
ABSTRACT 

QUEEN, HAILEY ADRIENNE. Electrospinning Chitosan-based Nanofibers for 

Biomedical Applications. (Under the direction of Wendy Krause).   

 

Chitosan-based, defect free, nanofibers with an average diameter between 60 and 120 

nm were fabricated via electrospinning a blended solution of low molecular weight 

chitosan (LMWC) and polyethylene oxide (PEO).  Several solution parameters such 

as acetic acid concentration, polymer concentration, and polymer molecular weight 

were investigated to optimize fiber consistency and diameter.  These parameters were 

evaluated using the rheological properties of the solutions as well as the visual images 

produced by scanning electron microscopy (SEM) after electrospinning the solutions.  

Pure chitosan fibers were not able to be created due to highly viscous solutions that 

lacked the polymer concentration required to successfully produce fibers via 

electrospinning.  Three molecular weights of chitosan were evaluated to find the 

molecular weight that would support the optimal amount of chain entanglement, 

polymer concentration, and viscosity required for electrospinning.  The chitosan with 

the lowest molecular weight (150,000 Da) allowed for the greatest concentration of 

polymer in solution without producing a solution viscosity that could not be 

overcome by an electric field.  SEM imaging demonstrated that generally as total 

polymer concentration increased, the number of beads decreased; and as chitosan 

concentration increased, fiber diameter decreased.  PEO-chitosan blends 

demonstrating a time dependent separation in solution; as a result blended solutions 

were able to be electrospun with the weakest electric field and the least amount of



complications when solutions were electrospun within 24 hours of initially being 

blended.  The addition of NaCl created a charge shielding effect that reduced the 

time dependent effect.  Predominately chitosan-based, fibers with an average 

diameter of approximately 100 nm were also successfully electrospun onto a 

preexisting polysaccharide film used in biomedical applications.  Electrospinning 

upon the biomedical film allowed for the removal of the electrospun nanomesh from 

the collector plate with the nanofibers and mesh structure intact.  The bicomponent 

electrospun nanomesh created in this study is of particular interest in tissue 

engineering and wound healing applications.       
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ELECTROSPINNING CHITOSAN-BASED NANOFIBERS ON A 

POLYSACCHARIDE FILM FOR BIOMEDICAL APPLICATIONS  

 

 

1. INTRODUCTION  

 

1.1 Background and Significance 

A surgical adhesion is the formation of fibrous (scar) tissue that causes internal 

organs to be bound together in an unnatural fashion which occurs as a result of a 

surgery.  These post-surgical adhesions occur most often during abdominal, 

gynecological, and pelvic surgeries.  Abdominal adhesions cause 54 -74% of small-

bowel obstructions and the cost of treatment for these adhesions was approximately 

$1.2 billion in 1988.1  Other complications that a person can experience due to 

surgical adhesions include infertility in females and chronic pelvic pain.1,2,3

 

A majority of the suggested methods for reducing the occurrence of post-surgical 

adhesions involve surgical techniques such as gentle handling and limiting the amount 

of interaction between the body and foreign materials.1,4  Despite the most 

meticulous surgical procedures, surgical adhesions may still occur.  Hence additional 

means of preventing surgical adhesions have been developed, such as the use of anti-

inflammatory drugs and physical barriers.1,3,4 One such physical barrier solution is 

Seprafilm™, a bioresorbable membrane manufactured by Genzyme.  Seprafilm™ is 

composed of hyaluronic acid (HA) and carboxymethylcellulose.1 These materials are 

anionic polysaccharides that are biodegradable, nontoxic, and biocompatible, and are 

found in or derived from naturally occurring materials.  This film is placed by a 

surgeon over injured tissue in the abdominal or pelvic area, following a surgery, to 

separate healing tissue from other organs to prevent scar tissue from causing an 

adhesion.  The use of Seprafilm™ has been shown to reduce the likely hood and 

severity of post-surgical adhesions.1 In one study, only 6% of patients had no surgical 
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adhesions without the use of Seprafilm,™  while 51% of patients saw no adhesion 

formation with the use of Seprafilm™.  While the use of Seprafilm™ greatly reduced 

the risk of developing an adhesion, 49% of patients still developed some degree 

adhesion even with the use of Seprafilm.™1  This presents an opportunity to improve 

the barrier product, allowing it to actively promote healing, reducing the potential for 

adhesions to occur, and increasing the effectiveness of film placement, reducing the 

opportunity for adhesions as a result of unsecured film movement.   

 

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.5-8  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.9-14   

 

By incorporating an electrospun layer of chitosan onto Seprafilm™, film placement 

could potentially be permanently established in the appropriate location within the 

body, due to chitosan’s haemostatic nature potentially increasing adhesion to the 

wound site, until the film is resorbed into the body.  The addition of chitosan also 

promotes wound healing, and helps prevent infection within the surgical site further 

reducing the opportunity for adhesions to occur.9-14  

 

The nanomesh is similar to an ECM and would promote cellular attachment and 

growth and would thus promote tissue healing; while chitosan would promote healing 

and reduce the chance of infection due to its bioactive and antibacterial properties.  

Decreasing healing time reduces the chance for scar tissue forming and resulting 
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adhesions.1 Because this additional layer of chitosan is also a biodegradable 

polysaccharide, the entire product would still dissolve away within the body after a 

designated time.   

 

1.2 Objectives 

The objectives for this research project are to evaluate the ability to electrospin 

chitosan or a chitosan blend with an acetic acid based solvent system and to obtain a 

nanomesh suitable for use in biomedical applications with the highest concentration 

of chitosan and smallest fiber diameter possible.   

 

Secondary objectives include evaluating the possibility of electrospinning chitosan or 

a chitosan blend onto a pre-manufactured anionic, polysaccharide film in the form of 

an ECM-like coating and further evaluating the compatibility of the two materials to 

determine if the combination of the two materials could be suitable for use as an 

improved post-surgical adhesion barrier.    
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2. LITERATURE REVIEW 

2.1 Introduction 

Electrospinning is a means of producing fibers using electrostatic forces that result in 

the creation of fibers with diameters typically between 10 and 150 nanometers.  It has 

the ability to produce fibers that are far smaller than those produced by conventional 

means of fiber spinning, such as wet spinning, dry spinning, melt spinning, and gel 

spinning.  This technology has been known since the early 1930’s.15  Research has 

been conducted on this process through the decades since its discovery, however it 

was not until the 1990’s, when an expansive range of organic polymers were proven 

to be capable of being electrospun with nano-sized diameters, that interest in this 

science was revitalized.15-17 Since that time electrospinning has been the focus of 

research for applications such as filtration of subatomic particles, composite 

reinforcement, multifunctional membranes, tissue engineering scaffolds, wound 

dressings, drug delivery, artificial organs, and vascular grafts.6,8,15-25  
 

2.2 Electrospinning  

2.2.1 Electrospinning Apparatus Setup 

The electrospinning apparatus must contain a needle or spinneret, high voltage power 

supply, and a grounded collector.  Figure 2.1 demonstrates the basic components 

needed to perform electrospinning as mentioned above.  A syringe is filled with a 

polymer solution which is fed through a needle (or occasionally a spinneret) into an 

electric field usually through the use of a syringe pump or gravity. A syringe pump 

allows the solution to be introduced to the spinning system at a precisely controlled 

rate.  The polymer solution travels from the syringe into a metallic needle, which is 

connected to a high voltage power supply that is typically capable of producing 

between 1 and 30 kV.  In order to create an electric field the system must contain, 

along with the charged needle, a grounded plate.  This conductive plate completes a 

circuit and allows a strong electric field to be created between the needle and the 
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plate.  This grounded plate also serves as the collector for the completed nanofiber 

web that is fabricated during the electrospinning process.16,17     
 

 

Figure 2.1. Basic components of electrospinning 
  

2.2.2 Electrospinning Mechanism 

Fibers are produced during electrospinning due to static electric forces that 

manipulate a polymer solution as it is carried through an electric field.  The process 

begins as an electric field is generated by a high voltage power supply, between a 

conducting capillary (needle or spinneret) that holds a polymer solution and a 

grounded collector plate.  The polymer solution is held in a droplet shape by surface 

tension and as the electric field moves from the high voltage supply to the needle and 

then to the solution a charge is induced on the surface of the droplet.16,17   
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Figure 2.2. Taylor cone formation and origin   

 

An opposite charge (repulsion force) is also formed at this time that pulls the droplet 

towards the electric field.  As the electric field increases the charge on the droplet also 

increases and causes the spherical droplet to deform into a conical shape.  This is 

known as the Taylor cone (see Figure 2.2).  When the force from of the electric field 

influences the repulsion force until it overcomes the surface tension, the charged 

solution is pulled into the electric field towards the ground plate.  As the solution, 

now a fluid filament, is pulled through the electric field, internal and external charges 

cause the liquid jet to be whipped around within the field as it accelerates towards the 

grounded collector.  This action simultaneously causes the solvent in the solution to 

evaporate and the polymer chains within the solution to stretch and slide past one 

another.  This whipping motion allows the fibers found on the grounded collector to 

have diameters small enough to classify them as nanofibers.15-19,27,28

 

