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ABSTRACT 

 

The purpose of this study is to understand the electrospinning behaviour of cellulose 

acetate (CA) in different solvents and its subsequent modification and functionalization 

with polyethylene glycol (PEG) and silver nitrate (AgNO3) to render it as a potential 

wound dressing material. As the process of electrospinning and the corresponding fibre 

properties are primarily governed by the solvents used, a systematic study of the 

selection of solvent systems using the solubility parameters of Hildebrand and Hansen 

along with a Teas chart for a particular polymer is essential for the better optimization 

of the process. It appeared from the Teas chart that higher dispersion force (fd) and 

lower hydrogen bonding force (fh) are convenient for both the solubility and 

spinnability of CA in single solvent of acetone and binary solvent of 2:1 acetone/N ,N -

dimethylacetamide (DMAc). The surface properties of CA fibres were roughened by 

adding PEG which improved swelling behaviour and would assist in rapid cell 

attachment during wound healing. Moreover, the presence of PEG stabilized the silver 

nanoparticles which displayed efficient antibacterial traits when tested against E.coli 

and S.aureus.  

 



 

 

 
 

1. INTRODUCTION 

1.1 Background and Research Significance 

Electrospinning prevails for few decades as a facile method for weaving fibre meshes 

out of a solution. This technique offers some unique advantages along with the fact that 

the construction of this setup is remarkably economical and the operation is very 

convenient producing fibres in the nanometer range. Electrospinning from polymer 

solution is commonly in practice as polymer fibers are biocompatible and biodegradable 

and hence suitable for biomedical applications. Polymer fibers of nanometer range 

possess larger surface areas per unit mass and permit easier incorporation of surface 

functionalities compared with polymer microfibers. Thus, polymer nanofibers find their 

use as wound dressings, protective clothing, filters, scaffolds for tissue engineering 

reinforcement in composite materials, mirrors for use in space, structural components in 

artificial organs and sensors. These sophisticated applications of electrospun fibers have 

urged the need to address the electrospinning behavior for better process control [1-2]. 

Cellulose has been a potential choice of polymer in this regard for its renewability and 

easy availability and has a long history in fiber manufacturing. However, due to several 

challenges associated with cellulose solvents such as toxicity, low volatility and 

incomplete evaporation of the solvent, cellulose acetate which is the acetate ester of 

cellulose, is preferred for electrospinning. Cellulose acetate (CA) is readily soluble in a 

variety of solvents which makes it possible to study its electrospinning criteria for a 

number of solvent systems [3]. The opportunities of electrospun CA fibers lie in the fact 

that they are electrically charged. As a result, the fibers can be guided by electrical field 

for weaving, braiding, interlacing, coiling and similar operations. CA has not been 

widely explored for electrospinning in terms of solvents. There is a scope to study the 

electrospinning behavior of CA by analyzing its physio-chemical changes and the 

limitations of the process parameters to yield biocompatible and biodegradable fibers.  

Chronic wounds are a worldwide healthcare problem. In case of any wounds, whether 

trivial or critical, a wound needs to be covered up with an external support to prevent 

infection. Thus, suitable wound dressing materials with ideal antimicrobial attributes are 

required to accelerate the healing process and restore the normal integrity of the body. 

This is why, there has been a boost in research focused on fabricating nanofibrous mats 



 

 

 
 

having architectural features and morphological similarities with the natural 

extracellular matrix for better cell attachment and proliferation [4-6]. 

 

1.2 Objectives of the Present Study  

Although electrospinning has been widely used in the world to yield nanofibers for 

various applications, to the best of the knowledge, no research on this technique has 

been conducted in Bangladesh till date. Thus, electrospinning has been attempted in this 

work with the following objectives: 

 

a. Electrospinning CA nanofibres by studying and optimizing process and solution 

parameters to fabricate beadless fibrous network 

b. Modifying surface morphology of CA fibres with PEG and studying the effect 

of PEG on swelling characteristics of the fibre 

c. Finally, functionalizing the electrospun fibres with AgNO3 to produce in-situ Ag 

nanoparticles adhered to the fibre surface and study their antibacterial properties 

against gram negative and gram positive bacteria to establish this CA fibre as a 

potential wound dressing material. 
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1.3 Organization of the Thesis 

