginate and added into the viscose alkaline solution. Sodium alginate is added 

because the usual viscose wet spinning process is not possible by mixing 3-6% 

microcrystalline chitosan with the viscose solution due to particle flocculation on the 

spinneret. The resulting hybrid-fibers showed a normal appearance, slightly reduced tenacity, 

increased water retention and elongation compared to the standard viscose fibers [56]. Water-

soluble O-hydroxy-propyl chitin (HPC) derivatives were prepared by the reaction of chitin 

with propylene oxide in homogeneous conditions using a dimethyl-Acetamide/5% lithium 

chloride system. The reaction conditions for a proper substitution of the hydroxyl-propyl 

group were at 80oC reaction temperature, 24 hours reaction time, and 48 hours aging time. 

The solubility of HPC derivatives was strongly dependent on the substitution value (SV) of 

the hydroxypropyl group with critical SV of 0.35 [57]. For the sake of comparison and 

characterization, Hirano et al [58] prepared wet-spun blend bio-fibers of cellulose-silk-

fibroin and cellulose-chitin-silk-fibroin. The spinning solutions (mixtures of sodium salts of 

silk-fibroin and cellulose xanthate or the latter two salts and alkaline chitin) in aqueous  
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NaOH were spun at room temperature through a spinneret (0.1 mm in hole-diameter) into a 

10% aqueous sulphuric acid solution containing 40-43% ammonium sulphate. The blended 

fibers possess higher tenacity and elongation at break in absence of chitin than in its 

presence. 

2.7 Electrospinning of Cellulose Based Fiber 

Electrospinning trials with solution from cellulose derivatives were carried out [59, 60]. 

Cellulose derivatives of carboxymethyl cellulose sodium salt (CMC), hydroxypropyl 

methylcellulose (HPMC), methylcellulose (MC), and enzymatically treated cellulose have 

been electrospun, and the microstructure of the resulting nanofibers has been analyzed by 

scanning electron microscopy (SEM). Before electrospinning, the solutions were 

characterized by viscometry and surface tension measurements, and the results were 

correlated with spinnability. Four different CMC derivatives, varying in molecular weight 

(Mw), degree of substitution (DS), and substitution pattern, have been electrospun in 

mixtures with poly (ethylene oxide) (PEO), and nanofibers of various characteristics have 

formed [59]. 

Three solvents (acetone, acetic acid, and dimethylacetamide (DMAc)) with a range of 

solubility parameter δ, surface tension γ, viscosity η and boiling temperature were used to 

generate mixtures for electrospinning cellulose acetate (CA) with a degree of substitution of 

2.45. Although none of these solvents alone enables continuous formation of fibers, mixing 

DMAc with either acetone or acetic acid produced suitable solvent systems. The 2:1 acetone:  
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DMAc mixture is the most versatile mixture because it allows CA in the 12.5–20% 

concentration range to be continuously electrospun into fibrous membranes [60]. 

2.8 Electrospinning of Chitosan, Feasibility Study 

In a feasibility study, Vrieze et al [61] suggested that chitosan could be electrospun using 

90% acetic acid as solvent and 4-5% concentration of chitosan. In this work, trials showed 

that chitosan was not dissolved in 90% acetic acid and thus could not be electrospun. Details 

of the trials are reported later in section 5.1.1. 

2.9 Electrospinning of Chitosan Blends 

Since electrospinning of chitosan as a homopolymer was not possible, chitosan was spun 

with its blend with other polymer. Electrospinning of fibers were formed from chitosan/poly 

(vinyl alcohol)/ acrylic acid aqueous solutions with different concentrations. With a 4% 

acrylic acid aqueous solution, when the chitosan/poly (vinyl alcohol) mass ratios were lower 

than 80/20, electrospinning nanofibers could be obtained. With a 90% acrylic acid (as a 

solvent) aqueous solution, chitosan/ poly (vinyl alcohol) mass ratios of less than 95/5 formed 

good nanofibers using electrospinning. The average diameter of the nanofibers gradually 

decreased, and its distribution became narrower as the poly (vinyl alcohol) concentration 

increased [62]. The researchers did not report antimicrobial behavior of the developed 

structure and with higher poly (vinyl alcohol) the reduction in healing performance may take 

place. 

The collagen-chitosan (Collagen is the main protein of connective tissue in animals and the  
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most abundant protein in mammals making up about 25% of the whole-body protein content) 

complex nanofibers have been prepared for the first time by electrospinning [63]. Mixing (1, 

1, 1, 3, 3, 3 hexafluoro-2-propanol/trifluoroacetic acid) HFP in TFA with volume ratio of 

90/10 was found to be the appropriate concentration in TFA solvent for electrospinning. The 

concentration of the spinning solution and the ratio of chitosan/collagen were varied and 

adjusted to get smooth nanofibers. It was found that the diameter of the spun fibers became 

thicker with the concentration of the solution increasing and became finer with the ratio of 

the chitosan/collagen increasing [63]. There was no antimicrobial assessment reported in this 

paper. 

An attempt to produce fibers from chitosan and cellulose blend using electrospinning did not 

achieve the objective. Instead, films of cellulose and chitosan blends were obtained using 

trifluoroacetic acid (TFA) as a co-solvent for the two polysaccharides. Analyses of X-ray 

diffractograms, scanning electron micrographs, and the mechanical properties of the films 

suggest that cellulose and chitosan are intimately blended in the films. This behavior is 

consistent with the similarity of both the primary and secondary structures of the two linear 

polysaccharides [60]. 

2.10 Challenges of Electrospinning Chitosan and Cellulose Nanofibers 

Even though electrospinning is a widely accepted technique for making nanofibers, it is still 

challenging to obtaining continuous chitosan or cellulose nanofibers with well regulated 

diameter distributions and maintaining a stable process [21-23]. Making natural polymer at  
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nano scale is considerably more difficult than making synthetic polymer nanofibers mainly 

due to the fact that natural polymers’ solubility is limited and impossible to melt [12].  

Using electrospinning technique to obtain chitosan or cellulose nanofibers is under extensive 

research and rapid development. Very recently, electrospun chitosan-based (chitosan with 

PEO and Triton X-100 TM) fibers with average diameters of 38–62 nm have been reported 

[17]. Cellulose nanofibers have also been produced with diameters of 200–400 nm [64]. The 

chitosan blended with PEO or cellulose fibers produced were clearly identified as nanofibers 

by measuring their diameters from their scanning electron microscopy (SEM) images. 

Solvent system is very important for successful electrospun chitosan/cellulose nanofibers. 

Research on developing solvent systems suitable for chitosan and cellulose [42, 53-56, 61-

62] has been reported recently. 

Bhattarai et al studied Electrospun Chitosan/PEO blended  Nanofibers and their cellular 

compatibility in tissue engineering. Viscosity of a polymer solution is the characteristics of 

intermolecular interactions between polymer chains [17]. The high viscosity of chitosan 

solution is due to the strong hydrogen bonding between NH2 and OH groups of chitosan 

polymer chains. Bhattarai et al blended chitosan and PEO to decrease viscosity. The 

decrease in viscosity with addition of PEO can be attributed to the change in inter and 

intramolecular interactions of chitosan chains. PEO molecules bound onto chitosan backbone 

disrupt the self-association of chitosan chains by forming new hydrogen bonding between its  
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OH groups and water molecules. Physically, this modulation in associative forces by PEO is 

manifested as an increase in chitosan solubility and a decrease in its solution viscosity. 

As illustrated in Figure 2, the maximum chitosan/PEO ratio for making a spinnable solution 

is 90/10 in 0.5M acetic acid as solvent, above which the spun product exhibited a nonuniform 

structure or droplets. However, at 90/10 chitosan/PEO ratio, the electrospinning did not 

produce the desired fibrous structure; instead, a structure of short fibers embedded with a 

considerable amount of beads was seen (Figure 2A). To improve the spinnability of the 

polymer solution at the chitosan/PEO ratio of 90/10, a small amount of Triton X-100TM was 

introduced into the stock solution as a surfactant. Figure 3 shows the electrospun structures. 

Figure 3A shows the SEM image of the electrospun structure when 0.3 wt% of Triton X-

100TM was introduced in the solution at a polymer concentration of 2.05wt% and a 

chitosan/PEO ratio of 90/10. Compared to the same solution without the surfactant (Figure 

3B), the addition of Triton X-100TM substantially improved the electrospun structure. 

Although a fibrous structure was produced as a result of addition of Triton X-100TM, the 

bead-like structure was still seen embedded in the  fibers. Further improvement in structural 

uniformity was achieved by introducing DMSO as a cosolvent in the polymer solution. 

Similar approaches have been reported in using polar or nonpolar cosolvents to improve the 

electrospinnability of polymer solutions [65-67]. 

Still there is scope of doubt whether the fibrous structure in the image represents chitosan or 

not. There might be a possibility that the beaded structure in the fibers is chitosan and the  
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fibers that are formed mainly consist of PEO instead of chitosan and PEO as a blend. The 

researchers should have analytically looked at the structure. 

 

 

Figure 2 SEM images of electrospun structures prepared from solutions of different polymer 
concentrations and chitosan/PEO weight ratios: (A) 2% and 100/0; (B) 2.05% and 90/10; (C) 

2.1% and 80/20; and (D) 2.2% and 60/40 [17] 

 

Figure 3 SEM images of electrospun structures (chitosan/PEO ratio, 90/10) prepared from 
0.5M acetic acid solutions containing: (A) 0.3% Triton X-100TM, (B) and (C) 0.3% Triton 
X-100TM and 10% DMSO. Fibers in (B) were collected on a stationary collector whereas 
fibers in (C) were collected on a cylindrical collector with a rotating speed of 2000 rpm. 
Images (D) and (E) are the high-magnification images of (B) and (C), respectively [17] 
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Bhattarai, et al carried out further experiments to obtain the aligned electrospun nanofibers. 

The ability to align electrospun fibers has interesting implications in tissue engineering, 

particularly for development and remodeling of both native and engineered heart tissues. A 

rotating collector can be used to produce fibrous structures with a certain degree of alignment 

dependent on the rotating speed. The degree of the fiber alignment increased initially with 

increasing rotating speed, and the highest attainable degree of alignment was achieved at a 

speed of ~2000 rpm above which no apparent improvement was observed. Figures 4A and B 

show an exemplary image of a fiber bundle prepared with a wire collector of 200 μm in 

diameter. The bundle has a diameter of ~50 μm and contains fibers with an average diameter 

of 115 +/-10 nm. 

 

Figure 4 (A) A fiber bundle collected on the surface of a thin copper wire mounted on a 
rotating drum; (B) high-resolution SEM image of aligned nanofibers in the bundle shown in 

(A). The chitosan/PEO ratio was 90/10 with 0.3wt% surfactant and 10% DMSO [17] 
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PEO has a high solubility in water, and electrospun pure PEO fibrous membranes dissolve 

quickly in water at 37 ˚C. Thus, it is of practical interest to study the effect of the amount of 

PEO in chitosan/PEO nanofibers on the integrity of the nanofibrous structure in water. As 

shown in Figure 5 (bottom panel), the membrane made of nanofibers containing 40 wt% 

PEO completely lost its initial fibrous structure after immersion in water for 7 days. For the 

membrane made of nanofibers with 10 wt% PEO (top panel of Figure 5), no significant 

change in morphology was observed in the same period and the integrity of the fibrous 

structure was retained in water.  

 

Figure 5 SEM images of nanofibers with chitosan/PEO weight ratios of 90/10 (top panel) and 
60/40 (bottom panel), respectively, showing morphologies of fibrous structures after 

immersion in water (pH 7.5) at room temperature for different times. [17] 
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2.11 Nature of the Taylor Cone Formed during Electrospinning 

In electrospinning, the formation of solution jet plays an important role in extrusion of the 

solution and formation of the fibers. A polymer solution at rest (in the syringe) contains an 

equal number of positive and negative ions and hence is uncharged. Charging of a polymer 

solution to initiate the electrospinning process refers to the generation of enough excess 

charges in the solution that are of a given polarity (commonly positive). The electrical 

influence of these charges in the solution is not cancelled because of the absence of the 

charges of the opposite polarity [68]. When a high electrostatic field is applied to the polymer 

solution flowing out of the capillary, it is pulled to form a droplet which resembles a section 

of a sphere as a result of the interaction between the surface tension of the liquid and the 

electrostatic attraction force [68]. Excess charges in the solution tend to move toward the part 

of this shape that protrudes the most and the subsequent charge accumulation causes the 

shape to distort and extend more to eventually form a conical shape mathematically 

described by Taylor [68, 69]. This shape is known as the Taylor cone. Accumulation of the 

charge at the tip of the cone increases the charge density in that region even further. The 

passage of the charges through the jet is not instantaneous. The charges whose drift velocity 

through the solution is less than the axial velocity of the jet transfer the electrical force to the 

polymer molecules. The radius of the jet decreases with the increase in the distance from the 

capillary. Once a certain value of radius at which perturbations develop due to the repulsion 

of charges the jet follows a straight path. This causes the jet to buckle and lead to the bending  
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instability which sets in the whipping motion in the jet [68, 71]. This involves an array of 

bends that leads to a series of spiraling loops with growing diameters (Figure 6A) that result 

in thinning of the jet gradually [68]. This action results in a draw ratio as high as 60,000 and 

produces fibers in the nanometer range as the solvent evaporates and the jet solidifies [68].  

 

Figure 6 Bending instability in the jet, A: Onset of the instability and growing nature of 
spiraling loops, B: Secondary smaller bending instability [68] 

 

The reason for the initial jet buckling and the subsequent growth of the spiraling loops was 

explained by Reneker et al [68] using a mathematical approach. To develop the theory they 

assumed that in a rectilinear electrified jet, the electrical charges interact mainly by 

Coulomb’s law and indicated that such a static system is rendered unstable according to the 

Earnshaw’s theorem. The latter shows that the perturbations occur in such a system due to 

the repulsion of like charges. This is the case when collector surface is stationary and 

nanofibers get collected on the surface in a random orientation. However, if rotating drum is  
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used instead of stationary surface, fibers tend to orient in the machine direction and if the 

speed of the drum is high enough the fibers will be mostly oriented in machine direction as 

shown in Figure 4. To elaborate this and to describe the onset of bending instability, Reneker 

et al [68] considered 

three point-like charges in a straight line, with charge ‘e’ each (Figure 7). Coulombic forces 

from charges A and C act on B from opposite direction and perpendicular to the jet direction. 

The perturbation δ due to the repulsion of these charges results in the deflection of point B to 

B′. 

 

Figure 7 Illustration of the Earnshaw instability, leading to bending of an electrified jet [68] 

The net force due to the charges A and C acts on B in a perpendicular direction to the jet 

movement and causes this charge to move further away from the axial direction of the jet.  
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This introduces the initial bend into the jet. Due to the continuation of this phenomenon, the 

charge B continues to move away from the jet axis. Since, this charge is still attracted 

towards the grounded collector, it follows a spiral path with growing radius resulting into the 

whipping action [68]. The authors showed that such a phenomenon can be described by the 

following equation: 

 

where, m is the mass of the point charge, ℓ  is the initial distance between the subsequent 

point charges, and δ0 and δt are the perturbations at time zero and t, respectively. This shows 

that the small perturbation developed grows exponentially and is sustained because the 

electrostatic potential energy of this system decreases as e2/r as the perturbation grows. This 

causes the growing bending instability to develop. 

It has been commonly accepted that the bending and the subsequent whipping trajectory of 

the polymer jet is essential to achieve fibers in the nanometer range as the stretching of the 

jet mainly occurs in this region [68, 71]. The whipping is a function of complex phenomena 

involving the polymer fluid mechanics and the electrohydrodynamics and is, therefore, 

governed directly by many factors including fluid properties and the process parameters [68, 

71]. Some of the important factors in this regard are: solution viscosity, conductivity, surface 

tension and the strength of the electric field. As these parameters affect the process, they also 

indirectly affect the fiber morphology. Other factors that mainly affect the fiber size and  
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morphology include: solution feeding rate, capillary diameter, and distance between capillary 

and collector.  