2.2.3 Electrospinning Process Parameters 

While the electrospinning setup and process itself may be relatively simple the 

variables involved in producing a nano-sized diameter, fiber mesh with relative 

uniformity are numerous.  Both solution and machine parameters must be 

considered.  Solution parameters include polymer type, polymer concentration, type 

of solvent, solvent concentration, viscosity, molecular weight of the polymer, 
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conductivity and surface tension.  Machine or process parameters include electric 

field strength, flow rate, distance from the capillary to the collector, shape and 

movement of the collector, room temperature, and humidity.15,18,26,28 

 

Solution viscosity is a particularly important parameter and is heavily influenced by 

polymer concentration.  To produce fibers in any spinning mechanism a minimum 

amount of polymer chains must be present to allow for chain entanglement and fiber 

production.15,16 Increasing polymer concentration, which increases the number of 

polymer chains present in solution, also increases viscosity which can become too 

high to allow flow through a needle or spinneret and prevents the formation of the 

Taylor cone and subsequent fibers.15,16,28  The increase in viscosity as polymer 

concentration increases is particularly critical in polyelectrolyte polymers due to the 

“polyelectrolyte effect” which is discussed further in section 2.9.      
       

2.3 Nanofibers Produced by Electrospinning 

2.3.1 Nanofiber Morphology 

Nanofibers produced by electrospinning have gained popularity in research in part 

due to their morphological characteristics.  These nano-diameter fibers have high 

surface areas, small pore sizes and are able to be produced in three dimensional forms 

(see Figure 2.3).  Because the above mentioned characteristics can be modified 

through process parameters to suit individual applications and needs, electrospinning 

has become a growing topic among researchers.15      
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Figure 2.3.  Scanning electron microscopy (SEM) image of electrospun poly(vinyl 
alcohol) produced on laboratory electrospinning setup     

   

 

2.3.2 Nanofiber Properties 

The properties associated with nanofibers can be traced back to both process 

parameters and morphological characteristics.  For example electrospun fibers have 

small pores that are a result of the evaporation of the solvent used during the 

electrospinning process and these pores affect mechanical properties of the fibers 

such as tensile strength and Young’s modulus.17 Other studies have found that the 

physical properties of nanofibers tend to be somewhat inferior to that of their film 

and resin counterparts of a similar thickness.15,18 This is believed to be a result of 

lower crystallinity due to rapid evaporation of the solvent followed by rapid cooling, 

which occurs in the final stages of the electrospinning process.17    

 

2.4 Nanofiber Applications 

Characteristics such as large surface areas and the ability to be engineered in various 

forms have allowed nanofibers to be used in applications including filtration,51 

composite reinforcement,52 multifunctional membranes,51 tissue engineering 

scaffolds,5,6,7,11,29 wound dressings,10,18,19,23 drug delivery,22,23,30 artificial organs,20,25 and 

vascular grafts.20,25,31,32 Although all of these areas of interest are still studied, 
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biomedical applications for polymeric nanofibers have made up a majority of the new 

growth in the field of nanofiber research (see Figure 2.4).18  This growth is in part due 

to increased understanding of the human body, cellular structure, and the body’s 

reaction to foreign materials.  Tissue’s natural extracellular matrix (ECM) is nano 

fibrous in form and therefore techniques such electrospinning which produce 

material forms that mimic the body’s natural forms, become logical producers of 

artificial ECMs.  As knowledge is gained in these areas polymers and nanostructures 

are seen as having greater and greater potential to be used as artificial replacements or 

interface materials within the body.   
 

 
Figure 2.4. An estimation of the targeted nanofiber research fields based on the 

number of patent applications for electrospun nanofibers18

 

 

2.4.1 Nanofibers in Biomedical Applications 

Tissues are composite materials made up of cells and a matrix material known as the 

extracellular matrix (ECM).  The matrix helps to provide support and guidance for 

cells as they grow and develop functions.  Because of the size, high surface area and 

porosity of electrospun nanofibers they have the potential to be an excellent 

replacement for a natural ECM, which opens the door for many medical related 

applications.6,7,8,33       
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2.4.1.1 Extra Cellular Matrix Replacement  

Finding a suitable replacement for the naturally occurring extracellular matrix is a 

major topic in tissue engineering because the discovery would be a major stepping 

stone in the regeneration or creation of living tissue, which could reduce or eliminate 

the need for auto-grafts as well as donor tissue and organs.  Tissue engineering has 

many obstacles that must be dealt with in order to produce an artificial extracellular 

matrix (ECM) that will support the mechanical and biological needs of cells.  An 

artificial ECM should mimic as many attributes of a natural ECM as possible 

including chemical composition, morphology, and surface functional groups.16  The 

structure of electrospun nanofibers is ideal for use as an artificial ECM as has been 

shown by previous studies.5,19    

 

One such study was performed by Kyong Su Rho at the Seoul National University in 

conjunction with the Department of Textile Engineering at Chungnam National 

University of South Korea.19 Kyong Su Rho electrospun a type 1 collagen- 

polyethylene oxide blend in order to create an electrospun nanomesh from a 

naturally-based material that would be suitable for use as an artificial extracellular 

matrix.  Normal human keratinocytes were seeded onto the electrospun material and 

microphotographed after they had been washed, fixed, and stained with hematoxlyin 

and eosin.  The results from this study found that these cells were able to attach to 

the electrospun material.  Further evaluation of the ability of cells to thrive on an 

artificial electrospun ECM was investigated through a wound healing study 

conducted on rats.  After one week of healing from a dermal wound the early-stages 

of healing were accelerated on the group of rats that had a nanomesh wound 

covering as compared to the control group that used only a gauze covering (see 

Figure 2.5).   They concluded from this study that electrospun biodegradable 

scaffolds are able to support cellular attachment and proliferation.19   
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Tissues in various areas of the body have different functions and are made up of cells 

of variable sizes as such.  The dimensions of the ECM required to support cellular 

attachment, proliferation and proper guidance is dependent upon the function and 

size of the cell.  For any given type of cell the pore size of the ECM must allow cells 

to attach, and migrate into the matrix so that cells develop all necessary functions 

while also allowing space for nutrient flow and metabolic waste exchange.  Once new 

tissue has formed the artificial matrix must be able to safely degrade within the 

biological system to allow for natural tissue in-growth and further integration of the 

new tissue into the body.  Additional matrix requirements include stress and strain 

resistance, biocompatibility and biodegradability.6,7,17  Electrospinning provides a 

method of changing process parameters to alter fiber diameter, surface 

characteristics, and pore size to support a myriad of cell types.  The high surface area 

to volume ratio of electrospun nanofibers provides ample areas for cellular 

attachment.  The three dimensional structure of an electrospun nanomesh provides a 

scaffolding-like structure capable of supporting cellular attachment and three 

dimensional migration, which results in fully functional tissue.8  

 

 
Figure 2.5. Increased cellular growth on an artificial ECM (B) in early stages of 

healing compared to gauze wound covering (A) 19  
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Methods of further functionalizing electrospun nanofibers for specific cells and 

applications are also available.  Fibers can be aligned as they are collected creating 

various three dimensional structures, which can more precisely drive cellular 

migration.5,26 Additional means of functionalizing nanofibers includes bulk and 

surface modification.  Bulk modification is comprised of incorporating biomolecules 

into the polymer solution.  These biomolecules range from growth factors and drugs 

to anti-bacterial agents that will be incorporated throughout the nanofibers after they 

have been spun.9,22,30 Surface modifications such plasma treatments can also be used 

to influence the surface characteristics that cells will come in contact with.6,19 

 
2.4.1.2 Drug Delivery  

The ability to include specific molecules within biodegradable polymer solutions 

allows nanofibers to be electrospun and applied as drug delivery devices.22,23 The rate 

of delivery is dependant upon the thickness of the nanomesh and the rate at which is 

the polymer degrades.  Additional drug delivery factors concern how well the body is 

able to absorb the drug.  Other researchers have noted that in general the smaller the 

material that encapsulates a drug the more efficiently it is absorbed into the body.18  

Therefore using electrospinning to create a biodegradable, nano-sized material with 

an engineered degradation rate, to encapsulate drugs allows for an optimization of the 

drug within the body.      
 

2.4.1.3 Wound Dressings 

The pore size within an electrospun nanofiber mesh allows a nanomesh to be an 

excellent candidate for wound healing, haemostatic devices, and burn treatments.  As 

previously mentioned the similarity between electrospun nanofibers and the natural 

extracellular matrix allows it to support new healthy tissue growth in an injured area, 

which can reduce the formation of scar tissue and decrease the healing time required.  