The report has been organized so as to best describe and discuss the problem along with 

findings that came out from the experiment performed. Chapter 1 introduces the work 

and the technique which presents an overall idea about the research background and 

objectives of the study. Chapter 2 is literature review which represents the work 

performed so far in connection with it collected from different references. Chapter 3 

presents the materials required and experimental setup used in the present study. This 

chapter presents the mechanism of electrospinning, different parameters that were tried 

to obtain suitable electrospinning conditions and the procedures of modifying and 

functionalizing the fibres with different chemical reagents. Chapter 4 begins the core of 

this thesis write up, which describes the individual materials required, characterizations 

performed, experimental results and explanations for obtaining CA fibre using 

electrospinning. It also established a correlation between solubility and spinnability of 

CA in different solvent systems using a Teas chart. Chapter 5, which is the continuation 

of the last chapter’s work, describes the modification of the previously obtained fibre 

with PEG 200 and PEG 6000 with appropriate characterizations and discussions on the 

perceived results. Chapter 6 elaborates the functionalization of the modified CA fibre of 

the previous chapter to incorporate antibacterial properties in it. This chapter expounds 

on the method adopted to grow bacterial colonies on agar plate and subsequent testing 

of the fibre samples to show its efficacy in preventing bacterial growth. And, chapter 7 

concluded the results that are obtained in this present study along with few 

recommendations on future work regarding electrospinning of CA.



 

 

 
 

 

2. LITERATURE REVIEW 

 

2.1 Electrospinning 

Electrospinning is a method to yield fibres using an electrical driving force and not by 

any mechanical force. Electrospinning is a process in practice for centuries which is 

able to fabricate continuous fibres in the submicron to the nanometer diameter range 

from a solution. Compared to the traditional techniques, the non-woven nanofibrous 

mats obtained by this process mimics extracellular matrix components more suitably. 

The wide range spun fibres, from micro to nano, produced by this process, offer various 

advantages like high surface area to volume ratio, tunable porosity and the ability to 

control nanofibre composition in order to get desired features and functions. This 

process is highly flexible as it can spin fibres from a broad range of material class. 

Though polymer solutions are more commonly used for electrospinning, it can be also 

possible to draw fibres with composites, semiconductors and ceramics [1-2]. Over the 

time, more than 200 polymers have been electrospun for myriad applications and the 

number is still escalating gradually with time. Fibre production is also viable through 

other production processes such as template synthesis, phase separation and drawing but 

owing to limitations of each of this methods, electrospinning has emerged as the most 

facile and cost-effective method of producing fibres. 

2.1.1 History of electrospinning 

Electrospinning is a time-old technique. It was first brought to attention in 1897 by 

Rayleigh, studied elaborately by Zeleny (1914) on electrospraying, and patented by 

Formhals in 1934. The work of Taylor (1969) on electrically driven jets has basically 

laid the foundation for electrospinning. Though the term “electrospinning”, derived 

from “electro- static spinning”, has been used relatively recently (in around 1994), its 

origin dated back to more than 70 years ago. This method started to gain attention, from 

1934 to 1944, when Formhals published a series of patents, delineating an experimental 

setup for the production of polymer filaments using an electric field [3]. The first patent 

(US Patent Number: 2116942) on electrospinning was acknowledged for the fabrication 

of textile yarns where a  voltage of 57 kV was used for electrospinning cellulose acetate 

using acetone and monomethyl ether of ethylene glycol as solvents. This process was 
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patented by Antonin Formhals in 1934 and also later granted related patents (U.S. 

Patents 2116942, 2160962 and 2187306) in 1938, 1939, and 1940 [4]. Formhals's 

spinning set-up consisted of a movable fibre collecting device to collect fibres in a 

stretched condition, like that of a rotating drum in conventional spinning. About 50 

patents for electrospinning polymer melts and solutions have been filed in the past 70 

years [5] . Vonnegut and Newbauer (1952) invented a simple apparatus for electrical 

atomization of solution and subsequently produced jets of highly electrified uniform 

droplets of about 0.1 mm in diameter. After that, Drozin (1955) investigated the 

spraying and dispersion of a series of liquids into aerosols under high electric fields and 

Simons (1966) patented an apparatus for the production of ultra-thin and very light 

weight non-woven fabrics with different patterns using electrical spinning. In 1971, 

Baumgarten (1971) made an apparatus to electrospin acrylic fibres with diameters in the 

range of 0.05– 1.1 µm. Since the 1980s and especially in recent years, electrospinning 

process has regained more attention due to a surging interest in nanotechnology, as 

ultrafine fibres or fibrous structures of various polymers with diameters down to 

submicrons or nan- ometers can be easily fabricated with this process [6]. The 

popularity of the electrospinning process can be realized by the fact that over 200 

universities and research institutes worldwide are studying various aspects of the 

electrospinning process and the fibre it produces and also the number of patents for 

applications based on electrospinning has grown in recent years. 