2.12 Co-axial Electrospinning for Core/Sheath Structures 

In core/sheath, two dissimilar polymers or materials are spun together co-axially to form 

core-sheath nanofibers. Sun et al [72] first reported this approach and proved the feasibility 

of producing bicomponent nanofibers using electrospinning. Since then many studies have 

been published that have shown the potential for producing variety of structures using the 

process. 

Such structures include: (1) Core-sheath bicomponent nanofibers, (2) Fibers from non-

electrospinnable materials, (3) Hollow fibers. 

Each of these structures has led to different applications and together they have greatly 

expanded the scope of the electrospinning technology. This section describes the spinning 

process and various studies reported to produce different types of structures. Also detailed 

are the findings regarding the material and process parameters critical for the formation of 

core-sheath fibers. 

2.12.1 General Set-up and the Process 

The general set up adopted by most researchers is quite similar to that used for conventional 

electrospinning. A modification is made in the spinneret by inserting a smaller (inner) needle 

that fits concentrically inside the bigger (outer) needle to make co-axial configuration [73] 

(Figure 8). The outer needle is fixed to the syringe containing the sheath solution and the  
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inner is fixed to the one containing the core solution. The feeding rates of the solutions are 

controlled using either metering pumps [74] or air pressures [60]. In some research, the 

sheath solution was even exposed to the atmospheric pressure and allowed to flow due to 

gravity in an open syringe [75-77]. The arrangement required in these cases was vertical as 

shown in Figure 8. Co-axial spinning could also be conducted using polymer melts, for 

which a heating system is used that surrounds the reservoir [78]. The concept of the process 

of co-axial electrospinning is similar to that of the single jet electrospinning [72, 79]. When 

the polymer solutions are charged using high voltage, the charge accumulation occurs 

predominantly on the surface of the sheath liquid coming out of the outer co-axial capillary 

[79]. The droplet of the sheath solution elongates and stretches due to the charge-charge 

repulsion to form a conical shape and once the charge accumulation reaches a certain 

threshold value due to the increased applied potential, a fine jet extends from the cone. The 

stresses generated in the sheath solution cause shearing of the core solution via “viscous 

dragging” and “contact friction” [80]. This causes the core liquid to deform into the conical 

shape and a compound co-axial jet develops at the tip of the cone. This is illustrated in Figure 

9. On the way to the collector, as happens in the single fluid electrospinning, the jet 

undergoes bending instability and follows a back and forth whipping trajectory, during 

which, the two solvents evaporate, and core-sheath nanofibers are formed [72,74]. 
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Figure 8 Diagrammatic representation of electrospinning of the core/sheath fiber [73] 

 

 

Figure 9 Schematic illustration of compound Taylor cone formation (A: Surface charges on 
the sheath solution, B: viscous drag exerted on the core by the deformed sheath droplet, C: 

Sheath-core compound Taylor cone formed due to continuous viscous drag) [73] 
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2.12.2 Core/Sheath Bicomponent Nanofibers 

Core/sheath configuration provides potential for achieving unique properties from a product 

that are difficult to obtain from the constituent materials if spun separately. This approach 

can be broadly viewed as combining materials, such that the two materials maintain their 

separate identities, with the core material completely surrounded by the sheath material. 

Core/sheath fiber formation could also be viewed as a one step process for obtaining a 

surface modified or a coated product. Various studies in this category, with their objectives, 

and materials used, are listed in Table1. Feasibility study of producing such structures was 

first reported by Sun et al [72]. They used two systems in this study: PEO Sheath and PEO 

core and PEO sheath and polysulfone (PSU) core. For PEO sheath and PEO core, same 

solvent was used for both components. The authors showed that the fiber formation process 

was sufficiently fast and, therefore, no mixing of the two solutions occurred. For the second 

system, immiscible solvents were used (water + ethanol and chloroform). The researchers 

showed that with both systems core-sheath nanofibers could be successfully formed (Figure 

10). Subsequently, Zhang and co-workers [75] demonstrated the feasibility of preparing core-

sheath nanofibers using two biodegradable materials: polycaprolactone (PCL) as the sheath 

and gelatin as the core (Figure 11). The structures suited for use in tissue engineering and 

drug delivery. The authors showed that the size of the core could be controlled by simply 

varying the core polymer solution concentration (Figure 12). They also found that by 

increasing the core dimension, the overall diameter of the bicomponent fibers increased  
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(Figure 12). They also found, that with an increase in the core diameter, the thickness of the 

sheath decreased, which was due to the same mass of the sheath distributed over a larger 

core. However, the statistical significance of the difference between the diameter values was 

not reported. 

Table 1 Parameters of core/sheath bicomponent fibers of previous studies 
 

Sheath/ 
core 

polymers 

Solvents Fiber 
Dia. (nm) 

Total 
(core)

Objective of the study Reference
 Sheath Core 

PEO/ 
PEO 

Water 
+ 

Ethanol 

Water 
+ Ethanol 

3000 
(2000) 

To demonstration 
feasibility of the coaxial 
electrospinning process 

72 

PEO/ 
PSU 

Water 
+ 

Ethanol 

Chloroform 60 (40) To demonstration 
feasibility of the coaxial 
electrospinning process 

72 

PCL/ 
Gelatin 

TFE TFE 100 to 300 
( < 100) 

To demonstrate 
core/sheath fiber 
formation using 

biodegradable materials 

75 

PCL/ 
Gelatin 

TFE TFE 200 to 500 
(61 to 180)

To improve mechanical 
performance 

77 

Collagen/ 
PCL 

HFIP TFE 385 (321) To improve surface 
biocompatibility of 
nanofibers for tissue 

engineering application 

76 

PVP/ 
PLA 

DMF 
+ 

Ethanol 

DMF 
+ Acetone 

400 to 500 
(200 to 

300) 

To prepare biodegradable 
composite nanofiber 
structure for possible 

controlled particle release 
application (e.g. drug 

delivery ) 

81 
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Figure 10 Core-sheath bicomponent fibers using two different polymer systems [72] 

 

 

Figure 11 Core-sheath nanofiber from gelatin and PCL [75] 
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Figure 12 Effect of core solution concentration on the core diameter and the overall fiber 
diameter [75] 

 

Along the same lines, Zhang and co-workers [77] prepared core-sheath nanofiber using 

collagen as sheath and PCL as core (Figure 13) to improve the biocompatibility of the 

structure. They compared the fibroblast cell proliferation among the collagen-PCL sheath-

core, collagen coated PCL, and pure PCL nanofiber scaffolds. The authors showed that the 

core-sheath structure favored cell proliferation and migration into the scaffold (Figure 13 

Right). In this study, however, the technology for the formation of core-sheath fibers and the 

effects of various factors on the uniformity of the fibers were not discussed. 
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Figure 13 Collagen-PCL bicomponent fiber (Left), and comparison of the cell proliferation 
behavior on various scaffold types (Right) [76] 

 

A study published by Sun et al shows the use of a combination of biodegradable polymer 

poly(vinyl pyrrolidone or PVP) and poly(D,L-lactide) (PLA) in a core/sheath setting for 

potential drug delivery applications [81]. The study focused on the technology of the fiber 

formation in which the authors examined the effect of core polymer concentration and the 

core and the sheath flow rates on the bicomponent fiber formation. They found that an 

increase in the core solution concentration from 6% to 8% did not show any effect on the 

overall fiber diameter. The reasons behind this finding were not explained in the paper. The 

authors also demonstrated that the flow rates of the solutions were critical in the formation of 

core-sheath structures. Two sets of rates were used while keeping the polymer concentrations 

constant. When the sheath and core flow rates were 0.1 and 0.05 ml/hr, respectively,  
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bicomponent fibers were formed (Figure 14 Left) but when the rates were reduced by half 

(0.05 ml/hr for the sheath and 0.025 ml/hr for the core), no bicomponent fiber formation was 

observed (Figure 14 Right). The authors stated that the sheath flow rate was insufficient to 

incorporate the core, which led to the separate fiber formation from the core and the sheath. 

 

Figure14 Effect of flow rates on the bicomponent fiber formation, Left: Core-sheath fiber 
(sheath- 0.1ml/hr, core-0.05ml/hr), Right: Separate fiber formation (sheath- 0.05ml/hr, core-

0.025 ml/hr) [81] 

2.12.3 Fibers from Non-Electrospinnable Materials 

In this novel approach using the technique of co-axial electrospinning, it has been shown that 

the sheath could act as a template and guide the core material to form fibers even if the latter 

was not capable of forming fibers by itself in single jet electrospinning. Pure fibers of these 

materials could then be obtained after selectively removing the sheath using a suitable 

solvent. 

Some materials are non-electrospinnable due to their low molecular weight, limited 

solubility, unsuitable molecular arrangement, or lack of required viscoelastic properties 

[72,74-79,82]. Conductive polymers, metals or some natural polymers that cannot form  
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fibers by themselves for the reasons mentioned could therefore be spun using this approach 

and find unique applications in the fields of electronics, optics and biomedical. The obvious 

requirement for this approach, is that the sheath polymer is effectively electrospinnable by 

itself and should possess appropriate viscosity [74]. 

In a study by Sun et al [81], the researchers demonstrated the feasibility of the approach by 

producing fibers from a polymer Poly (dodecylthiopene) (PDT) and a metal salt (palladium 

(II) diacetate (Pd(OAc)2 )) neither of which could form fibers by themselves. 

In another research carried out at NC state university by Gorga et al, polyethylene oxide 

(PEO) was used as a template to fabricate chitosan nanofibers by electrospinning in a core-

sheath geometry. According to authors chitosan nanofibers can be obtained by core/sheath 

electrospinning of chitosan (core) and PEO (sheath). After washing off the sheath with water, 

chitosan nano fiberweb is obtained as shown in Figure 15. Solutions of 3 wt % chitosan (in 

acetic acid) and 4 wt % PEO (in water) were found to have matching rheological properties 

that enabled efficient core-sheath fiber formation. After removing the PEO sheath by 

washing with deionized water, chitosan nanofibers were obtained. Electron microscopy 

confirmed nanofibers of 250 nm diameter with a clear core-sheath geometry before sheath 

removal, and chitosan nanofibers of 100 nm diameter after removing the sheath by washing 

the fiberweb with water. The resultant fibers were characterized with IR spectroscopy and X-

ray diffraction, and the mechanical and electrical properties were evaluated [82]. 
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Figure 15 SEM images of electrospun chitosan-PEO core-sheath nanofibers. (A-C) Samples 
before H2O rinse and (D-F) samples after H2O Rinse [82] 

 

2.12.4 Formation of Hollow Nanofibers 

Another unique application of the co-axial electrospinning process has been in developing 

hollow nanofibers or nanotubes from ceramic and ceramic-polymer composites that are 

otherwise commonly prepared using tedious processes such as self-assembly and template 

synthesis [85, 86]. The concept of making hollow fibers at nano level involves the selective 

removal of the core from the bicomponent fiber to obtain hollow nanofibers. The idea of 

producing nanotubes using the co-axial electrospinning was first reported, independently, by  
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Li and Xia [80] and Loscertales et al [85]. Both produced ceramic and composite hollow 

nanofibers. Nonpolymeric liquid was used as the core solution, which was either heavy 

mineral oil as used by Li and Xia [80] or olive oil or glycerin as used by Loscertales et al 

[85]. Li and Xia [80] used a combination of polymer PVP and a ceramic precursor Ti(OiPr)4, 

dissolved in ethanol, as the sheath solution and heavy mineral oil as the core. After 

hydrolysis of the precursor, simply by a prolonged exposure to air, the oil was extracted 

using octane. The structure was further calcinated to obtain pure titania nanotubes (Figure 

16). 

 

Figure 16 Hollow composite nanofibers prepared by co-axial electrospinning technique 
Left: SEM image, Center: Fibers obtained using the oil feeding rate of 0.1 ml/hr, Right: 

Fibers obtained using the oil feeding rate of 0.3 ml/hr [80] 

According to the authors, the dimensions of the hollow nanofibers, in terms of the inner 

diameter and the wall thickness, can simply be varied by changing the feeding rate of the oil 

(0.1 ml/hr to 0.3 ml/hr). The dimensions of the hollow fibers obtained were: inner diameter 

200 - 370 nm, and wall thickness 20 - 50 nm (Figure16). Loscertales et al [85] prepared silica 

nanotubes in a similar way by using tetraethyl orthosilicate (TEOS) as the sheath (Figure 17). 
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Figure 17 Silica nanotubes prepared by co-axial electrospinning technique [85] 

Li and Xia [80] stated that the presence of ceramic precursor in the polymer solution was 

essential not only to stabilize the compound jet and entrain the oil uniformly but also to form 

rigid walls necessary to maintain the tubular shape. Loscertales et al [85], suggested that the 

sheath should withstand the capillary forces during the core extraction in order to maintain 

the hollow fiber morphology [85]. Pure polymers lack the degree of hardness required in the 

wall and tend to collapse after the removal of the core and therefore, preparation of 

nanotubes comprised of pure polymers has not yet been reported [86]. Li and Xia further 

stressed that the use of immiscible solutions was necessary to form continuous hollow fibers 

with a smooth interior surface [80]. The experiments with miscible solution were carried out 

to observe the effect on fiber formation. When a miscible solution of PVP was used in the 

core, instead of the oil, they observed that no hollow structure was present after removing the 

core polymer due to mixing of the two polymer solutions during the spinning process [80]. 

2.13 Role of Solution Viscosity 
 
Solution viscosity is one of the most influential factors that affect the nanofiber formation. It 

is directly controlled by the molecular weight (fixed concentration) or the solution 

concentration (fixed molecular weight). Empirical evidence reported by number of  
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researchers indicates that by increasing the solution concentration, transitions occur from 

beads to beaded fibers to homogeneous fibers [87-90]. As an example, Fong et al in one of 

the earlier studies showed that by varying the viscosity of polyethylene oxide (PEO) (MW: 9 

X 105 g/mol) in water from 13 to 1250 cP by increasing the solution concentration from 1 to 

4 wt%, transitions from beads to uniform nanofibers could be effectively achieved (Figure 

18) [87]. 

 

Figure 18 Effect of solution viscosity on the fiber morphology [87] 

This effect of viscosity is more fundamentally associated with the presence (or absence) of 

the polymer chain entanglement network in the solution [89, 91, 92]. Entanglements in a 

solution or melt occur as a result of physical interlocking of two or more chains due to 

overlapping [89]. Initially, at low solution concentrations, the jet tends to break up into small 

droplets due to the increase of surface tension, which tends to minimize the surface area of  
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the jet. This phenomenon is known as Rayleigh instability [87, 92]. Beads form primarily due 

to this break up. The critical amount of chain entanglements offer high resistance to the jet 

break up and the Rayleigh instability is subdued. This results in continuous fiber formation. 

If the entanglements are present, but the extent of chain overlap is below the critical value, 

Rayleigh instability is not completely eliminated. This leads to the formation of fibers with 

beaded morphologies [91, 92]. The higher degree of chain entanglements than that critically 

required, on the other hand, results in an increase in the viscoelastic force in the jet that 

counteracts the stretching coulombic force and fiber diameter increases [89, 92- 94]. When a 

solution of lower viscosity is used, a higher voltage may favor the formation of secondary 

jets during electrospinning. This has the effect of reducing the fiber diameter. Shenoy et al 

[92] performed a semi-empirical analysis to quantify the minimum requirement of the degree 

of chain entanglements that produced uniform bead-free nanofibers. They expressed the 

entanglement density in terms of the entanglement number (ηe) soln’ defined as 

(ηe) soln = Mw / (Me) soln = ФpMw / (Me)melt             

Whereas, Mw is the weight average molecular weight of the polymer, φ p is the volume 

fraction of the polymer in the solution, (Me)soln and (Me)melt are the entanglement molecular 

weights for solution and melt, respectively. It has been shown by Bueche [95] that the onset 

of entanglements occurs at (ηe)soln ~ 2. However, Shenoy et al showed that the fiber 

formation started at this value but the fibers possessed beaded morphologies [92]. They 

demonstrated that the entanglement number of at least 3.5 was required in order to form  
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fibers without beads for a number of polymer solvent systems [PS in THF; PLA in DMF, 

dichloromethane (DCM), chloroform, and 1,1,2,2-tetrachloroethane; and PVP in ethanol] 

they used in their study [92]. 