Nano-pore sizes also help to protect injured tissue from bacteria that could otherwise 

infect a vulnerable wounded tissue.  High porosity and surface area encourage fluid 

absorption which also encourages wound healing.18            
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2.5 Materials Suitable for Biomedical Applications  

Polymers, both natural and artificial, have been used in medical applications since the 

beginning of the medical industry in applications such as wound dressings and wound 

closings.  As the medical industry has changed and advanced so has the use of 

polymers within the industry.  Recent uses of polymers in medical applications 

include a wide range of products from sutures to gowns to implantable devices such 

as vascular grafts and artificial extracellular matrices.   
 

2.5.1 Biocompatibility  

The most significant advances in the use of synthetic and natural polymer products in 

the medical industry have been in implantable devices.20  Implantable devices include 

cardiac support meshes, hernia repair meshes, vascular grafts, barrier materials, tissue 

support materials such as extracellular matrices and others.  Since these devices began 

to become a regular part of surgical procedures the term “biocompatibility” has been 

an important property of biomedical materials.  Its definition has changed over time 

with the advancement and understanding of the body’s response to foreign implants 

and to an implant’s reaction to the hostile biological environment that is the human 

body.  The current definition for an implantable medical device refers to “the ability 

of the device to perform its intended function, with the desired degree of 

incorporation in the host, without eliciting any undesirable local or systemic effects in 

that host.”34      

 

Cells that are naturally found inside the human biological system generally do not 

initiate a reaction that will cause them to be attacked by other cells in the body or 

initiate an unwanted healing response.35 Implants on the other hand are not non-

reactive materials regardless of their chemical or physical construction.  This is 

because all foreign materials that come in contact with the body, especially blood and 

tissues, cause a series of bodily responses to occur that attempt to remove the 

material and heal the affected area.  The sequence of reactions after the implantation 

of a medical device include injury, blood-material interactions, provisional matrix 
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formation, acute inflammation, chronic inflammation, formation of granulation 

tissue, foreign body reaction, and finally fibrous encapsulation of the device.35  While 

this reaction is inevitable, the degree of severity does vary with material properties, 

which affects the overall successfulness of an implant.  This severity is generally 

referred to as biocompatibility.   
 

2.6 Electrospun Materials 

Materials for electrospinning include both natural and synthetic materials.  Some of 

the materials that have been successfully electrospun include, but are not limited to 

the following materials:15,17   

• cellulose,  

• acrylic resin,  

• polyethylene oxide (PEO), 

• polyvinyl alcohol (PVA), 

• cellulose acetate, 

• poly (2-hydroxy ethyl methacrylate),  

• polystyrene, 

• poly (ether amide),  

• polyethylene terephthalate (PET),  

• polyether urethane, 

• poly-L-lactide (PLLA),  

• polycarbonate (PC),  

• polybenzimidazole (PBI),  

• nylon 6,  

• polyvinyl chloride,  

• polycaprolactone (PCL),  

• silk,  

• chitosan, and 

• type 1 collagen. 
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2.6.1 Synthetic Materials 

Synthetic materials are often electrospun because of their cost, availability and wide 

range of acceptable solvents.  The solvent that is required to create a solution, needed 

to electrospin a material, affects both the resulting fiber properties and the potential 

end uses of those fibers, which is why having a variety of materials and usable 

solvents is important.  Compared to natural fibers, synthetic fibers tend to have 

enhanced mechanical properties such as tensile strength, and modulus.  They also 

tend to be easier to engineer for specific applications and lack complicated 

purifications that can accompany natural materials.7      
 

2.6.2 Natural Materials  

While natural materials tend to be more challenging to electrospin than synthetic 

materials they typically have better interactions with cells and the total biological 

system due to their bioactive properties.  These properties have been shown to 

promote wound healing in part due to their enhanced biocompatibility.13  Such 

materials include collagen and polysaccharide-based materials such as chitosan, 

hyaluronic acid, and alginate.  Compared to synthetic materials, natural materials have 

multifunctional properties that allow them to have enhanced performances in 

biological systems.7         

 

2.7 Chitosan 

Chitosan is a polysaccharide which is derived from chitin.  Its molecular weight is 

typically between 300-1000 kDa depending on the source of chitin it is derived from.   

Chitin is the second most abundant polysaccharide in the world, dominated only by 

cellulose.  This renewable resource is found in many naturally occurring organisms 

such as fungi, yeast, and is the principal component in the exoskeleton of sea 

crustaceans such as shrimp and crab illustrated in the list below.7
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Sources of Chitin and Chitosan: 

• Insects 
o Cuticle 
o Ovipositors 
o Beetle cocoon 

• Crustaceans  
o Crab shell 
o Shrimp shell 

• Squid  
o Ommastrephes pen 
o Loligo stomach wall 

• Centric Diatoms 
o Thalassiosira fluviatilis  
o Algae  

• Fungi 
o Mucor rouxi  
o Aspergillis nidulans 

 
 

2.7.1 Chemical Structure 

Chitin has a homogeneous chemical structure made up of 1-4 linked 2-acetamido-2-

deoxy-β-D-glucopyranose (see Figure 2.6). 

 
Figure 2.6. Chemical structure of chitin9   

 

Although chitin is found naturally in large amounts through many sources, chitosan is 

only found in nature in limited quantities, such as in some fungi.  The chitosan used 

in industrial or research applications is typically derived from chitin through the use 
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of chemical or enzymatic treatments of the shells of Arthropoda (shrimp or crab) 

secured from the waste products of the crabbing and shrimping industries.9    

 

Chitosan is the form of chitin which has been deacetylated to at least 50% of the free 

amine form, which has a heterogeneous chemical structure made up of both 1-4 

linked 2-acetamido-2-deoxy-β-D-glucopyranose as well as 2-amino-2-deoxy-β-D-

glucopyranose (see Figure 2.7).     

 

 
Figure 2.7. Chemical structure chitosan9   

 

The process for the deacetylation of chitin, obtained from crab or shrimp shells, to 

form chitosan is described in Figure 2.8 and generally produces a chitosan with 70% 

to 95% deacetylation.9  
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Deacetylation of Chitin 
 

Crab or Shrimp Shell 
↓ 

Mill 
↓ 

Decolorize 
solvent extraction 

↓ 
Deminerialize 

↓ 
Wash 
↓ 

Deproteinize 
20% NaOH 

↓ 
Purified Chitin 

↓ 
Deactylate 

↓ 
Purified Chitosan 

 

Figure 2.8. Transformation of chitin from crustacean cuticle to chitosan9

 

2.7.2 Properties  

The properties of chitosan are greatly affected by the conditions under which it is 

processed, because it is the process conditions that control the amount of 

deacetylation that occurs.  The degree of deacetylation controls the amount of free 

amino groups in the polymer chain.  The free amino groups give chitosan its positive 

charge.  The amino group along with the hydroxyl group gives chitosan its 

functionality which allows it to be a highly reactive polysaccharide.  Chitosan’s 

positive charge allows it to have many electrostatic interactions with negatively 

charged molecules.  The processing conditions as well as the amount of functional 

groups created by deacetylation allow for side group attachment, which then effects 

crystallinity which directly relates to chitosan’s ability to solubilize in acidic aqueous 

solutions, which is an important aspect of chitosan’s processability.7,9,14      
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Chitosan has several biological properties that make it an attractive material for use in 

medical applications.  These properties include: biodegradability, lack of toxicity, anti-

fungal effects, wound healing acceleration, and immune system stimulation.9,11,13,14 

Because of chitosan’s biological and chemical properties it has the ability to bind to 

particular materials including cholesterols, fats, proteins, metal ions, and even tumor 

cells.  This allows chitosan to be used as a chelating agent in various applications.12

 

2.7.3 Degradation  

Chitosan can be degraded through several means and because its degradation rate is 

inversely proportional to the degree of crystallinity and consequently the amount of 

deacetylation, its degradation rate is able to be engineered by controlling the amount 

of deacetylation that occurs during processing.  At temperatures above 280ºC thermal 

degradation occurs and polymer chains rapidly break down.  Enzymatic degradation 

is the leading means of controlling the break down of chitosan.  A wide array of 

hydrolytic enzymes, such as lysozyme (the primary enzyme responsible for 

degradation of chitosan) which is found in the lyphoid systems of humans and 

animals, can be used to naturally degrade chitosan.9,11 Within the body the 

degradation of chitosan leads to the release of aminosugars, which can be easily 

processed and released through the metabolic system.  Degradation is an important 

property to understand so that processing and end applications can be designed 

accordingly.14

 

2.7.4 Applications   

Due to chitosan’s many attractive properties such as biodegradability, natural origin, 

abundance, reactivity, etc., it has many areas of application including: medical, 

agricultural, food processing, nutritional enhancement, cosmetics, and waste and 

water treatment.9,14   
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2.7.4.1 Agricultural Applications 