2.1.2 Electrospinning fundamentals 

The formation of nanofibres through electrospinning has a well-grounded base on the 

uniaxial stretching of a viscoelastic solution. The principles of electrospinning and the 

different parameters that affect the process have to be considered to understand and 

appreciate the process that facilitates the formation of various nanofibre assemblies. In 

contrast to the conventional fibre spinning methods like dry-spinning and melt-spinning, 

electrostatic forces are utilized here in electrospinning to stretch the polymer solution as 

it solidifies. Similar to conventional fibre production methods, the drawing of the 

solution jet to form the fibre will continue as long as there is plenty of solution to feed 

the electrospinning jet. Thus, without any impediment to the electrospinning jet the 

drawing of the fibre will be continuous. For a typical electrospinning set-up as shown in 

Fig. 2.1, a polymer solution is first taken into a syringe and fed through a spinneret. An 

external high voltage is applied to the solution such that at a critical voltage, typically 
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more than 10 kV, the repulsive force within the charged solution is higher than its 

surface tension and a jet would initiate from the tip of the syringe. Although the jet is 

stable near to the tip of the syringe, a bending instability stage is observed with further 

stretching of the solution jet under the influence of the electrostatic forces in the 

solution as the solvent gradually evaporates. Generally, a grounded object is used to 

collect the resultant fibres which are deposited in the form of a nonwoven mesh [7-9]. A 

few widely studied electrospinning parameters include solution viscosity, conductivity, 

flow rate, applied voltage, spinneret tip-to-collector distance, temperature and humidity. 

For example, by reducing the spinneret tip-to-collector distance, mat with inter-

connected fibres can be obtained, while decreasing the solution concentration will 

reduce the diameters of the electrospun fibre. Although polymer chain entanglement is a 

vital criterion for fibre formation in polymers [10], the viscosity of a solution is a more 

general and tedious parameter to consider since ceramic precursors can also be 

electrospun in spite of  their low molecular weight. There are usually two main methods 

to achieve various fibre morphologies, one is to control the flow of the electrospinning 

jet through the adjustment of the electric field and the other is to use a dynamic 

collection device. Nevertheless, it is also possible to achieve some form of fibre 

assemblies by using different static collection devices. To overcome various drawbacks 

of the typical electrospinning process and to enhance the performance of the electrospun 

fibrous mesh, researchers have brought out other modifications to the set-up. 

 

Fig. 2.1 Schematic setup of electrospinning 
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2.1.3 Electrospinning parameter investigation 

There are quite a good number of parameters that can influence the transformation of 

polymer solutions into nanofibres through electrospinning. These parameters include (a) 

the solution properties such as viscosity, elasticity, conductivity, and surface tension, (b) 

governing variables such as hydrostatic pressure in the capillary tube, electric potential 

at the needle tip, and the gap (distance between the tip and the collecting screen), and 

(c) ambient parameters such as solution temperature, humidity, and velocity of the air in 

the electrospinning chamber [11].  

Thus far, all synthetic and naturally occurring polymers have been electrospun. During 

selection of solvents for electrospinning, its properties such as solubility, conductivity, 

surface tension, and dielectric constant has to be taken into consideration. The 

molecular weight of the polymer has a tremendous effect on determining the fibre 

morphology. A high molecular weight results in a large fibre diameter, and a low 

molecular weight results in a beaded structure, which are considered defects in fibre 

formation. The viscosity of a polymeric solution significantly affects the fibre diameter. 