2.14 Role of Solution Surface Tension 

The initiation of electrospinning requires the charged solution to overcome its surface 

tension. Surface tension of the polymer solution has been closely associated with its tendency 

to form beads or beaded fibers when all other parameters are unchanged [87, 96, 97]. This is 

because, when the jet forms from the solution, the surface tension tends to reduce the specific 

surface area of the jet by breaking it up into spherical droplets thus giving rise to the so called 

axisymmetric Rayleigh instability (Figure 19) [92,96]. This causes bead formation. Surface 

tension has the effect of decreasing the surface area per unit mass of a fluid. 

 

 

Figure 19 Onset of axisymmetric instability causing bead formation in the fibers. The 
pictures taken at different distances from the needle, A: 1 cm, B: 3 cm, C: 5 cm, D: 7 cm, E: 

9 cm, F: 12 cm, G: 15 cm, H: 30 cm [96] 

Zuo et al observed that by increasing the surface tension of the solution while keeping all  
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other parameters constant such as conductivity, applied voltage, and flow rate, the resultant 

fibers showed beaded morphologies [96]. Yao et al, on the other hand, used Triton X-100 

nonionic surfactant to reduce the surface tension of the PVA solution in water [98]. They 

found that at least 0.3% v/w (vol/weight) of surfactant was necessary to achieve complete 

fiber formation from aqueous PVA solutions. The actual value of the surface tension 

required, however, was not reported. Overall, it has been suggested in the literature that the 

surface tension of the solution should be as low as possible for optimum spinning. 

2.15 Role of Solution Conductivity 

Solution conductivity is the second important parameter that affects the electrospinning 

process and the morphology of the resulting fibers [87, 96]. Fluids with high conductivity 

have high surface charge density. Under a given electric field, it results in an increase in the 

elongational force on the jet, which is caused by the self-repulsion of the excess charges on 

the surface. This inhibits the Rayleigh instability (thus prevents bead formation), enhances 

whipping and leads to uniform and finer fibers [87, 90, 99-101]. In one of the very first 

studies about the effect of solution conductivity, Fong et al [87] showed that by adding NaCl 

to the PEO solutions in water, the solution charge density was increased. This resulted in a 

decrease in the bead content to form uniform fibers (Figure 20). 
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Figure 20 Effect of conductivity on bead content [87] 

Similarly, Zong et al [99] added three types of salts in the solutions of PLA in DMF. The 

salts used were NaCl, KH2PO4, and NaH2PO4. They found that with the use of salts, bead-free 

fibers were formed. However, the final fiber diameter obtained was highly dependent on the 

salt type. Use of NaCl produced the smallest diameter fibers (210 nm) whereas; use of 

NaH2PO4 and KH2PO4 produced larger diameter fibers, 330 nm and 1000 nm, respectively. 

The researchers attributed this result to the size of the ions created in the solution due to the 

salts. NaCl produced the smallest size ions whereas KH2PO4 produced the largest ones. 

Therefore, although the bead formation was prevented due to the increased charge density, 

elongational force was higher on the jet containing smaller size salt ions [99] that resulted in 

better attenuation of the jet. 
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3. OBJECTIVES 

It is well known that electrospun nanofibers have diameters in the range of nanometers, 

which provide extremely high surface area to the fibers. If nanofibers were obtained from 

chitosan-based polymer using electrospinning technique, it would be a great achievement in 

medical textile as it was pointed out in the literature review chapter. 

It was observed in previous research that electrospinning of chitosan alone was not possible. 

To carry out successful electrospinning trials of chitosan, chitosan had to be blended with 

another polymer or chitosan fibers were recovered from the blended or bicomponent 

structures. 

The limitations and drawbacks of previous research and the extremely high surface area 

of nanofibers prompted the need to undertake a research program with the main goal to 

develop wound dressing with improved healing performance. Electrospun chitosan-based 

fiberweb combined with electrospun layer from cellulose acetate liquid crystal should 

provide antimicrobial, superior absorbency, and strength characteristics that are required for 

improving healing, physical and mechanical performance of such wound dressing. 

The specific objectives to achieve the goal are: 

1. Set-up an apparatus for electrospinning chitosan-based layer, cellulose acetate layer 

and their blend 
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2. Reveal the correct blend of electrospinning parameters (solution concentration, 

electric field, extrusion rate, and blend ratio) to obtain uniform nanofibers from 

chitosan-based, cellulose-based including liquid crystal, and their blend including 

core/sheath structure 

3. Evaluate the structure parameters (diameter, basis weight, and covering power) in 

terms of electrospinning parameters and correlate these to the healing performance 

and absorbency of resultant nanofiber webs 

Set of trials were designed and executed to achieve the goal and the objectives of the 

research. These are details in the Experimental Work chapter. 

The results of the research are expected to lead to design wound dressings with 

predetermined structures and healing performance to fit specific needs. While the focus 

of this research is on wound dressing, the expected knowledge from such research will be 

helpful in developing inexpensive nanofiber structures for other applications. Chitosan is 

expensive due to the various steps involved in its harvesting and synthesis namely 

fishing, storage, canning, extraction of chitin, deacetylation of chitin. These steps are 

labor intensive. Additionally, the harvesting is seasonal with low quantities that make its 

production not attractive to invest in large scale manufacturing. 
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4. EXPERIMENTAL WORK 

This chapter covers the set up of the electrospinning equipment, materials, and experimental 

designs used to achieve the goal of the research. 

4.1 Material 

The polymers used were chitosan, Iminochitosan, and cellulose acetate. The chitosan was 

obtained from Pronova Biopolymer Company with viscosity 2260 mPas, deacetylation 

85.2%. Iminochitosan was synthesized as discussed later. The chitosan was used for the 

initial trials with two solvents, namely, acetic acid (99.5%) and formic acid. These trials were 

conducted to confirm the trials carried out by previous researchers. Iminochitosan was used 

with trifluoroacetic acid as solvent. Additionally, two other polymers were used. These are 

cyanoethyl chitosan, carboxymethyl chitosan and were prepared by the Scientist at National 

Research Center, Cairo, Egypt. The solvent used for Carboxymethyl chitosan was water. 

Cyanoethyl chitosan was soluble in three different solvents TFA (trifluoroacetic acid, 99%), 

DMF (dimethyl formamide), and DMSO (dimethyl sulphoxide). To obtain cellulose from 

cellulose acetate, deacetylation was carried out. Deacetylation was carried out by treating 

cellulose acetate with 0.05M Sodium Methylate and Methanol. 

4.2 Electrospinning Apparatus 

Previously designed and built electrospinning device was used [14, 15].  The device was 

improved by adding a commercial extrusion system to control the extrusion rate of the  
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electrospinning solution. The apparatus consists of three main parts, the extrusion system, 

high power supply, and the fiber collecting device (Figure 22). 

The operation process of this system can be carried out by switching on the power of the high 

voltage system and slowly increasing the voltage through regulator, which starts from 0 kV. 

The range being used for the electrospinning process is 20 to 30 kV. The fibers are sprayed 

towards the targeted source i.e., the rotating collecting drum as explained earlier. The speed 

of the collecting drum was about 3.02 m/min and the apparatus was run till the solution in the 

syringe run out. The amount of polymer in the solution was based on the desired basis 

weight. A layer of nanofibers was produced on the aluminum foil of dimension 10 cm x 69 

cm. ¼th of the Aluminum foil was partially covered with a gauze fabric (though to be part of 

wound dressing). This allowed forming two samples for each run. One sample was on the top 

of the Aluminum foil and the other was on the gauze fabric  The sample on the Aluminum 

foil was used for SEM images to characterize the structure and the sample on the gauze was 

used to determine the antimicrobial properties.  

The gauze fairly open structure did not cause any problem with electrical field weakening 

and the fibers spun on the top of the gauze were not different from the fibers spun directly 

over the aluminum foil as it can be seen from the images of Figure 21 and Figure 45. Figure 

21A shows the side view of nanofibers collected on the gauze. Figure 21B shows the gauze 

structure that can be observed through a split (formed intentionally to show the gauze) 

between nanofiber webs. 
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A) 

 

B) 

Figure 21 SEM images of iminochitosan and cellulose acetate blended fibers on the gauze 

The gauze fabric was analyzed and the following structure parameters were determined: 

 Warp Density: 12 ends/cm   Pick Density: 10.4 picks/cm 
 Warp Yarn Count: 25 tex   Filling Yarn Count: 44 tex 
 Warp Yarn Type: Textured Polyester  Filling Yarn Type: Cotton 
 Weave: 2x2 Warp Rib 
 

With such open structure the warp and filling crimps were negligibly small. The warp and 

filling yarn count were determined for relaxed sample and warp and filling yarns lengths 

were considered same as sample dimensions. The warp and filling yarns materials were 

determined using FTIR. The FTIR indicated that there is a hydrophilic finish (presence of 

OH group) on the polyester yarn. Obviously, this was added to increase absorbency of the 

gauze fabric. 
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To turn down the system, the voltage was slowly decreased, the power switch was turned off, 

and then power supply plug was taken out. Turn the extrusion system down when the digital 

display shows the message “Seal”. 

Figure 22 The Electrospinning Equipment  

The electrospinning apparatus has been constructed in such a way as to minimize metal parts  
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as possible. All the support system, stands have been constructed with PVC pipe. Also the 

metal parts near the vicinity of the equipment have to be essentially grounded. Electrical 

sparks has been observed if a small metal part was around the system. As the process needs 

voltage of very high order, proper care must be taken in understanding the electrical 

connections of the system. Grounding of wires and feed-return paths of electricity should be 

checked regularly. The chemicals required for the process should be handled with care. 

Details of the chemical and electrical safety are shown in the appendix. 

4.2.1 Extrusion System (Sprayer) 

The extrusion system (New Era Pump Systems Inc., Model number: NE-1000) was used to 

provide controlled feed rate of the spinning solution [102]. The system has a barrel filled 

with polymer solution (Figure 23). The solution is filled to required level of the barrel, so that 

the solution gives the specific amount of yield. The polymer solution is given a positive field 

with the help of a high voltage power supply (Glassman High Voltage, Inc., Model Number 

PS/WK125RS.0J48, Input: 115VA, 48-63Hz. 1PH, Output: +/- 125kVDC, 5 mA). The 

terminal wire (metal electrode) from the high voltage power supply is fixed to the extrusion 

needle (1 mm inner diameter) with the help of a rubber holder. The spinneret and plunger are 

fixed onto the pumping block of the syringe pump, whereas the barrel is fixed into the 

stationary holder. The extrusion system allows the user to control the flow rate of solution 

and the volume through a user-friendly interface. These parameters controls the fiber yield 

and hence the basis weight. 
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Figure 23 Schematic representation of nanofibers extrusion system [102] 

4.2.2 Collecting Device 

The system of collection of fibers (Figure 24 and Figure 25) includes a cylindrical drum with 

an external drive. The collector is a cylindrical drum (22 cm diameter and 35.6 cm long) 

made of poly vinyl chloride (PVC) pipe. The drum is held by a central shaft and is fixed to a 

wooden frame. A rotating drum for collection of fibers has been reported earlier [103]. The 

PVC pipe and the wooden frame were used during the construction of the equipment to 

maintain metal free system. The wooden frame is built in such way that there are slots in the 

frame. This facilitates the movement of the drum either upward or downward. This is done so 

that the vertical position of the drum can be adjusted to change the distance from the 

spinneret as per requirements. A brass ring (Figure 25) is attached to the drum from one side. 

A metal bush is in contact with the metal ring so as to complete the electrical connection. The  
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electrical connection is used as the negative terminal from the high voltage equipment. Hence 

the cylindrical drum serves as the negative terminal and thus aids in the collection of fibers. 

 

 

 

 

Figure 24 Photo of nanofibers collecting device 

One side of the pipe (right side on the Figure 24 and Figure 25) is covered with a brass ring. 

A metal rod is placed on a groove in the drum throughout its length fixed at one end by the 

brass ring and the other end is free. The metal rod carries the electric field given by the brass  

Collecting drum Terminal connection (-ve) External motor

Metal rod Motor shaft Wooden stand 



  

50 
 

ring through the bush. An aluminum foil is wound over the drum, covering the metal rod. 

This is done to maintain the same electric field over the entire drum (aluminum) surface. The  

negative end for the system is derived from the high voltage power supply to the brass ring 

with the help of a connection wire and the bush, which is attached to the brass plate. 

 

 

 

 

 

Figure 25 Side-view of the collecting drum showing electrical connections 

A representation of the side view of the collecting drum is shown in Figure 25. The figure 

shows that the negative terminal from the high voltage power supply is given to the brass  

Terminal connection (-ve) 
Bush 

Brass Ring 
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ring through the bush. The central shaft carrying the drum is given movement with the help 

of an external motor, which can rotate in either direction at a desired speed. 

4.2.3 Electrospinning Set-up of Core/Sheath Fibers: 

For electrospinning bi-component fibers, a co-axial syringe design was adopted [66]. The 

spinneret contained two 5 ml syringes, one inside the other, as shown in Figure 26. A flow 

rate was maintained by constant displacement of pistons of both syringes. This was done 

with the help of two syringes operated by two commercial extrusion pumps. Dispensing 

needles (outer and inner) made up of stainless steel and having different inner diameters 

(ranging from 0.1 mm – 1 mm) were used to form co-axial capillaries. 

 

Figure 26 Diagrammatic representation of electrospinning of the core/sheath fiber 

As it can be seen from Figure 27, two syringes are filled with two polymer solutions to be 

spun. Outer syringe is filled with iminochitosan solution so that bacteria killing property of  
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the iminochitosan is retained and inner syringe is filled with the cellulose acetate solution so 

as to increase the absorbency and strength of the resultant fiber. The inner needle passes  

through the plunger of the outer syringe and then enters in the needle of the outer syringe. 

The structure looks like concentric circle one inside other as shown in Figure 26. The 

syringes used in the experiments were of 5 ml capacity. The solutions were filled till 2.5 ml 

markings. Both of the syringes has been given a positive pumping with the help of two 

Extrusion systems as shown in Figure 28.  

 

 

Figure 27 Syringe set-up for electrospinning of core/sheath fibers 

Two extrusion systems were used in core and sheath electrospinning system. Based on 

previous trials it was found out that 4% for iminochitosan and 20% for cellulose acetate are  

Cellulose 
acetate 
(core) Iminochitosan 

(Sheath) 
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the best conditions to spin the fibers from iminochitosan and cellulose acetate respectively. 

Solutions with calculated concentration were filled in these syringe pumps. Extrusion rate 

was kept constant at 1 ml/hr for each extrusion systems. Both solutions were extruded 

simultaneously with cellulose acetate in the core and iminochitosan as a sheath. 

 

Figure 28 Arrangement of syringes in two extrusion systems 

4.3 Polymer Preparation 

4.3.1 Synthesis of Iminochitosan 

The procedures in preparing the iminochitosan was done to protect the free amino groups 

from acylation and also to modify the solubility of chitosan with a hydrophobic group. This  

Extrusion 
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Core 
Solution 
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was prepared by the reaction of chitosan (100 g) with salicylaldehyde (130 ml) at room 

temperature for 6 hrs. The modified chitosan was filtered, washed with distilled water several 

times. Methanol extraction was done in soxhlet for 6 hrs. The product was dried at room 

temperature for 24 hrs to obtain the final iminochitosan. It was thought that it might be 

necessary to regenerate the chitosan from iminochitosan electrospun nanofibers to obtain 

antimicrobial properties. This can be done by treating iminochitosan with dilute acetic acid. 