The abundance, biodegradability, nontoxic, and natural origin of chitosan allow it to 

be safely used in agricultural applications because it can be used without concerns of 

pollution, disposal, or harm to consumers if ingested.  Seed coating, leaf coating, 

fertilizer, and time released drug or fertilizer responses are some of the applications 

within agricultural where chitosan is utilized.  The use of chitosan in these areas has 

shown to increase the amount of crops produced by improving germination, rooting, 

leaf growth, seed yield, and soil moisture retention, while reducing the occurrence of 

fungal infections and diseases.12

   
2.7.4.2 Wastewater Treatment Applications 

Chitosan’s functional groups and natural chelating properties make chitosan useful in 

wastewater treatment by allowing for the binding and removal of metal ions such as 

copper, lead, mercury, and uranium from wastewater.9 It can also be utilized to 

breakdown food particles that contain protein and remove dyes and other negatively 

charged solids from wastewater streams and processing outlets.12

 

2.7.4.3 Food Industry Applications 

Chitosan’s chelating properties and high functionality make it valuable in several 

applications within the food industry such as binding with and removing certain 

elements, particles, and materials such as dyes and fats from foods.  The antibacterial 

and antifungal properties found in chitosan can also be used during the storage and 

preservation of food.9,12,13      

 

2.7.4.4 Medical Applications 

Due to chitosan’s ability to function in many forms it has many areas of interest 

within the medical industry including: orthopedic, periodontal, and tissue engineering, 

wound healing, and drug delivery.13  Some examples of biomedical applications of 

chitosan can be found in the list below.14  
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Biomedical applications and properties of chitosan: 

• Artificial skin 
• Surgical sutures 
• Artificial blood vessels 
• Controlled drug release 
• Contact lens 
• Eye humor fluid  
• Bandages, sponges 
• Burn dressings 
• Blood cholesterol control 
• Anti-inflammatory 
• Tumor inhibition 
• Anti-viral 
• Dental plaque inhibition 
• Bone healing treatment 
• Wound healing accelerator 
• Hemostatic 
• Anti bacterial 
• Antifungal 
• Weight loss effect  
 

  

2.7.4.4.1 Orthopedic and Periodontal Applications 

Chitosan’s functional groups allow it to interact with many materials, which allow it 

to be used in conjunction with materials such as hydroxyapatite, or other calcium-

based minerals to form composites that have multiple applications within the 

orthopedic and periodontal industries.  These calcium-chitosan composites can be 

used as a coating in conjunction with bone prostheses to allow bone cells to overtake 

the artificial matrix material as it is degraded within the body to better incorporate an 

implant into the body.  An additional use for chitosan in orthopedics includes a direct 

replacement of bone or hard tissue.  It is also a natural bioadhesive used to improve 

bone cement which is used to secure implants as well as to fill bone cavities.13,14
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2.7.4.4.2 Tissue Engineering 

The term “tissue engineering” was coined at the 1987 National Science Foundation 

meeting and has evolved over the years but to date is defined by this group as “…the 

application of principles and methods of engineering and life sciences toward 

fundamental understanding …and development of biological substitutes to restore, 

maintain and improve tissue functions.”36 Chitosan’s ability to be manufactured in 

many forms such as fibers, filaments, films, sponges, gels, and composites make it 

easily engineered for particular end applications or for use within a particular area of 

the body or in conjunction with a certain tissue.  Chitosan can be used to make three-

dimensional scaffolds that act as an artificial extracellular matrix (ECM), which can be 

resorbed by the body over time as new tissue is formed and a natural extracellular 

matrix is formed helping to further integrate new tissue into the body.12,14 Chitosan is 

used in this application due to its biocompatibility, ability to have an engineered 

degradation rate, antimicrobial activity, ability to interact with other materials to form 

composites, and its ability to interact with and encourage cellular attachment and 

growth.37,38 Its mechanical properties can be enhanced or reduced to closely resemble 

the properties of the tissue it is replacing; for example it can be made to support hard 

tissues such as bones or cartilage or soft tissues such as muscles and blood vessels.  It 

also has the ability to attract glycosaminoglycans (GAG) which enables chitosan to 

collect growth factors which enhances cell attachment and proliferation.11          
 

2.7.4.4.3 Wound Healing 

Chitosan enhances the functions of cells that immerge during the inflammatory 

response, while accelerating the migration of these cells to the injured area10 These 

cells such as macrophages kill microorganisms, remove dead cells, and stimulate the 

other immune system cells, which improve overall healing by reducing the 

opportunity for infection.  These stimulated cells also bolster tissue organization, 

promote angiogenesis, induces fibroblast and endothelial cell growth making chitosan 

especially useful for large wounds.10 Chitosan’s positive charge allows for electrostatic 

interactions with GAGs, which attract growth factors that enhance cell growth.  Its 
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cationic nature also allows it to associate with anions that are connected with the 

bacterial cell wall, which retards the bacteria’s ability synthesize.11 Several chitosan’s 

possible material forms can be used independently, such as hydrogels, while others 

can be used in conjunction with traditional bandages to provide a wound protection 

from the outside elements, while maintaining a moist environment that promotes 

healthy healing.  A bandage material that does not require removal due to its ability to 

safely biodegrade within the body is an additional potential use that makes chitosan 

an appealing wound healing material choice.10,14 Chitosan’s natural antimicrobial 

activity aids in controlling the bacterial growth that can cause infections to open 

wounds.  Chitosan’s abilities to stimulate the immune system, promote cellular 

growth, and control bacterial growth make it an excellent addition to medical 

products used in wound healing.6

 
2.7.4.4.4 Drug Delivery 

The use of polymers such as chitosan to deliver drugs to their appropriate location 

within a biological system is an area of great interest.  Chitosan is able to be degraded 

within a biological system over time, and furthermore that degradation rate is easily 

engineered based on the amount of deacetylation that occurs during processing.  This 

allows drugs to be released into the body in a controlled manor to be as effective as 

possible.  The free amine group that gives chitosan a positive charge is imperative to 

drug delivery for it is this charge that permits it to interact with negatively charged 

drugs, polymers, and bioactive molecules.  This is also the feature that enables 

chitosan to adhere to mucous membranes making it especially useful for drug delivery 

via the respiratory system.39 Its ability to be used in various forms such as gels, 

copolymers, etc. is another characteristic that makes chitosan an attractive material 

for drug transport.  It can form colloidal particles and entrap negatively charged 

molecules through several means such as chemical and ionic crosslinking.   Chitosan’s 

versatility along with its other biological properties including biocompatibility begets 

a material well suited for drug delivery.30   
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2.8 Surgical Adhesion  

An adhesion is the formation of fibrous (scar) tissue that causes internal organs to be 

bound together in an unnatural fashion.  These adhesions often occur during pelvic, 

abdominal or gynecological surgeries such as hysterectomies, cesarean sections, 

colectomies, and hernia repairs.1 After these procedures are completed and the body 

is attempting to heal its self through normal wound healing responses, swelling 

occurs causing organs to be in closer proximity to one another than under normal 

internal conditions.  Another component of natural wound healing is for the body to 

deposit fibrin to help repair damaged or injured tissues.  Fibrin binds tissues together 

to aid in healing.  This combination of swelling and tissue formation can 

consequently cause organs to be bound together such as the small bowel, uterus, 

ovaries and the abdominal wall.1,-4 This type of tissue formation can lead to infertility 

when adhesions twist ovaries and or tubes resulting in the blocking of the egg to the 

uterus.  Other complications caused by this condition include chronic pelvic pain, 

small bowel obstruction, and even death.1-4   

 

Three widely used means of reducing surgical adhesions are utilized: surgical 

techniques, drugs, and barriers.1 The swelling that occurs as a part of the natural 

healing process contributes to the likelihood that a surgical adhesion will occur during 

an internal procedure, as tissues are in closer proximity to one another than under 

normal conditions.  Therefore several surgical techniques are recommended to reduce 

irritation and swelling during a surgery.  Some of the techniques include: gentle and 

limited handling of tissue, limited interaction between foreign materials and tissue, 

using starch-free surgical gloves, etc.  However, due to the nature of the healing 

process some swelling will occur despite the precautions of the surgeon, although the 

degree of swelling can be reduced using these methods.1   

 

Another means of reducing inflammation and thus post-surgical adhesions is through 

the use of anti-inflammatory drugs.  These drugs also affect the degree of 
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inflammation that will occur due to a surgery however there are opportunities for 

improving the ability to apply the drugs directly to the site of the injury.1-3   

 

The third most applied technique used in the prevention of surgical adhesions are 

barriers.  A barrier material is placed between the injured areas of tissue and the non-

injured tissues.  An adhesion is unlikely to form after a healing layer of tissue has 

formed around the injured tissue, which takes approximately seven days.  Most 

barrier materials separate the injured tissue from the non-injured tissue during this 

healing process and are then resorbed into the body.1,2,4  

 