High viscosity more likely suppress the formation of pores, micropores, and beaded 

structures during electrospinning. If the viscosity is too low, the initiating jet from the 

Taylor cone will be transformed into many droplets, and the jet will experience 

splashing, thus resulting in beaded structure. If the viscosity is too high, then the 

viscoelastic forces will be high. As a result, a higher electrostatic force is required to 

overcome the viscoelastic forces and the jet will transformed into droplets instead of 

forming fibres. If the viscosity is above 20 poise, then electrospinning becomes 

impossible because of the instability of the flow caused by the cohesivity of the 

solution. Droplets are formed when the viscosity is low (<1 poise). A higher electrical 

conductivity can have significant influence on fibre diameter. In general, small-diameter 

fibres can be produced with a higher electrical conductivity solution. By reducing the 

surface tension of the polymeric solution, the fibres produced will be without beaded 

structures. Different solvents will result in different surface tension. However, a solvent 

with low surface tension is not always suitable for electrospinning because a solution 

with low surface tension helps electrospinning to occur at a low electrostatic field. The 
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viscosity of the polymeric solution and the diameter of the electrospun fibre are related 

by the following equation [12]: 

                                                         d = 19.49 η
0.43 

                                                        (1) 

where η is the viscosity of solution and d is the diameter of the fibre (nm). 

During the jet’s flight from the tip of the needle to the collector screen, it experiences 

plastic stretching and evaporation due to natural convection, and as a result, the jet 

diameter gets smaller before it is collected on the collector screen. A higher electric 

field results in low fibre diameter, and these two parameters are related by the following 

equation [13], 

                                                         d=V
-1/2 

                                                                   (2) 

where V is the electrical potential. Hendricks calculated the minimum spraying potential 

of a suspended hemispherical conducting drop in air as 

                                                        V = 300 √(20πγr)                                                    (3) 

where r is the radius of the cone, and γ is the surface tension of the polymeric solution. 

Taylor developed a similar relation for the critical potential as  

                                                       V
2

c = 4H
2
/L

2 
(ln 2L/R -3/2)(0.117πγR)                   (4) 

where Vc is the critical voltage, H is the separation between the capillary and the 

ground, L is the length of the capillary, R is the radius of the capillary, and γ is the 

surface tension of the liquid.  

The surface features and morphology of electrospun fibres depends upon flow rate of 

the solution. When the flow rate exceeds the threshold value, the fibres produced are 

surrounded by beads and pores. The polymer concentration is dependent upon the 

molecular weight of the polymer. However, concentration can be reduced by increasing 

the solvent content. The polymer concentration should not be too low or too high, but 

rather a compromise between maximum and minimum. The fibre diameter increases as 

the polymer concentration increases. If the polymer concentration is too high, then 

electrospinning becomes relatively difficult, and a higher electric field would be 

required to overcome the viscoelastic forces, or pores, micropores, and beads will form. 

Polymers with higher molecular have high viscosity in solution form and the resulting 

electrospun fibres will have large diameters. Molecular weight also greatly influences 
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the rheological properties of the polymeric solution. It has been observed that a low 

molecular weight solution produces beads and pores due to the low concentration of the 

solution, and a higher molecular weight solution produces fibres with large diameters 

due to the high concentration of the solution. The distance between the capillary tube 

and the collector screen also influences the fibre diameter: a large distance ensures 

enough time for the jet to undergo plastic stretching resulting in finer fibres. Generally, 

electrospinning process takes place at room temperature. At high temperature, the 

evaporation rate will be high, and thereby fibres having large diameters will be 

produced. High relative humidity during electrospinning leads to the formation of 

micropores and nanopores on the surface of the fibres due to the breath figures effect. 

Quick evaporation of the solvent condenses the moisture present in the air, leaving 

imprints in the form of micro- and nanopores on the surface of fibres. Some polymers 

absorb moisture and some do not, therefore, high humidity can decrease or increase the 

fibre diameter depending upon the polymer used. The presence of moisture in the 

electro- spinning chamber impedes evaporation. High airflow results in a higher 

evaporation rate, thus resulting in larger diameter fibres [14]. 

2.1.4 Applications of electrospinning 

From a biological point of view, almost all of the human tissues and organs are arranged 

in nanofibrous forms or structures. Examples include: bone, dentin, collagen, cartilage, 

and skin. All of them are well-organized hierarchical fibrous structures aligned in 

nanometer scale. As such, current research in electrospun polymer nanofibres has 

focused one of their major applications on bioengineering. We can easily find their 

promising potential in various biomedical areas. Polymer nanofibres can be used for the 

treatment of wounds or burns of a human skin as shown in Fig. 2.2, as well as designed 

for haemostatic devices with some unique characteristics. With the aid of electric field, 

fine fibres of bio-degradable polymers can be directly sprayed onto the injured location 

of skin to form a fibrous mat dressing, which can let wounds heal by encouraging the 

formation of normal skin growth and eliminate the formation of scar tissue which would 

occur in a traditional treatment [15]. Non-woven nanofibrous membrane mats for 

wound dressing usually have pore sizes ranging from 500 nm to 1 mm which is small 

enough to protect the wound from bacterial penetration via aerosol particle capturing 

mechanisms. High surface area of 5–100 m
2
/g is extremely efficient for fluid absorption 

and dermal delivery [16].   
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Fig. 2.2 Nanofibre mat for wound dressing (www.boneandspine.com) 