In fact, iminochitosan releases salicylaldehyde due to hydrolysis when comes in contact with 

moisture from the atmosphere or wound. It is reported that salicylaldehyde possesses 

antimicrobial property itself [104, 105]. Therefore, the development of electrospun fiberwebs 

from iminochitosan solution is a justified route without the need for additional process that 

converts it back to chitosan. 

4.3.2 Preparation of Carboxymethyl Chitosan (C.M.Ch.) 

C.M.Ch. was prepared by treatment of 2 g activated chitosan with 2.7 g NaOH in iso-

propanol (100ml) in a three-necked flask at room temperature for one hour. 

Monochloroacetic acid (3 g in 20 ml isopropanol) is added drop wise during 30 minutes 

followed by raising temperature to 60° C for 2 hours. The resultant material is filtered and 

rinsed with 80% aqueous ethanol and dried at room temperature, followed by estimation of 

nitrogen and carboxylic contents. C.M.Ch. is water soluble at a wide range of pH. 

4.3.3 Preparation of Cyanoethyl Chitosan  

Activated Chitosan was treated with different aqueous sodium hydroxide concentration (2%- 
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30%) till a pickup of 70%. The treated chitosan is exposed to acrylonitrile vapours for 3 

hours. The treated chitosan is washed with methanol and dried and analyzed for nitrogen  

content to determine the DS. The obtained cyanoethyl chitosan is soluble in DMF, DMSO, 

TFA and acetone. Factors affecting the reaction between chitosan and acrylonitrile, namely, 

sodium hydroxide concentration and reaction time are given section 5.9. To observe the 

effect of sodium hydroxide concentration on the reaction between chitosan and acrylonitrile, 

chitosan was immersed in aqueous NaOH of different concentration up to 70% pick up and 

exposed to acrylonitrile for 3 hours whereas to observe the effect of reaction time chitosan 

was immersed in 8% aqueous NaOH up to 70% pickup and exposed to acrylonitrile for 

different periods. 

4.4 Solution Preparation 

4.4.1 Solution Preparation of Chitosan in Formic Acid 

The solutions of chitosan were prepared in glassware using the following technique. 

Glassware was cleaned using an initial rinsing with tap water. The desired amount of 

chitosan, according to the concentration required was weighed. These polymers were poured 

into a glass bottle containing formic acid. The glass bottle has to be closed by an airtight lid 

to maintain the concentration throughout. A homogeneous solution was achieved by slow 

agitation. This was either by keeping the solution for sometime or by using a magnetic 

stirrer. The agitation was slow to avoid mechanical degradation of the polymer chains. All 

solutions were prepared at room temperature. The solution is kept overnight so that 

homogeneous solution is obtained. 
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4.4.2 Solution Preparation of Chitosan in Acetic Acid 

The cleaning procedure was followed as above. Chitosan in 90% acetic acid was not 

dissolved. This was tried based on recommendation of previous study [61]. It was decided to 

use 2% acetic acid, which caused the chitosan to dissolve. Solutions with different 

concentrations were prepared. 

4.4.3 Solution Preparation of Iminochitosan in Trifluoroacetic Acid 

Prepare a bath of -70˚C by adding acetone in dry ice. The bottle, in which solution has to be 

prepared, was rinsed. The required quantity of iminochitosan was added into the bottle. Add 

desired amount of trifluoroacetic acid based on required concentration into the bottle and stir 

it using a stainless steel rod. Close the bottle using an airtight lid and place it into the bath. 

The solution will get cooled instantly and then remove the bottle out of the bath so as to 

allow the solution to thaw. Due to sudden cooling and thawing the iminochitosan get 

dissolved in the trifluoroacetic acid very quickly. The solution was left overnight. Second 

day the solution was ready to spin. While handling trifluoroacetic acid, gloves and glassware 

were used for personal protection. Careful handling of the solution is required since 

trifluoroacetic acid is a strong acid and could cause serious burning. 

4.4.4 Solution Preparation of Cellulose Acetate in Trifluoroacetic Acid 

 The procedure to prepare the solution for the cellulose acetate in trifluoroacetic acid is 

similar to that of iminochitosan in trifluoroacetic acid. The cellulose acetate with needed 

amount was added in the glass bottle. Then required quantity of trifluoroacetic acid was  
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added to the cellulose acetate. The solution now kept in - 70˚ C bath of dry ice in acetone and 

then immediately kept in room temperature. Due to sudden cooling and thawing, cellulose 

acetate gets dissolved in trifluoroacetic acid very quickly. Then the solution is ready to 

electrospin. The surface tension and viscosity of the cellulose acetate at 8%, 20% and 40% 

concentration was observed to be 30.5 dynes/cm, 38 dynes/cm, and 28.25 dynes/cm and 130 

cP, 1910 cP and 23525 cP respectively. 

4.4.5 Solution Preparation of Iminochitosan / Cellulose Acetate Blend 

One of the experimental designs was structured with the objective to form 

iminochitosan/cellulose acetate blend. TFA (trifluoroacetic acid) was used as solvent for both 

polymers. The solution is prepared according to the blend percentage of iminochitosan and 

cellulose acetate. Percentage was taken based on the weights of the polymers and the mixture 

of these polymers was dissolved in TFA (trifluoroacetic acid).  The solution is dissolved with 

the same procedure as it was done in solution preparation of iminochitosan in TFA. The 

surface tension and viscosity of the iminochitosan/cellulose acetate blend was found to be 

48.5 dynes/cm and 16580 cP respectively. Nitrogen content of the blended solution was 

measured at different blend ratio with the help of IR spectra. 

4.4.6 Solution Preparation of Cyanoethyl Chitosan and Cellulose Acetate in DMF 

Cyanoethyl chitosan was dissolved in dimethyl formamide (DMF) with a concentration of 5 

%. Firstly the solution was kept for swelling by adding little amount of solvent for two days.  
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Then the solution was prepared by adding the remaining amount of solvent so as to get the 

desired amount of concentration. The solution is then stirred with the help of mechanical 

stirrer so as to get homogeneous solution. Cellulose acetate was dissolved in the DMF with a 

concentration of 5 % following the same procedure same. 

4.5 Homogenization of the Solution 

After preparation of the solution, it is necessary to make the solution homogeneous. 

Sometime there is formation of gel like substance in the solution. This gel like substances 

and lumps may get dissolved with the use of Fisher Vortex. Different types of Homogenizers 

were used such as Mechanical Stirrer and Magnetic Stirrer. In Mechanical Stirrer a glass rod 

keeps on stirring the solution until the solution gets homogenized. The speed of this stirrer 

can be increased or decreased depending on the percentage of lumps that solution contains. 

In magnetic stirrer, a magnet is added to the solution and is activated (moved) for stirring the 

solution. The solution is kept overnight so that uniform gel-free solution is achieved. 

4.6 Characterization of Spinning Solutions 

Viscosity and surface tension of the spinning solution play important role in Spinability fiber 

and morphology. For this reason, viscosity and surface tension were determined for all 

solutions used in this work. This would allow finding out the range of viscosity and surface 

tension that provide good fiber formation. 
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4.6.1 Viscosity Measurement 

Viscosity is an important parameter to be measured in electrospinning, which decides fiber 

diameter and morphology. Viscosity of the solution at different concentration was measured 

with the help of Brookfield viscometer (Figure 29). Brookfield Rational Viscometer has 

become a standard in virtually all industries. 

 

Figure 29 Brookfield Viscometer 

 

The viscosity is measured by the torque required to rotate a spindle at constant speed while 

immersed in fluid. The torque is proportional to the viscous drag on the spindle.  

Rational viscometers offer several advantages: 
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 The continuous rotation of the spindle allows measurement to be made over time, 

permitting analysis of time dependent fluids. 

 The rate of shear is constant, so both Newtonian and non-Newtonian fluids can be 

tested. 

 By rotating the spindle at several different speeds, shear dependent behavior can be 

analyzed. 

Brookfield viscometers are the industry standard in determining absolute viscosity of all 

types of liquids with viscosities as high as 320 million centipoise. The viscosity is given 

digitally by the Brookfield viscometer. 

4.6.2 Surface Tension Measurement 

Surface tension is an effect within the surface layer of a liquid that causes the layer to behave 

as an elastic sheet. In the bulk of the liquid each molecule is pulled equally in all directions 

by neighboring liquid molecules, resulting in a net force of zero (Figure 30). At the surface of 

the liquid, the molecules are pulled inwards by other molecules deeper inside the liquid but 

they are not attracted as intensely by the molecules in the neighboring medium. Therefore all 

of the molecules at the surface are subject to an inward force of molecular attraction, which 

can be balanced only by the resistance of the liquid to compression.  
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Figure 30 Molecules on the surface of a liquid experience an imbalance of forces  

Surface tension plays an important role in extrusion of the solution through the needle. Once 

the electric field in between the syringe and collector overcome the solution surface tension, 

Taylor cone starts to form. Surface tension was measured with the help of Fisher Tensiomat 

(Figure 31). The manufacturer’s instructions and procedure to carry out the test were 

followed. 

 

Figure 31 Main parts of the Surface Tensiomat Model 21 

 

Molecules on 
surface

Molecules 
inside 
liquid 
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4.7 Initial Trials 

First trials were carried out with chitosan in formic acid and acetic acid to investigate the 

electrospinnability of chitosan solution. SEM images (reported in Results and Discussion 

Chapter) showed that beads and films were obtained, which verified previous work reported 

earlier. It was decided to work with chitosan derivatives such as iminochitosan and 

cyanoethyl chitosan. 

Several trials were carried out to get the upper and lower level of concentration of 

iminochitosan in Trifluoroacetic Acid (TFA) that can be extruded. Firstly, electrospinning of 

iminochitosan with 10% and 9 % concentration in TFA was carried out. The solutions at 

these levels of concentration were not pumped due to their high viscosity.  It was possible to 

extrude 8% concentration solution, which was considered to be upper level of concentration. 

It was decided to conduct initial trials considering solutions with concentration range of 1%-

8% and find out whether this range would produce nanofiber. Other experimental designs 

were structured to study the effect of extrusion rate, concentration, and electrical field on 

formation of fibers and their relationship with the basis weight of the resultant 

nanofiberwebs, covering power, diameters and antimicrobial property. 

Electrospinning of cellulose acetate was carried to find the upper and lower limit of the 

concentration of cellulose acetate in TFA that can be extruded. To obtain lower limit 

electrospinning was carried out below 10% and to obtain upper limit electrospinning was 

carried out above 30%. 
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4.8 Experimental Designs 

4.8.1 Experimental Design I: Electrospinning of Iminochitosan 

As trials with electrospinning of chitosan were unsuccessful, derivative of chitosan, 

iminochitosan was synthesized. Initial trials of electrospinning of iminochitosan showed that 

at 3%, 4%, 5% and 8% concentrations fiber formation was possible. Whereas other 

concentrations below 3% produced films and beads. To obtain the exact condition for 

electrospinning of iminochitosan different experimental designs were developed. Table 2 

shows the independent parameters and their levels for experimental design I. 

Table 2 Experimental Design I (Electrospinning of Iminochitosan) 

Parameters Levels 
Concentration, % 2, 5, 8 
Field, kV/cm 2, 1.76, 1.5 
Basis Weight, g/m2 8.6, 5.7 
Total Runs 3x3x2 = 18 

 

In this experimental design, extrusion rate (10 ml/hr), drum surface speed (3.02 m/min) and 

Voltage (30 kV) were kept constant and field was changed by varying the distance between 

the drum surface and the tip of needle. 

4.8.2 Experimental Design II: Electrospinning of Iminochitosan and Cellulose Acetate 
Blend 
 
This design deals with investigating the electrospinnability of blended iminochitosan and 

cellulose acetate to achieve the antimicrobial and absorbency. Table 3 depicts the parameters 

and their levels for experimental design II. 
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Table 3 Experimental Design II 

Parameters Levels 
Blend 
Iminochitosan%/CA%

0/100, 25/75, 50/50, 75/25,100/0 

Basic Weight, g/m2 8.6, 5.7 
Total Runs 5x2 = 10  

 

In this experimental design, extrusion rate (10 ml/hr), drum surface speed (3.02 m/min), 

polymer concentration (5%) and electric field (1.76kV/cm) were kept constant. 

4.8.3 Experimental design III: Effect of Extrusion Rate on Electrospinning of 

Iminochitosan 

Based on the results obtained in experimental design I, third experimental design was 

produced to observe the effect of extrusion rate on fiber formation. The experimental design 

includes two levels of concentration and 5 levels of extrusion rate as shown in Table 4. 

Table 4 Experimental Design III 

Parameters Levels 
Concentration, % 4,6  
Extrusion rate, ml/hr 1, 3, 5, 7, 9 
Total Runs 5x2=10 

 

In this experimental design, polymer concentration and extrusion rate were the variable 

parameters. However, basis weight (8.6 g/m2), distance of needle tip from the fiber collecting 

drum (17 cm), voltage applied (30 kV) (i.e. electric field (1.76 kV/cm)) and drum speed (3.02 

m/min), were kept constant. 



  

65 
 

4.9 Electrospinning of Core/sheath (Cellulose acetate/ Iminochitosan) Fibers 

Electrospinning of core/sheath fiber was carried out with cellulose acetate as a core and 

iminochitosan as sheath material. Concentration used was 4% of iminochitosan and 20% 

cellulose acetate in TFA. Two extrusion rates were used (1 ml/hr and 0.3 ml/hr). The electric 

field was kept constant at 2 kV/cm. To observe the repeatability, an additional run was 

conducted at 1 ml/hr. 

4.10 Electrospinning of Cellulose Acetate as Liquid Crystal Fibers 

Nanofibers produced by the electrospinning of cellulose acetate at concentration above 30% 

in TFA are considered as liquid crystal fibers. The concentration used for electrospinning of 

cellulose acetate liquid crystal was 40%. Electrospinning was carried out at different 

extrusion rates of 1 ml/hr, 3 ml/hr, 5 ml/hr, 7 ml/hr and 9 ml/hr. Drum speed (3.02 m/min), 

distance between needle tip and collecting surface (15 cm), applied volt (30 kV), electric 

field (2 kV/cm) and basis weight (14.49 g/m2) were kept constant. The samples were tested 

for absorbency using INDA Standard Test: IST 10.1 (95) as discussed in section 4.8.5. 

4.11 Electrospinning of Cyanoethyl Chitosan and Cellulose Acetate Blend 

Electrospinning of blend cyanoethyl chitosan and cellulose acetate in DMF was carried out to 

investigate electrospinnability of blend. 5 % concentration of cyanoethyl chitosan and 

cellulose acetate in DMF was used. The electrospinning was carried out at different blend 

ratios of cyanoethyl chitosan/cellulose acetate (100/0, 80/20, 60/40, 20/80 and 0/100). Drum 

speed (3.02 m/min), applied voltage (30 kV), distance between needle and collector drum 

(13) electric field (2.3 kV/cm) and basis weight (7.24 g/m2) were kept constant. 
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4.12 Fiber Structure, Characterization and Properties 

 
Characterization includes analysis of the nanofiber and their fiberwebs structure. These are 

fiber diameter, covering power, and basis weight. Scanning Electron Microscope (SEM) 

combined with computer programming enabled the measurement of the fiber diameter and 

determining the covering power of the produced structures. 

4.12.1 Scanning Electron Microscopy (SEM) and Measurement of Diameter 

This was a primary technique used for determining and characterizing the morphology of 

fibers. The samples to be viewed were sputter coated with Gold-palladium (Au-Pd) alloy 57 

using a sputter coater (Anatech Hummer 6.2). For this purpose, small pieces of conductive 

carbon tape were mounted on the standard stubs. The samples were carefully cut (~ 5 mm X 

5 mm) and placed on the tape. The stubs were then put in a chamber in which Argon gas was 

used to generate the plasma. The ionized gas molecules bombarded the Au-Pd target that 

caused the removal of the metal particles from the target, which deposited onto the samples. 