Despite the use of adhesion barriers post surgical adhesions still occur.  In one study 

while post surgical adhesions in abdominal surgeries were greatly reduced with the 

use of a resorbable barrier film, 49% of patients had a surgical adhesion occur with 

various degrees of severity.1 An animal study that used several barrier materials found 

that some of the adhesions that occurred despite the barrier films were a result of the 

film shifting away from the wound area.4   

 

Applying a natural, non-surgical means of adhering a barrier film to a wound site 

could potentially eliminate the majority of film shifting that leads to surgical 

adhesions when a barrier film is used.  Using chitosan in conjunction with an 

adhesion barrier film could improve the permanent placement of a barrier film due to 

the haemostatic nature of chitosan and its ability to adhere to a wound.12-14  

 
2.9 Electrospinning Chitosan 

Researchers in the past have made attempts to electrospin chitosan in order to further 

utilize this material.37,38,41-48 Chitosan produces many challenges in being electrospun 

largely due to its high solution viscosity.  Chitosan’s rigid D-glucosamine structures, 

high crystallinity and ability to hydrogen bond lead to poor solubility in common 

organic solvents.41  Because chitosan is a cationic polymer it is a polyelectrolyte and 
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subject to the “polyelectrolyte effect” where in aqueous solution, chitosan’s polymer 

coils are greatly expanded by the presence of charged groups and if the solution is 

free of added electrolytes the polymer coil contracts as the polymer concentration 

increases.40   The combination of these properties make it difficult to create a 

chitosan-based solution with a high concentration of polymer that has a low enough 

viscosity to be able to be electrospun.  However, since 2004 there have been reports 

of electrospinning chitosan in blended solutions with varying degrees of 

success.37,38,44-47 The smallest diameter fibers were reported using a poly(vinyl 

alcohol)/chitosan blend which resulted in nanofibers with average diameters between 

20 and 100 nm.41 Other studies have reported nearly defect free nanofibers, with 

slightly larger fiber diameters using a poly(ethylene oxide) (PEO)/chitosan 

blend.38,41,45,46 The successful electrospinning of pure chitosan has only been reported 

using a solvent system of 90 % acetic acid and a 7 wt.% concentration of chitosan.42   

 

The first successful reports of PEO/chitosan electrospun blends reported the 

electrospinning of nanofibers with diameters ranging from 40 to 290 nm, but that the 

most consistent and defect free fibers had an average diameter ranging from 200 to 

250 nm.45 Another study using a PEO/chitosan blend reported defect free nanofibers 

with diameters that ranged from 80 to 180 nm, but found that that the samples did 

not have consistent diameters.  Using Fourier transform infrared spectroscopy and 

differential scanning calorimeter it was discovered that the two polymers had 

separated and the larger fibers largely consisted of PEO and the smaller fibers were 

predominately chitosan.46 To further reduce the diameter of the electrospun 

PEO/chitosan blend fibers another research group introduced Triton X-100™ as a 

nonionic surfactant as well as dimethylsulphoxide as an additional solvent.  These 

additions greatly improved the ability to electrospin PEO/chitosan blends with a high 

polymer concentration and produced fibers with diameters that ranged from 40 to 

110 nm.38 The same group also tested this nanomesh for cellular attachment and 

viability and found that cells more readily attached and were able to be sustained 
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more efficiently than on a cast film of the same materials.38   Another study was able 

to successfully electrospin PEO/chitosan blends with no additional additives, which 

resulted in fibers with an average diameter of 300 nm.37  This group’s main objective 

was to test the cellular viability of a chitosan blend in the electrospun nanomesh 

form.  They concluded that chondrocyte cells showed good cell adhesion, 

proliferation and viability on the chitosan-based electrospun material.  It also 

concluded that the electrospun material had a higher modulus compared to the 

control film made by solvent casting.37     

 

In this study PEO was used as the polymer to blend with chitosan due to its 

biocompatibility, low toxicity, ability to be safely and easily processed by the body, 

and known ability to be electrospun.  The previous studies that successfully created 

defect free, fibers with nanosized diameters from a PEO/chitosan blend were unable 

to create consistent fibers with diameters less than 80 nm without the use of 

additives.37,43,45,46  This study will address fiber consistency, fiber diameter, and 

chitosan concentration without additives that maybe harmful to cellular growth and 

wound healing.  The studies above that tested cell viability 37,38 on electrospun 

materials do not address how the electrospun materials were removed from the 

grounded collector or if any research was done to further evaluate how this 

electrospun material would be applied in practice in their specific medical application 

after it has been produced.  To address the practicality and ability of using the 

electrospun, chitosan-based material, produced in the experiments described in this 

report, for wound healing applications (specifically for enhancing wound healing to 

prevent post-surgical adhesions) a preexisting barrier product was electrospun upon.  

This will address the ability of using this material in an implantable medical 

application as this preexisting material, unlike aluminum foil the most common 

electrospinning collection material, is already approved for use in humans and 

animals and does not harm cell growth or cause other harmful adverse reactions 

within a biological environment.          
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3. MATERIALS AND METHODS  
 

Various molecular weights of chitosan were used by themselves or in combination 

with polyethylene oxide along with a deionized water and acetic acid solvent system, 

to form a solution.  The solution was stirred until a homogeneous solution was 

formed and electrospinning was attempted and the results were analyzed.  

 

3.1 Materials 

The materials used in the preparation of the various solutions used throughout this 

series of experiments includes: a solvent system of glacial acetic acid, obtained from 

VWR International, and deionized water; while the solutes consisted of chitosan and 

polyethylene oxide (PEO).  The chitosan used was highly-viscous, middle-viscous and 

low-viscous chitosan by Fluka, obtained from Sigma-Aldrich Co. which have 

molecular weights of 600,000, 400,000 and 150,000 respectively.  The PEO was also 

obtained from Scientific Direct and has a molecular weight of 900,000.  All reagents 

and polymers were used as received.       

 

Equipment used in the electrospinning setup include: a 10 mL syringe obtained from 

Beckton, Dickinson and Company, a 20 gauge needle obtained from Beckton, 

Dickinson and Company,  a NE-1000 programmable syringe pump obtained from 

New Era Pump Systems Inc., and a FC Series 120 Watt Regulated High Voltage DC 

Power Supply obtained from Glassman High Voltage Inc.  The equipment described 

above was used to construct the electrospinning apparatus that was used throughout 

the experiments reported in this document (see Figure 4.1).  The system was 

designed, and built by our research group to have a digitally controlled polymer flow, 

a wide range of electric field strengths, an adjustable needle to collector distance, and 

a single or parallel plate collector setup for use in multiple research projects.  Typical 

operating parameters used in this study are flow rates between 1 and 10 µm/min, 

voltages between 7.5 and 10.5 kV, and needle tip to collector distance of 10 cm.     
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3.2 Methods  

Various ratios of deionized water and acetic acid were used as the solvent system.  

Various weight percents of each type of chitosan, as well as blends of PEO and the 

various types of chitosan were used in solutions (see Table 3.1). 

 

Table 3.1. Chitosan and acetic acid concentration ranges from solutions 
manufactured 

High, Medium and Low Molecular Weight 
Chitosan Concentration Range 

Acetic Acid Concentration 
Range 

0.5 – 8 % 10 – 90 % 
 

After the solvent and the solute were added, the complete solution was stirred on a 

magnetic stir plate for a period of 24 to 72 hours until the solution was 

homogeneous.  The solutions were then stored in a sealed container at room 

temperature.  There is some change in the viscosity of both the PEO and chitosan 

solutions over time.   

 

Blended solutions were prepared by making separate low molecular weight chitosan-

acetic acid solutions and PEO-water solutions and then mixing the two solutions 

together in various PEO: chitosan solution ratios (see Table 3.2).  The combined 

solutions were then stirred on a magnetic stir plate for at least 2 hours until the 

solution appeared to be homogeneous.  The solutions were then stored in a sealed 

container at room temperature.   
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Table 3.2. Various blended solutions that produced fibers when electrospun 

Low MW 

 

Chitosan 
Concentration 

Acetic Acid 
Concentration 

PEO 
Concentration

Blended 
Solution 

Ratio 
LMWC:PEO

Total Acetic 
Acid 

Concentration 

Total 
Polymer 

Con. 

2 wt.% 90 % 3 wt.% 50:50 45 % 2.5 wt.% 
2 wt.% 90 % 3 wt.% 40:60 36 % 2.6 wt.% 
3 wt.% 80 % 3 wt.% 40:60 32 % 3.0 wt.% 
4 wt.% 80 % 3 wt.% 40:60 32 % 3.4 wt.% 
5 wt.% 80 % 3 wt.% 40:60 32 % 3.8 wt.% 
5 wt.% 80 % 3 wt.% 50:50 40 % 4.0 wt.% 

 

3.3 Electrospinning of Chitosan and Blended Solutions 

Electrospinning of the solutions occurred at room temperature.  The fully dissolved 

solutions were drawn into the syringe and the 20 gauge needle was attached.  All the 

air is manually removed from the needle by pushing the polymer solution through the 

syringe until it emerges at the end of the needle.  The syringe is then secured in the 

syringe pump and the flow rate on the pump is set between 1 and 15 µL/min. 