An important concern in medicine is to deliver drug/pharmaceuticals to patients in the 

most physiologically acceptable manner. In general, the drug is better absorbed by the 

human body when the dimensions of the drug and the coating material required to 

encapsulate the drug are smaller. Drug delivery with polymer nanofibres is based on the 

principle that dissolution rate of a particulate drug increases with increasing surface area 

of both the drug and the corresponding carrier if needed. Kenawy et al. investigated 

delivery of tetracycline hydrochloride based on the fibrous delivery matrices of poly 

(ethylene-co-vinylacetate), poly(lactic acid), and their blend [17]. Ignatious & Baldoni 

elaborated electrospun polymer nanofibres for pharmaceutical applications, which can 

be designed to provide rapid, immediate, delayed, or modified dissolution, such as 

sustained and/or pulsatile release characteristics. As the drug and carrier materials can 

be mixed together for electrospinning of nanofibres, the likely modes of the drug in the 

resulting nanostructured products are: (1) drug as particles attached to the surface of the 

carrier which is in the form of nanofibres, (2) both drug and carrier are nanofibre-form, 

hence the end product will be the two kinds of nanofibres intermixed together, (3) the 

blend of drug and carrier materials integrated into one kind of fibres containing both 

components, and (4) the carrier material is electrospun into a tubular form in which the 

drug particles are encapsulated as in Fig. 2.3. The modes (3) and (4) may be preferred. 

However, as the drug delivery in the form of nanofibres is still in the rudimentary stage 

exploration, a real delivery mode after production and efficiency have yet to be 

determined in the future [4][18].   
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Fig. 2.3 Drug delivery through polymer nanofibre (www.dalton.com) 

Conductive nanofibres have an excellent application in which they are expected to be 

used in the fabrication of tiny electronic devices or machines such as Schottky 

junctions, sensors and actuators. As it is a well-known fact that the rate of 

electrochemical reactions is proportional to the surface area of the electrode, conductive 

nanofibrous membranes are also quite suitable for using as porous electrode in 

developing high performance battery [19]. Conductive (in terms of electrical, ionic and 

photoelectric) membranes also have potential for applications including electrostatic 

dissipation, corrosion protection, electromagnetic interference shielding, photovoltaic 

device, etc [6][20]. 

Polymer nanofibres fabricated via electrospinning have been proposed for a number of 

soft tissue prostheses applications such as blood vessel, vascular, breast, etc as shown in 

Fig. 2.4. In addition, electrospun biocompatible polymer nanofibres can also be 

deposited as a thin porous film onto a hard tissue prosthetic device designed to be 

implanted into the human body This coating film with gradient fibrous structure works 

as an interphase between the prosthetic device and the host tissues, and is expected to 

efficiently reduce the stiffness mismatch at the tissue/device interphase and hence 

prevent the device failure after the implantation [21]. 
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Fig. 2.4 Artificial blood vessel (www.bioengineer.org) 

Fibrous materials used for filter media come with the advantages of high filtration 

efficiency and low air resistance. In the industry, clean compressed air is produced by 

studying coalescing filter media. These media are required to capture oil droplets as 

small as 0.3 micron. It is realized that electrospinning is rising to the challenge of 

providing solutions for the removal of unfriendly particles in such submicron range. 

Since the channels and structural elements of a filter must be matched to the scale of the 

particles or droplets that are to be captured in the filter, one direct way of developing 

high efficient and effective filter media is by using nanometer sized fibres in the filter 

structure. In general, due to the very high surface area to volume ratio and resulting high 

surface cohesion, tiny particles of the order of <0.5 mm can be easily trapped in the 

electrospun nanofibrous structured filters and hence the filtration efficiency can be 

improved. There is one major manufacturer of electrospun products in the world, 

Freudenberg Nonwovens, which has been producing electrospun filter media from a 

continuous web feed for ultra high efficiency filtration markets for more than 20 years. 