Coated samples were subsequently viewed under the SEM (JEOL JSM- 5900 LV). To 

acquire high resolution images, the electron beam spot size used was 10 nm and the 

accelerating voltage used was 15 kV. The images were acquired at magnification 

magnifications. The lower magnification allowed the examination of the morphology of a 

larger sample of the fiberwebs. The higher magnification images were used for examination 

of local features and estimation of the fiber diameters. 
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4.12.2 Antimicrobial Evaluation 

In all electrospinning trials, a strip of 10-cm wide aluminum foil was mounted securely 

around the fiber collecting drum. Gauze of the same width was mounted over the aluminum 

foil. Part of the aluminum foil was not covered by gauze. By rotating the drum with low 

speed (1-3 m/min), iminochitosan nanofibers layer was spun over the gauze and the 

aluminum foil without any difficulty since the gauze structure is very open and allowed the 

electrical field to form nanofibers. Samples from nanofiberweb with aluminum foil were 

taken for SEM imaging and samples from nanofiber webs/gauze were taken for antimicrobial 

evaluation. 

The disc diffusion method (AATCC 147) was used for assessing the iminochitosan 

nanofibers webs for antimicrobial activity. Discs of 7 mm diameter were cut from the 

composite structure of gauze and iminochitosan layer. Nutrient agar plates were incubated 

with microbial culture. The cut discs of gauze/iminochitosan structures were placed onto the 

surface of inoculated plates. The plates were incubated at 37oC for 48 hours. The inhibition 

zone (distance from disc circumference in mm) was determined for each disc. Four bacterial 

cultures were used for assessing the antimicrobial activity of prepared samples. These 

microorganisms were obtained from the culture collection of the Microbiology Departments, 

Women’s College for Arts, Science and Education, Ain Shames University, Cairo, Egypt.  

Table 5 shows the microorganisms cultured for the purpose of evaluating the antimicrobial 

behavior of the samples. 
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Table 5 Microorganisms used for the antimicrobial investigation 
 

 

 

 
4.12.3 Determining the Covering Power of the Fiberweb 

The covering power of the nanofiberweb was determined by using MATLAB software. The 

following statements were the program code used to get the covering power: 

function pctArea = getArea(filename) 
I = imread(filename); 
J = rgb2gray(I); 
level = graythresh(J); 
bw = im2bw(J,level);  
close 
imshow(bw) 
axis equal 
axis tight 
Area1 = bwarea( bw); 
Area2 = bwarea(~bw);total = Area1 + Area2; 
pctArea = Area1/total*100; 

 

The SEM image is first read by the program. The image is then converted from RGB (red, 

green, blue) to grayscale. Graythrash function is used to set the level of black and white. 

Then the grayscale image gets converted to black and white image. The ‘Area’ function then 

calculates the area covered by black and white color respectively. White color is assigned to 

fibers whereas black color is assigned to the area without fibers. “Area1” in the program 

denotes the area covered by fibers. The covering power is calculated in terms of percentage 

(area covered by fibers based on total area).  

Microorganism Classification 
Escherichia Coli Gram negative bacteria  
Pseudomonas Areuginosa Gram negative bacteria  
Staphyloccus Aureus Gram positive bacteria  
Bacillius Subtitis  Gram negative bacteria  
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4.12.4 Basis Weight of Electrospun Web 

In electrospinning process solution gets extruded from the syringe and gets deposited on the 

collector drum. During this transformation of solution to the fibers, the solvent in the solution 

gets evaporated and polymer gets deposited on the collector drum either in the form of beads, 

films or fibers. Basis weight is amount of polymer deposited on the collector drum extruded 

from the syringe. Basis weight is calculated by using the formula: 

Basis Weight (g/m2) = (Weight of the polymer in the solution) / (Area of the collector 

surface) 
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4.12.5 Absorbency of Cellulose Acetate Liquid Crystal 

Absorbency is an important property in wound dressing as it plays a role in keeping the 

wound dry by absorbing the fluid released from the wound. It is envisioned that the cellulose 

acetate layer would be used as a base material on which iminochitosan nanofibers are 

electrospun. This combination provides iminochitosan as an antimicrobial agent that is 

directly in contact with the wound and the cellulose acetate as an absorbing layer.  

To obtain absorbency of cellulose acetate liquid crystal fiber at different level, INDA 

Standard Test: IST 10.1 (95) was used. In short this test is carried out to obtain the 

Absorbency Capacity. The total weight of specimen was measured and the weight of the 

supporting screen and dry specimen was subtracted. The ratio of the dry weight and the 

weight of water absorbed is reported as the absorptive capacity. The apparatus used are 

watch glass of 127 mm in diameter, weight scale with ± 0.1 g accuracy. Test specimens were 

cut from the cellulose acetate fiberweb of 75 mm wide each and of such length that the 

weight of each strip is 5 g ±0.1g.  

This test was conducted at room temperature. Each test specimen was rolled into a loose roll 

of about the same diameter as the cylinder basket. The specimen, loosely packed, in the 

basket, with its 75 mm edge placed parallel to the side of the basket so that the specimen fills 

the basket. 

With its side up, the basket was dropped from a height of 25 mm into a suitable container of 

water at room temperature and with the stopwatch the time was measured in seconds for a  
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complete wetting of the specimen. The basket and the specimen were allowed to remain 

submerged in the water for ten seconds and then were removed by grasping the open end of 

the basket. It was allowed to drain for ten seconds with the open end up and then 

immediately the basket and its contents were weighed to the nearest 0.1 g on a 125 mm 

watch glass. The weight of the water held by the specimen was calculated by subtracting the 

sum of the weights of the basket and the dry specimen from the total weight. The absorptive 

capacity (the ratio of water held by the specimen to the weight of the dry sample) was 

reported. Absorbency percentage was calculated using following formula: 

Absorbency, % = (weight of wet sample- weight of dry sample)*100 / (weight of dry 

sample) 
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5. RESULTS AND DISCUSSION 

5.1 Initial Trials 

As mentioned earlier in the experimental chapter, initial trials were conducted in regards to 

the electrospinnability of chitosan, cellulose acetate and iminochitosan polymers. This was a 

necessary step to reveal the range of parameters that provide nanofibers. 

5.1.1 Electrospinning of Chitosan Solutions 

To verify the difficulty of electrospinning of chitosan reported in literature review chapter 

[17, 54], trials were conducted using acetic acid and formic acid as solvents with applied 

power of 20 kV. The distance between the collector drum and the spinneret was maintained 

at 10 cm. Concentration of chitosan in formic acid was 5%. Figure 32 shows images of the 

electrospun chitosan. The figure indicates that no fiber formation was possible. Beads (Figure 

32A) and films (Figure 32B) were formed. This concur with the previous research work that 

it is difficult to form nanofibers from chitosan using electrospinning technology.  

                                                                        
a)                         A)                                                                           B) 

Figure 32 SEM image showing bead and film formation of electrospun chitosan 
produced at 5% polymer concentration (Voltage: 20 kV, Distance: 10 cm, Basis 

Weight: 7.24 g/m2, Extrusion rate: 1 ml/hr)  
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5.1.2 Electrospinning of Iminochitosan Solutions 

Trials were conducted to reveal the correct blend of solution and process parameters that 

could produce nanofibers from Iminochitosan. The iminochitosan was dissolved in 

trifluoroacetic acid of 9% and 10% concentrations in an attempt to find out the upper limit of 

the concentration parameter. These two high concentrations did not work due to the high 

viscosity and was impossible to pump the solution through the spinneret. Stronger pumping 

power system and/or larger spinneret size may be needed to overcome such difficulty. The 

highest spinnable solution concentration was found to be 8%. Distance of collection surface 

(drum) from the spinneret was maintained at 10 cm with applied voltage 25 kV. Figure 33 

shows SEM images of fibers produced at 8% concentration. As it can be seen from the SEM 

images, continuous fibers were produced with extremely small diameter. The fiber diameter 

was found to be in the range of 70 nm to 200 nm. Interesting barbed structure was obtained at 

such concentration. Moreover, the barbs are characterized by their smaller diameter 

compared to the fibers a matter that increases surface area and coverage since the barbs 

extend in the regions between fibers. 
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Figure 33 SEM image of nanofiber webs produced at 8% polymer concentration 
(Voltage: 25 kV, Distance: 10 cm, Basis Weight: 11.59 g/m2, Extrusion rate: 1 ml/hr) 

To find out the lower limit of spinnable solution concentration, different solutions were 

prepared with range of concentration of 1%-5%. Electrospinning trials were conducted from 

these solutions and the corresponding SEM images are shown in Figure 34. 

At low polymer concentrations of 1% and 2%, beads and discontinuous films were formed. 

At such low level of concentration, the solutions do not contain sufficient material to produce 

stable solid continuous fibers. With increasing polymer concentration, the number of direct 

interchain associations of iminochitosan molecules in the solution increases and reaches a 

critical value of forming a three-dimensional network structure (highly viscous gel), forming 

a good spinnable solution. Figure 34 shows that at low concentration (1% and 2 %) beads 

and films were formed. But as the concentration was increased to 3% and 4 % continuous 

fibers were formed. For 3% concentration nanofibers with diameter of 150-300 nanometers 

range were formed whereas for 4% and 5% concentration the formed nanofibers were  
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characterized with diameter range of 70-150 nanometers and 40-200 nanometers 

respectively. 

Table 6 shows the details of the parameters used for the electrospinning trials. Extrusion rate 

was kept constant at 9 ml/hr. During electrospinning of iminochitosan at 3% and 4% 

concentrations, it was observed that the solution directly deposited on the collection surface 

resulting in fusion of fibers. In order to reduce this fusion of fibers, the distance between the 

spinneret and collection surface (drum) was increased from 5 cm to 8 cm. The reduction in 

the field allowed the solvent enough time to evaporate and thus allowed individual fiber 

formation. Another way to reduce the fiber fusion is to reduce the extrusion rates of solution 

in order to decrease the time for the solvent to evaporate. 
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A) 1% Concentration 

 
B) 2% Concentration 

 
C) 3% Concentration 

 
D) 4% Concentration 

 
E) 5% Concentration 

 

 Figure 34 SEM images of electrospun nanofiberwebs produced at different solution 
concentrations (Extrusion rate : 9ml/hr, Drum speed 3.02 m/min) 

 
Table 6 Parameters of electrospinning trials 

 
 
 
 
 
 
 
 
 
 
 
 
 

Concentration, 
% 

Potential, 
kV 

Distance, 
cm 

Field, 
kV/cm 

1 30 8 3.75 

2 30 8 3.75 

3 30 5-8 3.75-6.00 

4 30 5-8 3.75-6.00 

5 30 8-10 3.00-3.75 

8 25 10 2.50 
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5.1.3 Antimicrobial Behavior of Iminochitosan Fiberweb 

Table 7 shows inhibition zone results for different microorganism cultured on discs of gauze 

layer without iminochitosan layer (control sample) and gauze/iminochitosan composite 

structures with iminochitosan nanofibers webs for 2%-5% solution concentration and 

iminochitosan beads/films for 1% and 2% solution concentration. The table also shows the 

basis weight and covering power of the five iminochitosan structures produced. Average 

fiber diameter figures are also depicted in the table for those samples where nanofibers webs 

were obtained. Beads and films were not characterized in shape and size since the target is to 

obtain fibrous structures. It can be seen from Table 7 that the control sample provided no 

antimicrobial protection, while the samples containing iminochitosan layer were very 

effective in contact kill of the microorganisms as indicated by the large inhibition zone. The 

antimicrobial effectiveness of the material increased with the % concentration. During 

electrospinning same amount of solution was used to form the nanofibers webs that led to 

formation of more fibers (or polymer in beads and film form) as concentration gets higher. In 

other words, the area (or basis weight) covered by the nanofibers webs from iminochitosan 

gets higher with concentration a matter that led to an increase of the inhibition zone with 

concentration. The results of Table 7 indicate that as iminochitosan concentration in the 

solution is increased the basis weight and covering power are also increased. 
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Table 7 Antimicrobial results 

Concentration 

% 

Covering 
Power 

% 

Diameter
(nm) 

Basis 
weight
(g/m2) 

Inhibition Zone (mm) 
E. 

Coli
P. 

Areuginosa 
St. 

Aureus 
B. 

Subtitis
Control 0 ---- 0 0 0 0 0 

1 6.6 Beads 1.44 10 7 6 5 

2 26.1 Film + 
Beads 

2.89 12 13 10 11 

3 26.0 259.98 4.34 16 14 0 12 

4 28.4 153.97 5.79 18 19 20 17 

5 30.4 111.99 7.24 24 25 20 23 

 
5.1.4 Effect of Diameter, Covering power, Basis Weight on Inhibition Zone 

Figures 35 - 36 show the graphical presentation of the contact kill of the four microorganisms 

(presented by the inhibition zone in mm) as a function of covering power, fiber diameter, and 

basis weight. The results indicate that the inhibition zone increases with increase in covering 

power and basis weight and decrease in fiber diameter. While the exact mechanism for 

microbial inhibition by chitosan and chitosan derivatives is still not known, our results 

support the proposal that the killing mechanism is due to the positively charged chitosan or 

its derivative (iminochitosan in this case). Increase in covering power, reduction in fiber 

diameter, or increase in basis weight lead to increase in surface area of the iminochitosan 

layer. More surface area, in turn, causes higher positive charges that provide more effective 

antimicrobial structure and hence larger inhibition zone. In all these relationship the charge  
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on the iminochitosan plays an important role. Higher the area covered by the charge on 

iminochitosan, higher is the inhibition zone. 

  

  

Figure 35 Effect of covering power on inhibition zone 
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Covering power is the area covered by the iminochitosan nanofibers on the wound dressing/ 

bacteria culture. As covering power of the fibers increases the area covered by the 

iminochitosan also increases. This result in higher bacteria killing thus increases the wound 

healing performance.  

 

 

 

 

 

 
 

 

 

Figure 36 Effect of fiber diameter on inhibition zone 
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Figure 36 shows effect of fiber diameter on inhibition zone. Fiber diameter is an important 

parameter in covering power and surface area covered by the fibers. Smaller the diameter 

higher is the surface area of the fibers and in turn increases the covering power of the fiber. 

 

 

 

 

  

Figure 37 Effect of basis weight on inhibition zone 
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Figure 37 shows effect of basis weight on inhibition zone. Basis weight is the amount of 

fibers deposited on the collector plate. The amount of polymer on the gauze fabric increases 

with the basis weight. The charge on the iminochitosan, which is responsible for bacteria 

killing also increases with the amount of polymer. Positively charged iminochitosan interacts 

with the negatively charged residues at the cell surface of bacteria, which causes extensive 

cell surface alterations and alters cell permeability. This causes the leakage of intracellular 

substances, such as electrolytes, UV-absorbing material, proteins, amino acids, glucose, and 

lactate dehydrogenase [20]. As a result, chitosan inhibits the normal metabolism of 

microorganisms and finally leads to the death of these cells. The positive charge of 

iminochitosan that causes death of bacteria cells increases with increase in covering power, 

increase in basis weight, and decrease in nanofiber diameter. 

5.1.5 Electrospinning of Cellulose Acetate 

To find the range of concentration to electrospin the cellulose acetate solution in TFA to 

form nanofibers, various trials were carried out. It was observed that solution was spinnable 

in the range of 8% to 40%. The fibers produced at 30% concentration or higher are referred 

to as liquid crystal fibers. The lowest level of concentration of the cellulose acetate was 

found to be 8% whereas the upper level was found to be 40% beyond which the viscosity 

increases resulting in the failure of solution extrusion. Whereas below 8%, the viscosity 

decreases to such an extent that only beaded structure was formed.  Figure 38 illustrates that 

the fibers formed at 8% concentration gave fibers with the beaded structures, whereas at 40%  
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concentration high production of cellulose acetate liquid crystal was observed. The reason of 

not forming the fibers is insufficient amount of polymers in the solution that cause low 

viscosity and hence the electrospun jet tends to break up into small droplets due to the effect 

of surface tension which tends to minimize the surface area of the solution. This phenomenon 

is known as Rayleigh instability [87, 92]. Beads form primarily due to this break up.  