 

Precautions are taken to assure the electrospinning system is grounded.  The high 

voltage supply is connected to the end of the needle farthest away from the syringe 

pump to prevent interference with the pump from the electric field.    

 

The high voltage supply is then powered on and when a droplet of polymer solution 

appears at the end of the needle the voltage is turn up to between 7 and 25 kV 

depending on when a Taylor cone becomes visible and a liquid jet of polymer is seen 

being pulled toward the grounded collector plate.  The electrospinning process is 

then allowed to continue from 30 minutes to 2 hours until a definite collection area 

has been established and a solid white sample is visible on the collector plate which is 

covered with aluminum foil.      
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3.4 Characterization  

Electrospun samples were characterized through the rheological properties of their 

solutions, which have a dramatic effect on the ability to create fibers, and scanning 

electron microscopy (SEM), to inspect the out come of the electrospinning attempts, 

to further inspect the structure of the nanofiber mesh and its interaction with the 

polysaccharide film.   

 
3.4.1 Viscosity  

Viscosity is an important rheological property to assess in the polymer solutions 

because it has a significant impact on whether or not a solution is able to be spun or 

not.  Another reason viscosity is tested is to determine the degree of influence 

individual factors such as polymer concentration, percent solvent, solvent type, and 

the molecular weight of the polymer have on  the overall viscosity and thus 

spinability of the of the solution.   

 

An ATS RheoSystems Stresstech HR rheometer is used in conjunction with a parallel 

plate configuration to determine a sample’s zero shear rate viscosity.  A small sample 

of the solution is placed onto the bottom plate of the parallel plate setup using either 

a disposable transfer pipette or a spatula.  The 50 mm top plate is then calibrated to a 

0.400 mm gap and a temperature regulator is placed over the sample to maintain a 

constant sample temperature of 25 ºC.  The sample’s viscosity as a function of stress 

and/or shear rate is then measured.  That information was then used to determine 

and evaluate a solutions ability to be electrospun based on the viscosity results of 

previously electrospun materials.     

 

3.4.2 Scanning Electron Microscopy 

Due to the very small size of the materials produced by electrospinning it is necessary 

to use scanning electron microscopy to characterize the results.  The information 

provided from the SEM images includes fiber diameter, pore size, and fiber 

consistency.  This information will determine if the nanofiber mesh that is produced 
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is suitable for use as an extracellular matrix and for what size of cells it would most 

efficiently support.   

 

From the collection material (aluminum foil) samples of approximately 1 cm by 1 cm 

were cut.  The samples were then coated with a layer of gold approximately 100 Å 

thick using a gold-sputter machine to reduce charge interruptions.  Following coating 

the samples were mounted in the JEOL 6400F Field Emission SEM.  The samples 

were then focused, and viewed at magnifications between 5,000 – 40,000 times their 

original sizes.  Those images were then used to evaluate fiber diameter and 

consistency.   
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4. RESULTS AND DISCUSSION  

 

4.1 System Validation 

In order to verify that the horizontal electrospinning system our laboratory team 

designed and built (see Figure 4.1) was in working order and capable of 

electrospinning, a series of PEO and polyvinyl alcohol (PVA) control solutions were 

spun and then observed using scanning electron microscopy.   

 

 
Figure 4.1. Electrospinning setup 

 

The following images (Figures 4.2 and 4.3) are the SEM images that verify the ability 

of this new electrospinning system to electrospin solutions that meet the necessary 

requirements for electrospinning.  The electrospun system readily produced nearly 

defect free fibers with diameters in the range of 100 to 250 nm.  These initial fiber 

productions were also used to gauge the electrospinning apparatus parameters for 

multiple polymer solutions in several research projects.   
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Figure 4.2. Poly(ethylene oxide) 5 wt.% 

 

 

 
Figure 4.3. Poly(vinyl alcohol) 5 wt.% 
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4.2 Solution Optimization 

Many parameters that must be optimized to create a solution that is able to be 

electrospun.  Viscosity is a parameter that must be controlled.  The factors that effect 

viscosity are molecular weight of the polymer, polymer concentration, and solvent.   

 
4.2.1 Acetic Acid Concentration 

The first step taken to optimize a pure or blended chitosan solution was to determine 

the amount of acetic acid necessary to fully dissolve the chitosan into solution.  To 

accomplish this medium molecular weight chitosan was dissolved into solutions with 

various concentrations of acetic acid that increased in increments of ten and ranged 

from 10% to 90%.  The remaining portion of the solution contained polymer and 

deionized water.  The rheology results confirmed that the polymer was not fully 

dissolved in solution unless at least 60% of the solvent was acetic acid.  Solvent 

systems that contained 50% acetic acid or less resulted in a gel-like solution.  

 

These gel-like solutions were not able to be successfully spun.  In a gel-like state the 

solution could not form fibers because the polymer was not fully dissolved and the 

solvent was not able to evaporate properly and in a blended solution these gels 

prevent the PEO from forming stable fibers as well (see Figure 4.4 – 4.6).   

 

 
Figure 4.4. Chitosan with 45% acetic acid  
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Figure 4.5. Chitosan with 10% acetic acid  

 

 
Figure 4.6. Chitosan and PEO blend with 20% acetic acid  

 

As the acetic acid concentration increased from 10% to 90%, the viscosity increased 

as the solution became increasingly viscous until the solvent included at least 60% 

acetic acid.  When the solvent included approximately 60% or more acetic acid 

enough polymer was dissolved that the solution viscosity began to decrease giving 

greater insight into the solvent requirements (see Figure 4.7). 
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Acetic Acid’s Effect on Viscosity 
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Figure 4.7. Effect of acetic acid on solution viscosity for a 3 wt.% LMWC solution  

 

4.2.2 Polymer Molecular Weight  

Molecular weight of the polymer also has a notable effect on the viscosity of a 

solution and thus the ability to spin a solution.  Three molecular weights of chitosan 

were used in these series of experiments to determine which degree of molecular 

weight would be optimal.  The chitosan used was high viscosity, middle viscosity and 

low viscosity chitosan by Fluka, which have molecular weights of 600,000, 400,000 

and 150,000 respectively.  Solutions of high, middle and low molecular weight 

chitosan were made in various concentrations and increased in increments of one 

percent and ranged from 1 to 8 wt.%. 

 

The observation from these results revealed that the high molecular weight chitosan 

(HMWC) produced more viscous solutions then the medium molecular weight 

chitosan (MMWC), and the low molecular weight chitosan (LMWC) produced the 

least viscous solutions.  The HMWC was too viscous to be electrospun at 2 wt.% 

concentration.  The MMWC became too viscous to attempt to electrospin at 3 wt.% 
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concentration.  The LMWC became too viscous to attempt to spin at 5 wt.% 

concentration.  The results from the rheology tests confirmed the original 

observations that were made as electrospinning was attempted.  The 600,000 

molecular weight chitosan was more viscous in solution than the 400,000 molecular 

weight chitosan and the 150,000 molecular weight chitosan was the least viscous in 

solution.  

 

Research revealed that both the MMWC and HMWC resulted in a solution that was 

too viscous to successfully electrospin.  When the polymer concentration was at a 

weight percent that has created successful electrospun fibers in other polymers, the 

solution viscosity was too high for the electric field to overcome and produce fibers 

via electrospinning.  The conclusion was that the low molecular weight chitosan 

would be the most suitable to use in a solution independently or blended with 

another polymer.    

 
4.2.3 Polymer Concentration 

In order for fibers to form via electrospinning a sufficient amount of polymer chains  

must be in solution for chain entanglement to occur which allows for fiber formation 

as polymer chains are manipulated within the electric field.  However, as polymer is 

added to a solution, its viscosity increases and the solution may become too thick to 

be electrospun.  Therefore a balance must be established between having enough 

polymer in the solution to form fibers, but not so much polymer that the viscosity 

becomes too high to successfully electrospin. 