This is perhaps one of the earliest commercial businesses relevant to electrospinning. In 

addition to fulfilling the more conventional purpose in filtration, the nanofibre 

membranes fabricated from some specific polymers or coated with some selective 

agents can also be used as, for example, molecular filters. For instance, such filters can 

be applied to the detection and filtration of chemical and biological weapon agents [22-

23].  

Like other 1D nanostructures, electrospun nanofibres can also serve as sacrificial 

templates to generate 1D nanostructures with hollow interiors. A range of polymers, 

metals, and ceramics have been prepared as nanotubes by coating electrospun polymer 

nanofibres with the particular material, followed by selective removal of the templates. 
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Most recently, Czaplewski et al. have demonstrated that electrospun fibres could be 

used as the templates to generate nano fluidic channels [24]. In this case, nanofibres 

made of heat depolymerizable polycarbonate were deposited on a target substrate and 

then covered with spin on glass. Nanofluidic channels were obtained after the 

nanofibres had been selectively removed by heating. Unlike the channels that were 

fabricated by conventional lithographic techniques, the channels obtained by templating 

against electrospun fibres exhibited elliptical cross-sections and sharp corners were 

eliminated. This structure may promote a smoother liquid flow through the channels. In 

conjunction with contact photolithography, they have also demonstrated the application 

of electrospun fibres as the templates for fabricating nanoscale mechanical oscillators. 

In these two applications, the size uniformity and long axial length associated with 

electrospun fibres provide some immediate advantages over conventionally fabricated 

structures [25-26]. 

2.2 Polymers Used In Electrospinning 

Polymers comprise of a broad spectrum which can be electrospun into nonwoven fibres 

in the range of nano to submicron and has potential use in myriad fields. Various 

synthetic polymers, natural polymers or a blend of both including proteins and even 

polysaccharides have been reported to be electrospun [27-28]. Over the years, more than 

200 polymers have been electrospun successfully from several natural polymers and 

characterized with respect to their applications. Compared to synthetic polymers, it has 

been evaluated that naturally occurring polymers normally exhibit better 

biocompatibility and low immunogenicity, when used in biomedical applications. A 

vital reason for using natural polymers for electrospinning is their inherent capability 

for binding cells since they carry specific protein sequences, such as RGD 

(arginine/glycine/ aspartic acid). Typical natural polymers include collagen, chitosan, 

gelatin, casein, cellulose acetate, silk protein, chitin, fibrinogen etc. Scaffolds 

synthesized from natural polymers yield better clinical functionality. However, partial 

denaturation of natural polymers has been reported in recent years that demands 

concern. Various polymers used in electrospinning and applications have been listed in 

Table 2.1. 
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Table 2.1: Different polymers used in electrospinning and their applications [28] 

Polymers Applications 

Poly(glycolide) (PGA) Nonwoven TE scaffolds 

Poly(lactide-co-

glycolide)(PLGA) 

Biomedical applications, 

wound healing 

Poly(ε-caprolactone) 

(PCL) 

Bone tissue engineering 

Poly(l-lactide) (PLLA) 3D cell substrate 

Polyurethane (PU) Nonwoven tissue template 

wound healing 

Cellulose acetate Adsorptive membranes/felt 

Poly(vinyl alcohol) Wound dressings 

Silk fibroin, silk/PEO Nanofibrous TE scaffold 

Silk Biomedical Applications 

Silk fibroin Nanofibrous scaffolds for 

wound healing 

Gelatin Scaffold for wound healing 

Hyaluronic acid, (HA) Medical implant 

Cellulose Affinity membrane 

Collagen/chitosan Biomaterials 

 

2.3 Cellulose Acetate: A Potential Polymer in Electrospinning 

CA has emerged as a lucrative polymer choice for electrospinning due to its wide range 

of behavior, property and application. CA is a valuable bio-based polymer which has 

been resulted from the esterification of cellulose. The acetylation of 2.5 hydroxyl groups 

of a monomeric unit of cellulose chain gives the typical 2.5 cellulose acetate (CA). It is 

sometimes called Acetylated cellulose or xylonite. Its CAS number is 9004-35-7 and the 

approximate chemical structure is shown in Fig. 2.5. 
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Fig. 2.5 Chemical structure of CA 

CA is highly hydrophilic, with good water absorption and liquid transport abilities. CA, 

the acetate ester of cellulose, has been widely investigated for a wide variety of 

potential applications in the form of electrospun nanofibre mats because of its 

advantageous properties, such as good biocompatibility, biodegradability, regenerative 

properties, high affinity with other substances, high modulus, and adequate flexural and 

tensile strength [29]. These sophisticated properties have rendered CA to be effectively 

used in immobilization of bioactive substances, drug-loaded electrospun materials, cell-

culture and tissue engineering, optical device, nanomaterials loaded antimicrobial mat, 

temperature adaptable fabrics and so on. 