A) B) 

Figure 38 Electrospinning of cellulose acetate in TFA at different concentration 
A: 8% Concentration    B: 40% Concentration 

 

Thus in further trials 20 % for cellulose acetate and 4 % for iminochitosan were taken as the 

standard concentration for electrospinning of the blend of cellulose acetate and 

iminochitosan. Same combination was used for core/sheath fiber formation. The distance of 

needle tip from the fiber collecting drum (17 cm), voltage applied (30 kV) (i.e. electric field 

(1.76 kV/cm)) and drum speed (3.02 m/min) were kept constant. The average diameter of 

nanofibers obtained from 8% concentration was measured to be 200 nm, whereas that for 

40% concentration was measured to be 366 nm. 
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5.2 Experimental Designs 

Initial trials showed the range of concentration that would electrospin the fibers. During these 

initial trials different processing parameters like extrusion rate and electric field were studied 

and experimental designs I, II and III were developed to find the exact conditions for fiber 

formation. These experimental designs would help to understand how structure parameters 

(diameter, covering power, and basis weight) change with the processing parameters. 

5.2.1 Experimental Design I: Electrospinning of Iminochitosan 

During initial trials, iminochitosan with 3%, 4%, 5% and 8% solution concentration in TFA 

gave fibers. Based on these results, experimental design was structured to include three levels 

of concentration (2%, 5% and 8%), three levels of electric field (1.5kV/cm, 1.76kV/cm and 

2kV/cm) and two levels of basis weight (8.6g/m2 and 5.7g/m2). Experimental design I 

includes a total of 18 trials (3*3*2). Extrusion Rate was kept constant at 10 ml/hr. It was 

constructed to obtain the best condition to electrospin the iminochitosan fibers. With 

different combination of field, concentration and basis weight keeping extrusion rate, speed 

of drum and voltage constant. The SEM images of Figures 39, 40, and 41 show the structures 

produced from the trials of Experimental Design I. As it can be seen from the figures, all the 

trials of electrospinning of iminochitosan with 2% concentration gave either films or films 

with beads. This supports the results from electrospinning of iminochitosan with 2 % 

concentration of the initial trials. 

  



  

85 
 

Field: 2kV/cm 
Basis Weight: 8.6 g/m2        

Field: 1.76 kV/cm 
Basis Weight: 8.6 g/m2 

Field: 1.5kV/cm 
Basis Weight: 8.6 g/m2 

Field: 2kV/cm 
Basis Weight: 5.7g/m2   

Field: 1.76kV/ cm  
Basis Weight: 5.7g/m2        

 Field: 1.5kV/cm  
Basis Weight: 5.7g/m2 

 

Figure 39 SEM images for electrospinning of iminochitosan with 2% concentration and 
varying electric field and basis weight 

 
The most suitable condition for electrospinning of nanofibers was found to be 5% 

concentration of iminochitosan in TFA, electric field of 1.76kV/cm and 1.5kV/cm and basis 

weight of 8.6 g/m2. Fiber formation was also possible at the conditions of electric field of 2 

kV/cm and basis weight of 5.7 g/m2 and at 1.5 kV/cm field and 5.7 g/m2 basis weight. 
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Field: 2 kV/cm    
Avg. Dia.: 410 nm    
Basis Weight: 8.6g/m2                     

 
Field: 1.76 kV/cm      
Avg. Dia.:163 nm             
Basis Weight: 8.6g/m2                     

 
Field: 1.5 kV/cm 
Avg. Dia.: 243.98nm 
Basis Weight: 8.6g/m2 

 
Field: 2 kV/cm 
Basis Weight: 5.7g/m2                     

Field: 1.76 kV/cm 
Basis Weight: 5.7g/m2                     

 
Field: 1.5 kV/cm 
Avg. Dia.: 149 nm  
Basis Weight: 5.7g/m2                    

Figure 40 SEM images for electrospinning of iminochitosan with 5% concentration and 
varying electric field and basis weight 
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Field: 2 kV/cm              

Basis Weight: 8.6g/m2          

 
Field: 1.76 kV/cm           

Basis Weight: 8.6g/m2          

 
Field: 1.5 kV/cm           

Basis Weight: 8.6g/m2        

 
Field: 2 kV/cm              

Basis Weight: 5.7g/m2 

 
Field: 1.76 kV/cm           

Basis Weight: 5.7g/m2 

 
Field: 1.5 kV/cm           

Basis Weight: 5.7g/m2 

    
Figure 41 SEM images for electrospinning of iminochitosan with 8% concentration and 

varying electric field and basis weight  
 

During initial trials it was observed that iminochitosan with 8 % concentration gave fibers. 

But the other parameters, maintained during initial trials were different. Initial trials were 

carried out with 25 kV electric field applied between two terminal and the distance between 

syringe needle tip and collector drum was kept at 10 cm. Thus the electric field was 

maintained at 2.5 kV/cm. Based on the literature review, it was thought that by increasing the 

distance between collector drum and syringe, the fiber forming tendency would increase. At 

higher voltage, the drawing of the solution to the collection plate is faster than the solution  
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supplied, which leads the Taylor Cone to recede into the needle and leads to greater 

stretching of the solution due to the greater columbic forces in the jet as well as the stronger 

electric field. If the applied voltage is higher, the greater amount of charges will cause the jet 

to accelerate faster and more volume of solution will be drawn from the tip of the needle. 

This may result in a smaller and less stable Taylor Cone Also due to more distance between 

solution drawn from the needle tip and the collector drum, the jet gets a longer time to dry. 

As a result, the solvent in the deposited fibers at the collector drum may have enough time to 

evaporate given the same voltage applied. After following experimental design I, it was 

observed that this combination did not work. All the trials of iminochitosan with 8% 

concentration in TFA gave beads and films instead of fibers. The reason behind this failure 

might be that after increasing voltage beyond certain point and at higher viscosity, it was 

found that there is a greater tendency for bead formation. It was also reported that the shape 

of the beads changes from spindle-like to spherical-like with increasing voltage [106]. Also 

extrusion rate used in initial trial was 1 ml/hr whereas in this experimental design it was kept 

at 10 ml/hr. 

To confirm the electrospinning at 8% concentration of iminochitosan in TFA, further 

experiments were carried from experimental design I. It was observed that the samples 

showed mainly beads with fiber forming tendency, which confirmed what has been found 

and shown in Figure 41. Figure 42 illustrates that the sample showed tendency of forming the 

nanofibers at 8% concentration of iminochitosan.  The formation of beads and beaded fibers  
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can be attributed to higher concentration of iminochitosan in TFA which increases viscosity 

of the solution and decreases the surface tension (Refer section 5.11). Due to higher viscosity 

and low surface tension, the Taylor cone gets deformed quickly and gets collected on the 

drum surface. Within the beaded structure, a bundle of fibers can be observed at 1.5 kV/cm 

and 5.7 g/m2.    

 
Field: 2 kV/cm 
Basis Weight: 8.6g/m2 

 
Field: 1.76 kV/cm 
Basis Weight: 8.6g/m2      

 
Field: 1.5 kV/cm 
Basis Weight: 8.6g/m2 
 

 
Field: 2 kV/cm Basis 
Weight: 5.7g/m2 

 
Field: 1.76 kV/cm Basis 
Weight: 5.7g/m2 

 
Field: 1.5 kV/cm Basis 
Weight: 5.7g/m2 

Figure 42 Electrospinning of Iminochitosan at 8% concentration  
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Table 8 shows the specifications of iminochitosan fiberweb obtained at 5 % concentration of 

iminochitosan in TFA. 

Table 8 Specification of iminochitosan fiberweb 

Concentration, % Field, kV/cm Basis weight, 
g/m2 

Diameter, nm Covering 
power, % 

5 30/15=2.00 8.6 409.8 87.28 
5 30/17=1.76 8.6 163.3 51.33 
5 30/20=1.50 8.6 244.0 67.77 
5 30/15=2.00 5.7 Beads ---- 
5 30/17=1.76 5.7 Beads ---- 
5 30/20=1.50 5.7 148.6 62.43 

 

5.2.2 Experimental Design II: Electrospinning of Iminochitosan and Cellulose Acetate 
Blend 
As discussed earlier, the production cost of electrospun fiber can be reduced if iminochitosan 

is blended with the cellulose acetate in different proportion. To verify the fiber forming 

capacity of the blend of iminochitosan and cellulose acetate experimental design II was 

developed. From the experimental design I it was clear that 5% could be the best condition as 

it contains enough polymers to electrospin the solution in the form of fibers. Electrospinning 

iminochitosan and cellulose acetate blend was done with 5 % solution concentration varying 

the blend percentage of iminochitosan and cellulose acetate. The solution was prepared as 

discussed in the experimental chapter. In this experimental design the highest concentration 

of cellulose acetate in TFA used was 5%, which was very low for cellulose acetate to get 

electrospun into nanofibers. As it can be seen from Figures 43 and 44, the only successful 

trial in the electrospinning was 100% iminochitosan with 5% concentration in TFA solvent 

with basis weight 8.6 g/m2, 1.76 kV/cm and drum speed of 3.02 m/min. Other combinations  
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also didn’t give any fibers because the concentration used was very low in all trials carried 

out at different combinations of iminochitosan and cellulose acetate blend. There was not 

enough amount of polymer in solution to electrospin it into fibers. The inter linkage of the 

molecular chains was not possible at such low concentration. Figure 43 and 44 shows SEM 

images obtained at various percentage blends of Iminochitosan/Cellulose acetate. 

 

Blend %: 0/100 

Basis weight: 8.6 g/m2              

 

Blend %: 25/75  

Basis weight: 8.6 g/m2              

  
Blend %: 50/50 

Basis weight: 8.6 g/m2              

 

Blend %: 75/25 

Basis weight: 8.6 g/m2                    

 

Blend: 100/0 

Basis weight: 8.6 g/m2                    

 

            
Figure 43 SEM images of electrospun nonwoven web of blend of iminochitosan / cellulose 

acetate with 8.6 g/m2 as a constant basis weight 
 



  

92 
 

 

Blend %: 0/100 

Basis weight: 5.7 g/m2           

Blend %: 25/75  

Basis weight: 5.7 g/m2           

 
Blend %: 50/50 

Basis weight: 5.7 g/m2           

 

Blend %: 75/25    

Basis weight: 5.7 g/m2                

 

Blend: 100/0 

Basis weight: 5.7 g/m2                 

 

 
Figure 44 SEM images of electrospun fiberweb of blend of iminochitosan / cellulose acetate 

with 5.7 g/m2 as a constant basis weight 

5.2.3 Experimental Design III: Effect of Extrusion Rate on Fiber Formation 

In experimental design III, effect of extrusion rate on the fiber formation was studied. For 

this 5 levels of extrusion rate and 2 levels of concentration were used. 4% and 6 % 

concentration were used based on the results obtained using experimental design I. In  
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experimental design I, only 5 % concentration with field (30/17 V/cm), basis weight (8.6 

g/m2), drum speed (3.02 m/min) gave fibers. It was decided to carry out the electrospinning 

experiments between the range of concentration from 4% to 8%. Nearest concentration level 

i.e. 4% and 6% were studied. 

It can be seen from Figure 45, in both cases of. 4% and 6% concentration, as the extrusion 

rate decreases, fiber formation increases. In Figure 45 shows that there is no fiber formation 

with extrusion rate of 9ml/hr where as fiber formation good fiber formation resulted by 

reducing the rate to 5 ml/hr and 3 ml/hr. Higher the extrusion rate higher is the volume of 

solution collected at the tip of the needle. Due to greater volume of solution drawn from the 

needle tip, the jet takes a longer time to dry. As a result, the solvent in the deposited fibers at 

the collecting drum may not have enough time to evaporate given the same travel time.  The 

residual solvent may cause the fibers to fuse together. A lower extrusion rate is more 

desirable as solvent will have more time for evaporation. 

At 4% concentration of iminochitosan and 3 ml/hr extrusion rate, average diameter of the 

nanofibers obtained was found to be about 113.1 nm whereas the covering power was found 

to be 35.81% and those at 6% concentration of iminochitosan and 3ml/hr extrusion rate were 

found to be 75.5 nm and 41.54 % respectively. At all other extrusion rates mostly beads were 

observed. 
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Extrusion rate: 9 ml/hr   

Concentration: 4%    

 
Extrusion rate: 7 ml/hr   

Concentration: 4%      

 
Extrusion Rate: 5 ml/hr 

Concentration: 4% 

 
Extrusion rate: 3 ml/hr         

Concentration: 4% 

 
Extrusion rate: 1 ml/hr        

Concentration: 4% 

 

              
               Figure 45 SEM images of iminochitosan showing effect of extrusion rate on fiber 

formation 
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Extrusion rate: 9 ml/hr        

Concentration: 6%           

 
Extrusion rate: 7 ml/hr        

Concentration: 6%           

 
Extrusion rate: 5 ml/hr        

Concentration: 6%           

 
Extrusion rate: 3 ml/hr        

Concentration: 6%           

 
Extrusion rate: 1 ml/hr        

Concentration: 6%           

 

  Figure 45 SEM images of iminochitosan showing effect of extrusion rate on fiber formation 
(Continued). 

 
5.3 Electrospinning of Iminochitosan and Cellulose Acetate Blend 

In experimental design II, different trials were carried out keeping the solid weight 

percentage of the iminochitosan to cellulose acetate in different proportion i.e. 0/100, 25/75, 

50/50, 75/25, 100/0. These experiments were carried out keeping two levels of basis weight 

and other parameters i.e. speed of collector drum and extrusion rate constant. However all  
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these trials failed to produce the fibers due to very low concentration of the cellulose acetate 

(5%). Our trials (section 5.1.5) indicated that it is necessary to use cellulose acetate 

concentration in TFA above 8% to get electrospinnable solution. Only 5 % iminochitosan in 

TFA was electrospinnable as was revealed by experimental design I. With this in mind, 

different trials with electrospinning of 100% iminochitosan and 100% cellulose acetate were 

carried out. It was found that 4, 5, 6 % concentration of iminochitosan in TFA and 8% - 40% 

concentration of cellulose acetate in TFA were electrospinnable. Electrospinning of cellulose 

acetate with 40% concentration gave liquid crystal fibers. For electrospinning of 

iminochitosan and cellulose acetate blended fibers it was decided to use 4% iminochitosan in 

TFA and 20 % cellulose acetate in TFA. The solution was mixed in 50/50 proportion in 

terms of solution and 16.67% Iminochitosan: 83.33% cellulose acetate in terms of weight. 

Figure 46 shows the images of the resultant blended nanofibers. 

A) 
 

B) 
Figure 46 SEM images of iminochitosan and cellulose acetate blended fibers. 
A: cross-section of blended fibers, B: magnified SEM image of the blended fibers 

(concentration of iminochitosan: 4%, concentration of cellulose acetate: 20%, Extrusion 
rate: 9 ml/hr, drum speed: 3.02 m/min Field: 2 kV/cm) 
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Table 9 shows average covering power, average diameter of the nanofibers produced by the 

electrospinning of iminochitosan and cellulose acetate blend. Covering power of the blended  

structure was found to be 43.5% and average diameter was found to be 85 nm.  

Table 9 Covering power and diameter of iminochitosan and cellulose acetate blend 

SEM Image 
no. 