 

To determine the degree to which polymer concentration affected solution viscosity a 

series of low molecular weight chitosan solutions were made and their viscosity was 

tested (see Figure 4.8).  The results indicate that as the low molecular weight polymer 

concentration is increased by two weight percent the viscosity is increased by one 

order of magnitude.   
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Polymer Concentration’s Effect on Viscosity 

Low MW Chitosan (wt%)
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Figure 4.8. Chitosan concentration’s effect on solution viscosity 

 

4.3 Blended Solutions 

The purpose of a using a blended solution is to utilize the properties of two polymers 

in one solution.  In attempting to electrospin chitosan the addition of polyethylene 

oxide (PEO) allows the solution as a whole to be more easily electrospun by 

offsetting chitosan’s poor solubility and high viscosity in an aqueous solution.  PEO 

has a low toxicity, is readily cleared by the body, has a minimal reaction in vivo and can 

be added to chitosan in solution without decreasing the potential for biomedical end 

applications of an electrospun nanomesh.  PEO has been successfully spun under 

various conditions and with our specific electrospinning setup.  The addition of PEO 

reduces total solution viscosity by interacting with chitosan through hydrogen 

bonding and interrupting the interaction of chitosan chains with other chitosan 

chains.  The addition of PEO to the chitosan solution creates a blend that is much 

more spinnable than chitosan alone by reducing solution viscosity without limiting 

the amount of polymer in solution, and still allowing the end product to maintain its 

ability to biodegrade and positively affect the immune system.   
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4.3.1 Solution Preparation 

The ratios of PEO to chitosan in the solutions ranged from 60:40 to 40:60.  Low 

molecular weight chitosan was the only type of chitosan used in the blended 

solutions.  The acetic acid concentration used in the chitosan portion of the solutions 

was between 60 and 90% concentration, as 60% is the minimum amount of solvent 

required to dissolve the chitosan completely.  The concentrations of chitosan varied 

from 0.5 to 2.5 wt.% of the total solution.  The PEO solution that was blended with 

the chitosan solution was consistently composed of 3 wt.% PEO with a molecular 

weight of 900,000.  Salt was also added to some solutions to vary the surface tension 

and viscosity of the solutions.16   

 

4.3.2 Electrospinning Results 

The addition of PEO was able to offset the negative influences that chitosan had on 

the total solution and defect-free fibers were successfully electrospun after several 

generations of blended solutions were attempted (see Figure 4.9 and Table 4.1). 

 

 

Table 4.1. Blended solutions and the resulting fiber diameters 

Total Chitosan 
Concentration 

Total PEO 
Concentration

Polymer Ratio 
LMWC:PEO 

Total Polymer 
Concentration 

Fiber 
Diameter 

1.0 wt.% 1.5 wt.% 2:3 2.5 wt.% 178 nm 
0.8 wt.% 1.8 wt.% 4:9 2.6 wt.% 168 nm 
1.2 wt.% 1.8 wt.% 2:3 3.0 wt.% 129 nm 
1.6 wt.% 1.8 wt.% 8:9  3.4 wt.% 62 nm 
2.0 wt.% 1.8 wt.% 10:9  3.8 wt.% 112 nm 
2.5 wt.% 1.5 wt.% 5:3  4.0 wt.% 103 mm 
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a.                                                                       b. 

 

 

 

 

 

 

c.                                                                       d. 

 

 

 

 

 

 

e.                                                                        f.    

 
Figure 4.9. Advances in the electrospinning of chitosan-PEO blends; (a) 3:2 PEO-
chitosan blend with 2.5 wt.% total polymer and 45% total acetic acid (AA); (b) 9:4 
PEO-chitosan blend with 2.6 wt. % total polymer and 36% total AA; (c) 3:2 PEO-

chitosan blend with 2.5 wt.% total polymer and 40% total AA; (d) 9:4 PEO-chitosan 
polymer ratio with 2.6 wt.% total polymer and 32% total AA; (e) 3:2 PEO-chitosan 
polymer ratio with 3.0 wt.% total polymer and 32% total AA; (f) 9:8 PEO-chitosan 

polymer ratio with 3.4 wt.% total polymer and 32% total acetic acid 
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The particles on the fibers in the images above that are not within a fiber’s linear axis 

are believed to be as a consequence of an inconsistent polymer flow.  The flow rate 

and strength of the electric field must find a delicate balance to avoid either too much 

or too little polymer being available as the liquid polymer jet is pulled into the electric 

field.  If there is too much polymer being supplied by the syringe pump eventually the 

weight of the polymer will overcome the repulsive forces of the Taylor cone and a 

droplet will fall from the needle and interrupt continuous flow creating a defect in the 

electrospun mesh.  If there is too little polymer being supplied by the syringe pump 

the electric field will pull polymer into the electric field until there is no polymer 

available.  Before electrospinning can resume a new Taylor cone must form thus 

interrupting the continuous polymer flow and allowing defects to occur as a result.    

 

Early attempts at electrospinning blended solutions lead to the creation of blended 

fibers but were not were not free of defects (see Figure 4.10).  By increasing polymer 

concentration, and thus solution viscosity, the number of defects such as beads are 

reduced in many polymer-solvent systems.49,50 With that in mind the viscosity of the 

blended solutions was first increased by increasing the amount of chitosan in the total 

blended solution.  This change increased the total polymer in solution to 2.5 wt.% 

(see Table 4.1).  This alteration did result in positive change but still lead to fibers 

with bead formation (see Figure 4.11).  The next attempt to alter the solution 

viscosity was to increase the total polymer concentration to 2.6 wt.% but decrease the 

chitosan concentration from 1.0 wt.% to 0.8 wt.% by altering the solution blend ratio 

of PEO solution to chitosan solution, which increased the overall polymer 

concentration (see Table 4.1).  The solvent system in the chitosan portion of the 

solution was also altered to make the system more viscous by reducing the total acetic 

acid content from approximately 45% to 32%.     
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Figure 4.10. Early chitosan-PEO blend with bead laden fibers  

 

 
Figure 4.11. 3:2 PEO-chitosan blend with 2.5 wt.% total polymer and less beads than 

previous blends 
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The resulting fibers were much more consistent than all previous electrospinning 

attempts (see Figure 4.12).  However beads were still found within the linear axis of 

the fibers along with other defects found outside the fiber axis.    

 

 
Figure 4.12. 9:4 PEO-chitosan polymer ratio with 2.6 wt.% total polymer   

 

After positive results were achieved the next series of experiments dealt with 

optimizing the fibers to be 100% defect free, reducing fiber diameter and determining 

the significance of various factors’ influence on viscosity and thus the overall ability 

to produce fibers via electrospinning.  Additional goals included producing a defect 

free nanomesh with blends that contained as much chitosan as possible.  The greater 

the amount of chitosan in solution the more profound the positive effects of chitosan 

will be utilized in a wound healing application.  

 

To further increase both the viscosity and the amount of chitosan in solution the 

total concentration of chitosan was increased from 0.8 wt.% to 1.2 wt.% in a 3:2 

PEO to chitosan polymer ratio.  The results produced nearly perfect defect-free 
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nanofibers with the greatest amount of total polymer attempted at that time with 3.0 

wt % (see Figure 4.13).    

 

 
Figure 4.13. 3:2 PEO-chitosan polymer ratio with 3.0 wt.% total polymer 

 

Another effort to impart a greater amount of chitosan into solution was attempted by 

increasing the concentration of chitosan from 1.2 wt.% to 1.6 wt.% and altering the 

ratio of PEO to chitosan polymer concentration from 3:2 to 9:8.  This change 

increased the total amount of polymer in the solution from 3.0 wt% to 3.4 wt.% (see 

Table 4.1) but increased the amount of chitosan and increased the total solution 

viscosity as compared to the previously described solution.  The results were nearly 

perfect nano-sized fibers with the smallest fiber diameter that was produced in this 

series of experiments (see Figure 4.14).   
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Figure 4.14. 9:8 PEO-chitosan polymer ratio with 3.4 wt.% total polymer 

 

Attempting to impart an even greater amount of chitosan into solution occurred as 

the total chitosan concentration was increased from 1.6 wt.% to 2.5 wt.%.  This 

change increased the total amount of polymer in the solution from 3.4 wt% to 4.0 

wt.% (see Table 4.1).  This solution produced 100% defect free nanofibers with the 

greatest amount of both chitosan and polymer in the fibers that was able to be 

produced in this study (see Figure 4.15).  These results suggest that fiber diameter is 

effected by total polymer concentration but is potentially more significantly effected 

by chitosan concentration.  As total polymer concentration is increased fiber diameter 

is also increased, but as chitosan concentration is increased fiber diameter decreases.   
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The fiber diameters displayed were calculated from an average of ten measurements 

of fibers from the upper plain of the SEM images obtained by using Scion Image 

software. 

 

 

 
Figure 4.15. 3:5 PEO-chitosan polymer ratio with 4.0 wt.% total polymer 

 
4.3.3 Solution Time Dependence   

The blended solutions were able to be electrospun with the weakest electric field and 

the least amount of complications when the electrospinning was attempted within 24 

hours of initially being blended.  Because chitosan is a cationic polymer it is defined 

as a polyelectrolyte.  As a polyelectrolyte, chitosan is subject to the effects of the 

“polyelectrolyte effect” in aqueous solutions.  The “polyelectrolyte effect” is defined 

a as polyelectrolyte in solution whose polymer chains contract as polymer 

concentration increases.  This effect contributes to chitosan’s high viscosity in 

solution.28  Over time the chitosan-PEO blended solutions become more viscous and 
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have higher surface tension.  This is believed to be a result of a self-association of 

chitosan polymer chains that occurs in part due to the polyelectrolyte effect.   