A central point of research over the years has been the selection of suitable solvent 

system for dissolving and electrospinning CA fibres. The selection of appropriate 

solvents has been conventionally based on trial and error, results from similar systems 

or solubility models restricted by physico-chemical database [30]. Some have reported 

the effect of various single and mixed solvent systems on the morphology and fibre 

diameter of CA [31]. The single solvent system comprised of acetone, chloroform, N, 

N-dimethylformamide (DMF), dichloromethane (DCM), formic acid, methanol 

(MeOH) and pyridine. Acetone–dimethylacetamide (DMAc), chloroform–MeOH, and 

DCM–MeOH were among the mixed or binary solvent systems. In generating bead free 

or beaded fibres, the shear viscosity, surface tension, and conductivity of these solvent 

systems have been evaluated to be critical solution parameters. Even ternary solvent 
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system of acetone/DMF/trifluro-ethanol has also been determined for electrospinning 

cellulose acetate [32]. However, there are not many reports available on the influence of 

ambient parameters and electrospinning parameters on the nature of electrospun CA 

fibres. The average diameter of electrospun CA nanofibres was found to increase with 

increase in humidity. On the other hand, temperature influences the solvent evaporation 

rate and viscosity of the polymer solution. Both these parameters were found to have 

profound influence on the fibre diameter of electrospun CA [33]. The effect of different 

parameters including field strength, tip-to-collector distance, solution feed rate and 

composition on the morphology of electrospun CA fibres was reported in many 

literatures. A growing interest on the development of electrospun CA as blends and 

composites has been witnessed in the last few years (2008–2015). A myriad of natural 

and synthetic polymers and nanomaterials have been electrospun along with CA to 

generate more customized products. The applications of CA fibres have been 

demonstrated in the Fig. 2.6.  

 

Fig. 2.6 Applications of CA fibres in different arena  
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2.4 Polyethylene Glycol 

2.4.1 Polyethylene glycol as a modifier 

Poly(ethylene glycol) (PEG), also called poly(ethylene oxide) (PEO) in its high 

molecular weight form, can be categorized as a hydrogel, especially when the chains are 

cross-linked. However, PEG has many other applications and implementations. In 1944, 

when it was examined as a possible vehicle for intravenously administering fat-soluble 

hormones, the low reactivity of PEG with living organisms has been known since then. 

In the mid-1970s, Frank Davis and colleagues discovered that if PEG chains were 

attached to enzymes and proteins, they would a have a much longer functional residence 

time in vivo than biomolecules that were not PEGylated. Professor Edward Merrill of 

MIT, concluded that surface-immobilized PEG would resist protein and cell pickup. 

The experimental results from his research group in the early 1980s bore out this 

conclusion. The application of PEGs to wide range of biomedical problems was 

significantly accelerated by the synthetic chemistry developments of Dr. Milton Harris 

while at the University of Alabama, Huntsville. 

PEG is readily available in a variety of molecular weights. These are homogeneous 

polymers of the general structure HO-(CH2CH2O)n-CH2CH2-OH. Monomethyl ether of 

PEG (mPEG) is also often used for conjugation to biologically relevant materials. It is 

particularly useful when multiple chains of the polymer have to be linked to the 

intended substrate. Due to its structural simplicity and possession of only one 

derivatizable end group, the use of mPEG minimizes crosslinking possibilities and leads 

to improved homogeneity of conjugates. Thus it is usually the starting material of 

choice for covalent modification of proteins, biomaterials, and particulates. The 

polyether backbone of PEG is inert in biological environments as well as in most 

chemical reaction conditions under which the end groups of PEG can be subjected to 

chemical modification and/or conjugation reactions [34]. 

Fabrication of micro- and nanosized fibres from biodegradable polymers, either natural 

or synthetic by electrospinning, is a great challenge because of their possible 

applications, including tissue engineering, tissue repair, wound healing, and drug 

delivery [35-36]. To augment the hydrophilicity of the electrospun fibres, a copolymer 

with a hydrophilic block has been added to the spinning solutions. Using this approach, 

CA-PEG fibres with enhanced hydrophilicity have been obtained in the present study. 
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PEGs of molecular weight lower than 6,000 are particularly suitable for this purpose. 