Covering 
Power, % 

Average, 
% 

Average 
Dia., nm  

No. of 
Observations 

Average Dia., 
nm 

1 49.7  
 
 
 

43.5 

107 15  
 
 
 

85 

2 52.3 104 15 
3 55.9 79 18 
4 34.9 71 15 
5 42.6 90 21 
6 36.0 68 20 
7 30.7 86 22 
8 51.2 83 15 
9 38.2 72 18 

 

5.4 Electrospinning of Core/Sheath (Cellulose Acetate/Iminochitosan) Fibers 

Core/sheath fibers were electrospun following the best conditions to obtain fibers from 

iminochitosan and cellulose acetate solutions that were revealed by the initial trials and 

Experimental Designs I and II. Iminochitosan with 4% concentration in TFA and cellulose 

acetate with 20 % concentration in TFA were suitable to electrospin the core and sheath 

fibers. Iminochitosan was filled in the outer syringe forming sheath part whereas cellulose 

acetate was filled in inner syringe forming core part. As it can be seen from Figure 47 

cellulose acetate fibers were encapsulated by the iminochitosan  
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A) 

 
B) 

 
C) 

 
D) 

 
E) 

 
F) 

Figure 47 Electrospun core/sheath fiber with cellulose acetate as a core and iminochitosan as 
sheath (Concentration: 4% iminochitosan/20% cellulose acetate, Extrusion rate: 1 ml/hr for 

each extrusion system, Field: 2 kV/cm) 
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Table 10 shows the average diameter and average covering power of core and sheath fibers. 

As compared to diameters observed in experimental design I and II, diameter of the core and 

sheath fibers found to be very large i.e. 1092 nm. This increase in the fiber diameter is due to 

the core/sheath structure. Core contains cellulose acetate and sheath is iminochitosan layer. 

Table 10 demonstrates the covering power, average diameter as specifications for core and 

sheath bi-component fibers. In core and sheath fibers the average diameter of the fibers 

produced was 1092 nm. Interesting structures of core/sheath fibers were observed from SEM 

images of different magnifications and locations (Figure 47). Figures 47 A, and B show cross 

section of the fiberweb with evidence of good core/sheath formation that is clear from the 

magnified image of Figure 47 B. 

Observing the images of Figures 47 C-F, one notices various structures: (1) Large ribbon like 

core/sheath structure of elliptical cross section of dimensions of 7.5 μm and 2.5 μm (Figure 

47 C), (2) Cylindrical core/sheath fibers (Figure 47 D-F), (3) Core/sheath fibers with varying 

cross section shape along length (Figure 47 D), and (4) Thin web of uniform fibers at the 

bottom (Figure 47 C and D). The latter is a layer of cellulose acetate fibers that probably 

extruded first from the syringe containing the cellulose acetate solution since the fiber 

morphology and size resemble the images previously shown for cellulose acetate nanofibers. 

The large ribbon and cylindrical structures of core/sheath fibers contain bundles of cellulose 

acetate fibers that seem to be folded (Figures 47 C and F). The average diameter of the 

cellulose acetate fibers inside the iminochitosan layer is 103 nm and the range of diameter is  
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45-139 nm. The reason behind the formation of the bundle of cellulose acetate rather than 

single fiber in the core is not known and warrant further investigation. 

Table 10 Covering power and diameter of core/sheath fibers 

   SEM 
Image No. 

Covering Power, 
% 

Average, 
% 

Average 
Dia., nm 

No. of 
Observations 

Average 
Dia., nm 

1 87.697  
 
 
 

63% 

491 10  
 
 
 

1092 

2 87.819 1219 10 
3 25.5336 1306 12 
4 47.3645 169 7 
5 38.9591 2457 3 
6 91.0972 73 9 
7 60.3368 528 9 
8 64.1362 2498 3 

Further experiments were carried out to observe the repeatability of the experiment at 1 

ml/ml extrusion rate and other experiment was carried out at 0.3 ml/hr extrusion rate. 

Extrusion rates were kept the same for the two extrusion systems used. The SEM images 

obtained from these two runs are as shown in Figure 48.  

 
A) 1 ml/hr Extrusion Rate 

 
B) 0.3 ml/hr Extrusion rate 

Figure 48 Electrospun core/sheath fiber with cellulose acetate as a core and iminochitosan as 
sheath (Concentration: 4% iminochitosan/20% cellulose acetate, Field: 2 kV/cm) 
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Analysis of the SEM images obtained at different extrusion rate was carried out to obtain 

average diameter. For extrusion rate of 1 ml/hr, the average diameter was observed to be 

1,386 nm whereas for 0.3 ml/hr extrusion rate average diameter was observed to be 498 nm. 

If diameters at both extrusion rates are compared, it is evident that if the extrusion rate is 

reduced from 1 ml/hr to 0.3 ml/hr, the average diameter of the nanofibers reduces. This can 

be attributed to the less amount of polymer solution present at the tip of the needle. At the 

same electric field applied, it causes further extension of the polymer jet and reduced 

diameter. 
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5.5 Electrospinning of Cellulose Acetate as Liquid Crystal Fibers 

Electrospinning of cellulose acetate in trifluoroacetic acid was carried out with 40 % polymer 

concentration, drum speed (3.02 m/min). To get cellulose fibers, the cellulose acetate fibers 

obtained (Figure 49 A) were treated with solution of 0.05M Sodium Methylate in Methanol. 

The concentration was kept around 0.27 g/100 ml. The sample was kept in this solution for 

24 hrs at room temperature. Then the fibers were rinsed with the fresh methanol. Figure 49 B 

shows the cellulose fibers after treatment. 

 
A) 

 
    B) 

Figure 49 Cellulose acetate liquid crystal fibers (A) and cellulose fibers after deacetylation 
(B), concentration: 40 %, Extrusion rate: 9 ml/hr, Field: 1.76 kV/cm (30kV/17 cm), Drum 

Speed: 3.02 m/min 

The results of Table 11 show the diameter data of cellulose acetate and cellulose fibers. The 

average diameter observed before the cellulose acetate was 222 nm and the diameter of the 

cellulose fibers was found to be 142 nm. This shows that there was reduction in the diameter  
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of treated nanofibers by 36%. Comparison between the two images of Figure 49 indicates 

that no sign of damage to fibers as a result of deacetylation. The treatment has advantage of 

reduction in fiber diameter. This is, however, a costly additional process and if absorbency 

level is achieved by cellulose acetate, then there is no need for deacetylation. 

Table 11 Change in diameter of cellulose acetate after deacetylation 

Sr. No. Dia. Before Treatment, 
nm 

Dia. After Treatment, 
nm 

1 191.44 132.24 
2 372.17 78.91 
3 220.24 55.80 
4 139.29 65.66 
5 256.42 123.82 
6 229.82 169.01 
7 375.06 325.84 
8 135.37 162.51 
9 169.01 207.64 
10 116.08 199.71 
11 146.83 155.73 
12 141.21 146.83 
13 176.80 116.08 
14 556.36 132.24 
15 103.82 55.803 

Standard Deviation 124.36 70.03 
Mean 222.00 142.00 

 

5.5.1. Absorbency of Cellulose Acetate as a Liquid Crystal 

As mentioned earlier, absorbency plays an important role in wound dressing. Electrospinning 

of cellulose acetate was carried with 40% concentration in Trifluoroacetic Acid. Five trials 

with different levels of extrusion rate (1 ml/hr, 3 ml/hr, 5 ml/hr, 7 ml/hr, and 9 ml/hr) were  
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conducted. The basis weight and electric field were kept constant at 14.49 g/m2 and 2 kV/cm. 

Absorbency measurements were carried out for the five fiberwebs produced.  

It was observed that as the extrusion rate was increased from 1 ml/hr to 9 ml/hr, the thickness 

of the electrospun fiberweb increased. Also the compactness of the fibrous structure 

decreased i.e. the structure was becoming more and more open and bulky with the increase in 

extrusion rate. It is clear from Table 12 and Figure 50 that the absorbency of the fiberweb 

increases as extrusion rate increases. This is due to the higher amount of air trapped in the 

structure. More the open structure and more the air trapped within the fiberweb, more is the 

absorbency. The SEM images of the cellulose acetate liquid crystal fiber are given in Figure 

51. The table and Figure 52 show that diameter increases as the extrusion rate increases. This 

can be attributed to the increase in polymer quantity in the solution extruded from needle and 

collected at the tip of needle. It was observed that samples produced at higher rate of 

extrusion are bulkier compared to those produced at lower rate. This provided porous 

structure for samples produced at high extrusion rate that led to increase in the absorbency of 

the electrospun cellulose acetate fiberweb. 
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Table 12 Absorbency of cellulose acetate liquid crystal fiberweb spun from 40% 
concentration solution 

Sample no. Extrusion 
rate , 
ml/hr 

Average 
Diameter, nm

Average weights of 
sample, g 

Absorbency 
% = {[(b) – 
(a)] / (a)} * 

100 
Dry 

sample, 
(a) 

Wet 
sample, 

(b) 
1 1 994 0.050 0.47 840 
2 3 1022 0.045 0.489 986 
3 5 1241 0.065 0.933 965 
4 7 1269 0.080 0.979 1123 
5 9 1314 0.132 1.694 1203 

 

 
Figure 50 Effect of extrusion rate on the the absorbency of the liquid crystal fibers 
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Extrusion rate: 1 ml/hr 

 
Extrusion rate: 3 ml/hr 

 
Extrusion rate: 5 ml/hr 

 
Extrusion rate: 7 ml/hr 

 
Extrusion rate: 9 ml/hr 

 

Figure 51 SEM images of Electrospinning of cellulose acetate liquid crystal  
at different extrusion rate 

(constant parameters are basis weight: 14.49 g/m2 and electric field: 2 kV/cm (30kV/15 cm)) 
 

 
Figure 52 Relationship between extrusion rate and diameter of cellulose acetate fiber 
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The high absorbency of cellulose acetate fiberwebs proved that there is no need for the 

deacetylation. 

Comparing the results of Tables 11 and 12, one can observe that the fiber diameter obtained 

from the five runs (Table 12) is larger than the fiber diameter of the run of Table 11. This can 

be explained by the difference in field. The five runs of Table 12 were carried out at field of 

2 kV/cm while the field of the run of Table 11 was 1.76 kV/cm. The difference in field was 

done by keeping the volt constant (30 kV) and changing the distance between the needle tip 

and the collecting drum. The jet draw ratio increases as the distance increase [68] as 

explained earlier in the literature review section. Higher the draw ratio of jet formed during 

electrospinning, the thinner is the diameter of fibers collected on collecting drum. 

5.6 Electrospinning of Blend of Cyanoethyl Chitosan and Cellulose Acetate: 

Figure 53 shows the images of electrospun structures from blend of cyanoethyl chitosan and 

cellulose acetate. As it can be seen from the figure, no fiber formation was achieved in all 

trials carried out with various combination of blend percentage. Any of the blend percentage 

of Cellulose Acetate/ Cyanoethyl Chitosan  did not work. Because of very low concentration 

(below 8%) of cellulose acetate and cyanoethyl chitosan, there was no intermolecular 

attachment between the molecules of cellulose acetate and cyanoethyl chitosan to form 

fibers. Only beads and films were observed. 
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A) 

 
B) 

 
C) 

 
D) 

 
E) 

 
F) 

Figure 53 Eletrospinning of blend of cellulose acetate/cyanoethyl chitosan 
A) Blend percentage- 80/20(cellulose acetate/ cyanoethyl chitosan) 
B) Blend percentage- 60/40(cellulose acetate/ cyanoethyl chitosan) 
C) Blend percentage- 40/60 (cellulose acetate/ cyanoethyl chitosan) 
D) Blend percentage- 20/80 (cellulose acetate/ cyanoethyl chitosan) 

E) 100% cyanoethyl chitosan F) 100% cellulose acetate  
 
 
5.7  Antimicrobial Evaluation of blend of Cyanoethyl Chitosan(CECh)/Cellulose 
Acetate 
The antimicrobial properties for films made from blend of cyanoethyl chitosan and cellulose 

acetate were determined at the National Research Center, Cairo, Egypt using disc diffusion 

method referred to in the Experimental chapter. The Diameters of inhibition zone (mm) are 

determined for each disc where smaller diameter indicates low antimicrobial activity and 

larger diameter shows high antimicrobial activity. Table 13 summarizes the results. 
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Table 13 Diameters of inhibition zones during growth of gram+ micro-organism 

Blend CA/CECh Inhibition Zone Diameters (mm) 
E.Coli. P. Areuginosa St. Aureus 

100/0 0 0 0 
90/10 4 7 6 
80/20 8 11 10 
70/30 12 13 10 
60/40 18 19 20 
0/100 20 21 20 

 

Table 13 illustrates that cellulose acetate possesses no resistivity towards both grame 

(positive and negative) microorganism. Mixing cellulose acetate with 10 % of its weight of 

cyanoethyl chitosan in blended film causes an inhibition zone diameter of 4 mm in case of E. 

Coli and of 7 mm in case of P. Areuginosa. For St. Aureus (grame positive) it causes an 

inhibition zone diameter of 6 mm. By decreasing cellulose acetate composition gradually 

from 90 parts to 60 parts and by increasing the cyanoethyl chitosan composition gradually 

from10 parts to 40 parts in the blended films show a gradual increase in the diameter of the 

inhibition zone to reach 18, 19 and 20 mm for the above mentioned three microorganisms 

respectively. Increasing the cyanoethyl chitosan component up to 90 or 100 parts and 

decreasing the cellulose acetate component up to 10 or 0 parts do not show appreciable 

increase of the inhibition zone diameters and remain at 20, 21 and 20 mm respectively. It is 

noteworthy to mention that all these experiments were carried out to specify the conditions 

needed for the blend used during electrospinning. 
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5.8 Characterization of Cyanoethyl Chitosan 

It is clear from Tables 14 and 15 that the concentration of NaOH plays a significant role on 

both solubility and degree of substitutions. Concentrations between 6-10% gave the highest 

degree of solubility and substitution. The critical degree of substitution (DS) lies between 

1.2-1.3. Below 1.2 DS the degree (the nitrile groups) of substitution were not enough to 

dissolve acrylonitrile chitosan, while above 1.3 DS the sodium hydroxide concentration 

and/or the longer time of reaction are enough to decrease the nitrogen content and nitrile 

content by virtue of alkaline hydrolysis.  

Table 14 Effect of NaOH concentration on D.S. and solubility of chitosan in DMF 
Percentage 

Aqueous NaOH 
N% D.S. Solubility in 

DMF 
2 11.66 0.84 swell 
4 12.42 1.05 swell 
6 12.98 1.20 soluble 
8 13.10 1.23 soluble 
10 12.97 1.19 soluble 
12 11.09 0.69 swell 
15 10.91 0.64 swell 
20 10.48 0.52 insoluble 
25 10.42 0.51 insoluble 
30 9.44 0.24 insoluble 
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Table 15 Effect of reaction time on D.S. and solubility of chitosan in DMF 
Time, hrs N% DS Solubility in DMF 

0.5 10.83 0.62 Insoluble 
1 12.42 0.78 Swell 
2 12.42 1.05 Soluble 
3 13.43 1.32 Soluble 
4 12.55 1.08 Soluble 
5 12.30 1.01 Soluble 
6 11.55 0.81 Soluble 
9 11.30 0.74 Swell 
12 10.73 0.59 Swell 

 

From the above data in Tables 14 and 15, it was preferred to choose chitosan with 8% NaOH 

followed by acrylonitrile treatment which yield derivative soluble in DMF, DMSO and other 

common solvents. This leads to blend cyanoethylated chitosan with cellulose acetate which is 

also soluble in DMF and DMSO at any ratio. 

5.9 Blending of Cyanoethylated Chitosan with Cellulose Acetate 

The experimental results carried out at National Research center, Egypt showed that both 

cyanoethylated chitosan and cellulose acetate are separately dissolved in DMF and DMSO. 

Blending both solutions of these materials gave compatible clear solution at all ratios. Table 

16 illustrates the nitrogen content of dry casted films prepared from blended solutions. It is 

clear from results in Table 16 that increasing the cyanoethylated chitosan portion in the 

resulted films leads to increase in the nitrogen content as expected. The results were obtained 

from the IR spectra. 
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Table 16 Nitrogen content of dry casted films prepared from blended solutions 

Sample 
No. 