 

Observation found that a solution that was electrospun one day after being blended 

required much less electric field strength to overcome the polymer droplet’s surface 

tension than the same solution one week later.  The SEM results from that 

electrospinning attempt indicate that there was a separation of PEO and chitosan 

over the week long time frame (see Figure 4.16).   

 

 

 

 

 

 

 

 

 

Figure 4.16. 9:8 PEO-chitosan polymer ratio with 3.4 wt.% total polymer 
electrospun one day after blending (left); same solution electrospun one week after 

blending (right) 
 

Salt was added to some solutions in an attempt to reduce solution viscosity and it was 

observed that in some solutions salt appeared to be beneficial while in others it 

seemed to create defects.  In our attempt to define the effects of salt in chitosan-PEO 

blends it was observed that a solution that was successfully spun one day after being 

blended could not be electrospun two weeks later.  However, solutions that 

contained salt were able to be electrospun with limited amounts of polymer 

separation and resulting defects one week after being blended (see Figure 4.17).     
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Figure 4.17. 1:1 PEO-chitosan polymer ratio with 3.0 wt.% total polymer without 
salt electrospun one week after blending (left); same solution with 1.25 wt.% salt 

electrospun one week after blending (right) 
 

It was discovered that the addition of NaCl seems to create a charge shielding effect 

that reduces the polymer separation and solution coagulation in the polymer solution 

allowing it to remain spinnable over a longer period of time.     

 

4.4 Electrospinning on Seprafilm™   

The ultimate outcome of this research is to electrospin a chitosan based mesh 

material which would be a biocompatible, bioactive, resorbable material where cells 

thrive in both the material as well as the material’s structure.  This cell-friendly mesh 

which promotes cellular proliferation and thus tissue growth could be used in a 

variety of wound healing applications.  One such potential application would be to 

use this mesh in conjunction with a pre-existing product.  One such pre-existing 

product that would benefit from the addition of a chitosan based artificial ECM is the 

adhesion barrier material Seprafilm™.  The biomedical company, Genzyme, 

manufactures a polysaccharide film called Seprafilm™ for use as a surgical adhesion 

barrier.  This film has shown significant improvement in the area of preventing or 

reducing the severity of surgical adhesions.  However there is still a significant area 

for improvement as 51% of the patients who use Seprafilm™ still suffer from some 
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degree of post-surgical adhesion (see Sections 1.1 and 2.8).  By adding this chitosan-

based nanomesh to the Seprafilm™ wound healing time would likely decrease and 

thus allow less time for an adhesion to occur.   

 

To evaluate the feasibility of this proposal it is necessary to determine if the surface 

and thickness of the Seprafilm™ would facilitate electrospinning.  SEM images were 

taken of Seprafilm™ to view the surface of the material and estimate its ability to 

interact with other materials (see Figure 4.18). 

 

 

 

 

 

 

 

 

Figure 4.18. SEM of unaltered Seprafilm™ 

 

Nothing from the SEM results suggested that Seprafilm’s surface would be 

inhospitable towards the electrospinning process or the addition of another material 

layer.  

 

An additional concern about electrospinning a chitosan based solution onto 

Seprafilm™ is the possibility that the film is too thick and would interfere too greatly 

with the electric field.  To examine the possibility of the thickness of the Seprafilm™ 

interfering with the electric field attempts were made to spin a pure PEO solution 

onto a Seprafilm™ sample.  The following SEM images are of a 4 wt.% pure PEO 

and deionized water solution that was spun on both a typical aluminum foil collector 

(see Figure 4.19)  as well as an aluminum foil collector with an additional layer of 

Seprafilm™ (see Figure 4.20).   
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Figure 4.19. PEO 4 wt.% electrospun onto aluminum foil   

 
 

 
Figure 4.20. PEO 4 wt% electrospun onto Seprafilm™  
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No visual difference between the two samples is observed, indicating that the 

Seprafilm does not greatly disrupt the electric field and thus the ability of a polymer 

to be electrospun on the film.   

 

After successfully electrospinning a polymer upon Seprafilm™ and successfully 

creating a defect free nanomesh from a chitosan-based blend on an aluminum foil 

collector, the next series of experiments dealt with successfully electrospinning a 

chitosan-based solution onto Seprafilm™.  To confirm the repeatability of 

electrospinning a chitosan-based nanomesh with defect free fibers a previously 

successful blend was spun upon Seprafilm™.  The results were again nearly defect 

free nano-sized fibers with no visible change due to the Seprafilm™ (see Figure 4.21).    

 

 

 

Figure 4.21. 3:5 PEO-chitosan polymer ratio with 4.0 wt.% total polymer 
electrospun onto Seprafilm™  
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5. CONCLUSIONS & FUTURE WORK 

 

Pure chitosan nanofibers could not be electrospun from chitosan in aqueous acetic 

acid, due to the high viscosity and surface tension created in solutions with a 

sufficient amount of polymer to produce fibers via electrospinning.  However, the 

addition of polyethylene oxide allowed for fiber formation by encouraging chitosan 

chains to form hydrogen bonds with PEO, reducing chitosan’s self-association and 

the polyelectrolyte effect.  A chitosan-PEO blend can be electrospun to create a mesh 

constructed of defect-free, fibers with nano-sized diameters which would be suitable 

for use as an artificial extra cellular matrix.  A low molecular weight chitosan 

(150,000) was most suitable to electrospin because a higher concentration of polymer 

could be utilized without creating a viscosity and surface tension that was too high to 

be overcome by an electric field and produce fibers via electrospinning.  The 

rheological studies performed indicated that in order to fully dissolve chitosan in 

solution the solvent system must consist of at least 60% acetic acid.  Scanning 

electron microscopy along with rheological studies illustrate that the ideal solvent 

system for chitosan in solution contains 80% acetic acid.  A pure chitosan fiber was 

not able to be fabricated using the acetic acid and deionized water solvent system.  

However, the addition of a polyethylene oxide solution to a chitosan solution greatly 

increases the ability of the blended solution to spin and produce a defect free 

bicomponent nanofiber by reducing the interaction between chitosan polymer chains.  

Increasing polymer concentration in solution reduces the number of beads, while 

increased chitosan concentration decreases fiber diameter.  Over time chitosan’s self-

association begins to present itself in blended solutions, increasing solution viscosity 

as well as creating separation between PEO and chitosan.  As a result blended 

solutions are able to be electrospun with the least amount of complications when the 

electrospinning is attempted within 24 hours of initially being mixed.  
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Seprafilm™ has the surface properties, porosity and thickness which allow it to be 

electrospun upon.  A chitosan-PEO blend was successfully electrospun upon 

Seprafilm™ and that film was removed from the grounded collector material with 

nanofibers and structure intact.  It is an excellent example of an existing biomedical 

product that could use and benefit from the inclusion of a chitosan based electrospun 

nano layer.      

 

Many opportunities for future work in this area are available study.  Considering the 

successful blends that have been created from this series of experiments the next 

progression of research would include a more detailed evaluation of the material 

distribution within the electrospun nanofibers.  Further investigation of tissue 

engineering and wound healing applications would require cytotoxicity assessments as 

well as in vitro tests to determine the propensity of cells to attach and proliferate on 

the electrospun material compared to some control material.  Confirming the ability 

of chitosan to eliminate bacteria and prevent infection in conjunction with another 

material can also be evaluated in vitro.   

 

In addition, when the nanomesh is evaluated in conjunction with Seprafilm™ 

delamination between the two materials should be tested under normal Seprafilm™ 

handling conditions, as well as investigating the change in biodegradation rate that the 

addition of the electrospun layer may have.  

 

The discovery of the time dependence of chitosan-PEO blended solutions in this 

study could be further evaluated to determine the shelf-life of these polymer 

solutions with and without additives.  The effect of various blend ratios on this time 

dependence could useful information for future investigations.   

 

One of the original goals of this study was to successfully electrospin a defect free 

nanofiber mesh of pure chitosan.  That goal was not able to be realized using the 
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acetic acid based solvent system with no additives due to either a lack of polymer 

within the solution or a viscosity that was too high to be electrospun.  However, there 

are several means of addressing these concerns such as using a more volatile solvent 

system such as trifluoroacetic acid which will allow a greater amount of polymer in 

solution with less impact on viscosity and will evaporate out during spinning more 

readily, or imparting additives to reduce viscosity.   

 

Chitosan’s viscosity is temperature dependant; as temperature increases its viscosity 

decreases.  A series of experiments to test the possibility of using a combination of 

new solvents, solution additives and temperature to increase chitosan concentration 

while maintaining a low viscosity may produce a solution capable of electrospinning a 

pure chitosan nanofiber.      

 

A defect free nanofiber mesh that was largely chitosan was created during this series 

of experiments.  Additional studies could focus on further increasing the percentage 

of chitosan in solution and decreasing the resulting fiber diameter by reducing the 

amount of PEO within the solution in order to find the minimum amount of PEO 

needed to offset chitosan’s self association.  
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