1 2 3 4 5 6 7 8 9 10 11 

Percent  
CA:CE
Ch 

100:0 90:
10 

80:
20 

70:
30 

60:
40 

50:
50 

40:
60 

30:
70 

20:
80 

10:
90 

0:100 

N 
content 

0.00 1.1 1.6 2.3 2.7 4.1 6.2 7.0 8.9 12. 13.1 

 

5.10 Characterization  

Electrospinng of nanofibers depends on the various factors such as surface tension, viscosity.  

Beyond certain surafce tension the taylor cone breaks into the jet which get deposited onto 

the collector plate as a nanofiber. As viscosity increases surface tension reduces.  

5.10.1 Surface Tension  

As it has been discussed in literature review that surface tension of the polymer solution has 

been closely associated with its tendency to form beads or beaded fibers when all other 

parameters are unchanged. The surface tension of the polymer solution was measured at 

different concentration. The most suitable chitosan concentration having suitable surface 

tension to electrospin was determined. 

The results of surface tension are shown in Table 17 and Figure 53. Observation of the 

results shows that surface tension decreases as the viscosity of the solution increases. A 

higher viscosity means that there is greater interaction between the solvent and polymer 

molecules thus when the solution is stretched under the influence of the electrical field during  
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electrospinning, the solvent molecules will tend to spread over the entangled polymer 

molecules thus reducing the tendency for the solvent molecules to come together under the 

influence of surface tension. Figure 54 shows that as the iminochitosan concentration 

increases from 3% to 8% the surface tension reduces. The most suitable values of surface 

tension are 79 dynes/cm  and 80 dynes/cm for electrospinning of iminochitosan solution.  

Table 17 Surface Tension at different iminochitosan concentration 

Iminochitosan 
Concentration 

Surface Tension 
Dyne/cm 

1% 55 
2% 64 
3% 79 
4% 80 
5% 62 
6% 55 
8% 38 

 

 
Figure 54 Relationship between surface tension and iminochitosan concentration 
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5.10.2 Viscosity Measurement 

Solution viscosity is one of the most influential factors that affect the nanofiber formation. It 

is directly controlled by the molecular weight (fixed concentration) or the solution 

concentration (fixed molecular weight). Empirical evidence reported by number of authors 

indicates that by increasing the solution concentration, transitions occur from beads to 

beaded fibers to homogeneous fibers. 

As it can be seen from the Table 18 and Figure 55, as the concentration of iminochitosan in 

TFA increases, the viscosity of the solution increases. In short, viscosity of the solution is 

directly proportional to the iminochitosan solution concentration. This results in higher fiber 

forming tendency at higher viscosity. This is because there is more amount of polymers 

available at higher concentration. This cause more intermolecular attachments which finally 

lead to fiber formation. 

During initial trials of electrospinning using solution of 1% and 2% concentration there was 

not sufficient amount of polymer to form the fibers that resulted in formation of beads and 

films.  As the concentration increased viscosity and the amount of polymer in solution 

increased which in turn increased the fiber forming property of the solution. Thus excellent 

viscosity of solution of iminochitosan in TFA was found to be in range of 400-670 cP. 
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Table 18 Change in viscosity with iminochitosan concentration 

Iminochitosan 
Concentration, % 

Viscocity (cP) 

1 13 
2 25 
3 400 
4 540 
5 600 
6 670 
8 880 

 
 
 

 

Figure 55 Relationship between iminochitosan concentration and viscosity 
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6. CONCLUSION 

Fibers from chitosan in aqueous acetic acid and formic acid could not be electrospun due to 

due to its polyelectrolyte nature and its intrinsically high viscosity. For this reason, 

iminochitosan was synthesized and for a given set of electrospinning parameters fibers were 

electrospun from solution with trifluoroacetic acid as a solvent. It was concluded that 

electrospinning of iminochitosan is possible. Several parameters including polymer 

concentration, electric field and extrusion rate were investigated in the electrospinning of 

iminochitosan dissolved in trifluoroacetic acid. The trials showed that good fiber formation 

occurred within a range of 3%-8% of iminochitosan concentration with surface tension and 

viscosity in the range of 55-80 dyne/cm and 400-670 cP respectively. Concentrations of 1% 

and 2% produced beads and discontinuous films and concentrations higher than 8% were not 

possible to extrude the solution with the extruder system employed. Moreover it produced 

fibers with barbed structures so as to increase the fiber surface area. More the surface area 

more will be the bacteria killing property with smaller amount of iminochitosan. Contact kill 

performance (assessed by inhibition zone) of the gauze/iminochitosan structures against 

range of microbes showed an excellent antimicrobial behavior. 

Iminochitosan structure parameters namely covering power, basis weight, and fiber diameter 

that are determining the surface area of the structure are strongly correlated to the inhibition 

zone. The increase in surface area (increase in basis weight and covering power and 

reduction in fiber diameter) led to higher antimicrobial effectiveness of the structure as 

presented by the inhibition zone.  
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Another set of experiment with iminochitosan solution was carried out to analyze the effect 

of extrusion rate on the fiber formation. This design showed the strong evidence that as the 

extrusion rate is reduced from 9 ml/hr to 1 ml/hr, the fiber forming tendency increases. High 

extrusion rate caused beads to beaded fibers. 

Our trials revealed the correct blend of solution and electrospinning parameters that led to the 

formation of electrospun nanofibers webs from a chitosan derivative (iminochitosan) without 

the need to blend with other polymers. We carried a further systematic research employing 

these parameters and study their impact on fiberweb structure (nanofiber diameter, surface 

area, basis weight) and antimicrobial behavior. These systematic trials were designed to 

establish relationship between the structural parameters of the nanofiber webs and their 

antimicrobial behavior. Thus nanofiber webs from iminochitosan were designed to meet 

certain performance with minimum amount of fibers. 

It was thought that it might be necessary to regenerate the chitosan from iminochitosan 

electrospun nanofibers to obtain antimicrobial properties. This could be done by treating 

iminochitosan with dilute acetic acid. In fact, iminochitosan releases salicylaldehyde due to 

hydrolysis when comes in contact with moisture from the atmosphere or wound and 

salicylaldehyde possesses antimicrobial property itself. Therefore, the development of 

electrospun fiberwebs from iminochitosan solution is a justified route without the need for 

additional process that converts it back to chitosan. 

Electrospinning of iminochitosan and cellulose acetate blend was possible. The concentration  
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used was 4% imnochitosan in TFA and 20 % cellulose acetate in TFA. Same combination of 

concentration was used for electrospinning of core/sheath fiber with cellulose acetate as a 

core and iminochitosan as sheath. It was observed in the core/sheath structure that a bundle 

of cellulose acetate was encapsulated by iminochitosan layer. Analysis of SEM images 

showed that structure of core/sheath fiberweb possesses wide range of diameters. The 

diameter range of cellulose acetate (core fibers) was 45-139 nm. Large core/sheath structure 

of elliptical cross section of dimensions of 7.5 μm (major diameter) and 2.5 μm (minor 

diameter) and core/sheath structure of circular cross section of diameter 2.5 μm were 

observed.  Such structure may provide absorbency, strength and antimicrobial property, 

which are important for wound dressing, in a single process of core/sheath electrospinning. 

Electrospinning of cellulose acetate as liquid crystal fiber was possible with 40% 

concentration of cellulose acetate in TFA. The absorbency of liquid crystal was tested at 

different extrusion rates and it was observed that as the extrusion rate was increased from 1 

ml/hr to 9 ml/hr, the thickness of the nonwoven electrospun web and diameter of the fiber 

produced increases. Thus higher extrusion rate provides higher absorption. The data showed 

that the absorbency of liquid crystal fiber was found to be approximately 10-15 times the 

weight of dry sample of cellulose acetate electrospun fiberweb. 

Blend solution of cyanoethyl chitosan and cellulose acetate in DMF was electrospun to 

investigate the feasibility of fiber formation though beads and films were observed. The 

beads and film structures showed excellent antimicrobial properties. 
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7. FURTHER RESEARCH AND RECOMMENDATIONS 

While the antimicrobial property of iminochitosan was tested for few samples and was found 

to be excellent, further measurements of this property should be conducted for the wide range 

of samples from iminochitosan, and iminochitosan/cellulose acetate fiberwebs. This will be 

conducted by a Ph.D. student at the National Research Center, Cairo, Egypt. Since 

Trifluoroacetic acid (TFA) is hazardous material to health and safety, it is recommended that 

a substitute solvent should be used. 

The current research demonstrated the efficacy of producing core/sheath bicomponent 

nanofibers using iminochitosan and cellulose acetate polymers. Such structures show great 

potential for variety of applications many of which will no doubt require high mechanical 

integrity and stability. The mechanical behavior of such hybrid structures has not been 

investigated and modeled thus far. It is suggested that the mechanical properties of these 

structures be measured, understood and modeled. 
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Appendix A: Safety procedures for the electrospinning set up 

The process of electrospinning involves usage of highly toxic and corrosive chemicals, as 

well as very high voltage equipment. The personnel using this equipment should practice 

extreme measures for their safety. A list of procedures for chemical and electrical safety has 

been listed below. All persons using this equipment/process should follow these safety 

measures. 

General description of the apparatus 

 The electrospinning apparatus consists of a glass sprayer filled with polymer 

solution, a collecting device, a high voltage instrument whose positive is 

terminated at the glass pipette and the other end to the collecting drum, and the 

system has an external motor to give motion to the collecting device. 

 The glass sprayer is held by a support system, which is made up of Garolite, a 

woven glass fabric coated with epoxy. 

 The collecting device is a PVC pipe cylindrical drum, which is attached with a 

metal plate, a bush and a wire terminating from it so as to complete the electrical 

connection. 

 A foil of aluminum is wounded over this non-conducting drum to maintain the 

same electric field throughout the surface of the drum. 

 A sheet of fiberglass screen is wounded over the foil to assist in removing the 

electrospun sample without any damage to the sample. 

Chemical Safety 

 Always wear eye protection, hand protection and protective clothing. 

 Handle the chemicals listed above with care and store them at proper/regular 

places. 
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 Make sure the solution is prepared inside the hood and the fumes emerging from 

the chemicals should be properly ventilated. 

 Clean beakers and bottles should be used for transferring of chemicals and 

preparing of solution. 

 Close the bottles of methylene chloride and triflouroacetic acid immediately after 

use and also close the glass lid of the bottle containing the prepared solution. 

 The polymer chips added to the solution to dissolve can be assisted using a 

magnetic stirrer and an external source for stirring. 

 Spills and wastes are removed and discarded as mentioned above. Dispose of all 

contaminated materials properly. 

 Keep spilled materials out of drains and water supplies. 

 Get medical help immediately if someone is overexposed to chemicals. 

Electrical Safety 

The electrospinning system itself uses electrical power for its operation. Any of these smaller 

pieces of equipment may produce a potentially damaging or lethal shock or serve to ignite 

flammable materials. Although such shocks and fires may result from defective equipment, 

most often they may result from the unsafe practices of the user.  

 Proper care should be taken while terminating the end at the glass pipette containing 

polymer solution, have to make sure that the wire is completely immersed in the 

solution and it has been fixed properly to the pipette. 

 The other end from the high voltage instrument is connected to the collecting device 

and make sure that the end is properly fixed. Soldering is the best option.  

 The collecting device can be rotated by an external motor drive, which can drive the 

drum from 0 to 100 revolutions per hour. 

 Set the drum speed to 12 revolutions per hour, which is the minimum speed required 

to rotate the drum. 
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 Check again the feed and the return paths are correctly fixed. 

 Make sure that the line side and high voltage sides are grounded. 

 Make sure that there are no metal parts near the set up or as a matter of fact in the 

hood. 

 Check that the wires coming from high voltage instrument, collecting device and the 

external motor do not cross over.  

 Close the sash of the hood to at least 18 inches. 

 If the above lines are OK, start the experiment with switching on the power switch 

and slowly increasing the voltage through regulator. 

 The high voltage instrument has variable output from, 0 to 40 kilovolts; the range 

being used for the electrospinning process is 15 to 25 kilovolts. 

 To turn down the system, slowly decrease the voltage, turn the power switch off and 

then take out the power supply plug. 

 Turn the system down when the polymer level is near the ending stage and polymer is 

near the vicinity of the submerged wire or when the polymer is still around 5 ml in 

the glass pipette. 

 Open the sash, take out the positive end from the pipette, remove the remaining 

solution to a container, and stop the external drive. 

 The fiberglass mesh containing electrospun fibers can now be removed from the drum 

for analysis. 

 Use the power supply controls to cut off the power in an emergency. These are the 

ONLY controls for the emergency power off. 
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Appendix B: Surface Tension Measurement 

Surface tension of the polymer solution has been closely associated with its tendency to form 

beads or beaded fibers when all other parameters are unchanged. It is important to measure 

the surface tension of the solution. Surface tension was measured with the help of Surface 

tensiomat 21. 

Surface tension is an effect within the surface layer of a liquid that causes that layer to 

behave as an elastic sheet. In the bulk of the liquid each molecule is pulled equally in all 

directions by neighboring liquid molecules, resulting in a net force of zero as shown in 

Figure 30. At the surface of the liquid, the molecules are pulled inwards by other molecules 

deeper inside the liquid but they are not attracted as intensely by the molecules in the 

neighboring medium. Therefore all of the molecules at the surface are subject to an inward 

force of molecular attraction which can be balanced only by the resistance of the liquid to 

compression [107]. 

The net effect of this situation is the presence of free energy at the surface. The excess energy 

is called surface free energy and can be quantified as a measurement of energy per unit area. 

It is also possible to describe this situation as having a line tension or surface tension, which 

is quantified as a force per unit length measurement. The common units for surface tension 

are dynes/cm. Surface effects might be expressed in the language of thermodynamics,  

dG = VdP + γdA + SdT  

At constant temperature and pressure the Gibbs free energy becomes,  
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dG = γdA 

Since γ is a positive constant under a given set of conditions it was noted that,  

 If dA is positive (surface area increases) then dG is positive 

 If dA is negative (surface area decreases) then dG is negative  

This simply means that that decreasing the surface area of a substance is always spontaneous 

(ΔG<0), on the contrary, in order to increase its surface a certain amount of energy is needed, 

as the process is, per se, non-spontaneous (ΔG>0). A measure of how spontaneous (or non-

spontaneous) is the change in the surface area is precisely the surface tension.  

The work of surface formation at constant volume and temperature can be expressed as the 

change in the Helmholtz energy [107],  

dA = γdσ 

where σ is the surface area. For example:  

 

Figure 56 Free body diagram of the platinum-iridium alloy ring 
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Appendix C: Viscosity Measurement  

Ubbelohde Viscometer 

Solution plays an important role in electrospinning Solution viscosity measurements are the 

simplest and most popular method of molecular characterization. The conventional method 

of measuring solution viscosity is by using a constant volume of several decreasing 

concentrations solutions of the studied polymer and measuring the length of time it takes for 

each of these solutions to flow through a capillary tube of a fixed diameter and length. These 

time periods are then compared with the efflux time of the pure solvent. The flow time is 

proportional to the viscosity, and inversely proportional to the density [108].   

                               solvent

solvent
solventt





                                            nsol

nsol
nsolt

'

'
' 


  

The relative viscosity is defined as the ratio solventnsol  /' .  For most polymer solutions at 

the concentrations of interest, 1/' solventnsol  .  Thus, to a very good approximation, the 

relative viscosity is a simple time ratio:   

 

The intrinsic viscosity is then given by: 

   1
2 2/1  relC
  

Where, C = polymer concentration,  

The molecular weights were determined from the intrinsic viscosities of the polymer in  

solventnsolrel tt /'
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formic acid at 25°C using an Ubbelohde viscometer. The Mark-Houwink’s equation and the 

constants K and a, 22.6 × 10 -5 dL/g and 0.82, respectively were applied [108]. 

  aKM     

The viscosity is then calculated by using above formulae. 
 