These PEGs are widely used in the biomedical field because of their unique properties, 

including lack of toxicity and good biocompatibility; in addition they are easily 

eliminated from the human body [37].  

Recently, PEG has proved to be very effective in preventing bacterial adhesion to cell as 

well by forming a hydration layer [38]. To the best of our knowledge, PEGs have not 

yet been used to study swelling behaviour of electrospun fibre mats of CA polymers. 

The reason may be due to the difficulty to electrospin nanofibres from polymers of 

chain lengths that are too short for the formation of chain entanglements. 

2.4.2 Polyethylene glycol as a stabilizer 

For the synthesis of silver nanoparticles, the generally accepted mechanism suggests a 

two-step process, i.e. atom formation and then polymerization of the atoms. In the first 

step, a portion of metal ions in a solution is reduced by the available reducing groups. 

The atoms thus produced act as nucleation centers and catalyze the reduction of the 

remaining metal ions present in the bulk solution. Subsequently, the atoms coalesce 

leading to the formation of metal clusters. The surface ions are again reduced and in this 

way the aggregation process does not cease until high values of nuclearity are attained, 

which results in larger particles. The process is stabilized by the interaction with the 

polymer so preventing further coalescence [39].  

It is important to use protective agents to stabilize dispersive nanoparticles during the 

course of metal nanoparticle preparation, and protect the nanoparticles that can be 

absorbed on or bind onto nanoparticle surfaces, avoiding their agglomeration [40]. The 

presence of surfactants comprising functionalities (e.g., thiols, amines, acids, and 

alcohols) for interactions with particle surfaces can stabilize particle growth, and protect 

particles from sedimentation, agglomeration, or losing their surface properties. Metal 

clusters formed at the interface are stabilized, due to their surface being coated with 

stabilizer molecules occurring in the non-polar aqueous medium, and transferred to the 

organic medium by the inter-phase transporter. PEG also acts as a good stabilizer for Ag 

nanoparticles based on the conclusions made by several research studies as mentioned 

in several works. The large number of oxygens in the long PEG chains provided 

coordinative saturation of dangling bonds on the surface of the nanoparticles and hence 

assisted in their stabilization, even though the electron-donating effect of oxygen is not 

https://www.sciencedirect.com/topics/chemistry/dioxygen
https://www.sciencedirect.com/topics/chemistry/dangling-bond
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so strong as amine or thio-organic compounds. The researchers suggested that 

stabilization can be obtained due to the free polymer chains in solution, where 

formation of aggregates is denied because of steric hindrance. From their observation, 

they also proposed that increasing the molecular weight of the polymer would help in 

forming stable Ag nanoparticles [41-44]. 

2.5 Wound Dressings 

2.5.1 Traditional wound dressing 

Notable and some common traditional wound dressing products consist of gauze, lint, 

plasters, bandages (natural or synthetic) and cotton wool. These are dry and protect the 

wound from contaminations by acting as either primary or secondary wound dressings. 

Gauze dressings are made out of woven and non woven fibres of cotton, rayon, 

polyesters which provide some extent of protection against microbial infections. While 

some sterile gauze pads are used for absorbing exudates and fluid in an open wound 

with the help of fibres in these dressings. However, these dressings require frequent 

changing to protect from exaggeration of healthy tissues. Gauze dressings are less cost 

effective. Due to excessive wound exudates formation, dressings become moistened and 

tend to become adherent to the wound making it painful when removing. Natural 

product b such as those made from natural cotton wool and cellulose or synthetic 

bandages made out of polyamide materials carry out different functions. For instance, 

cotton bandages are used for applying light dressings, whereas high compression 

bandages and short stretch compression bandages provide sustained compression in 

case of venous ulcers. Xeroform™ (non-occlusive dressing) is petrolatum gauze with 

3% of Bismuth tribromophenate used for non-exudating to slight exudating wounds. 

Tulle dressings such as Bactigras, Jelonet, Paratulle are some examples of tulle 

dressings commercially available as impregnated dressings with paraffin and suitable 

for superficial clean wound. Generally traditional dressings are indicated for the clean 

and dry wounds with mild exudate levels or used as secondary dressings. Since 

traditional dressings fail to provide moist environment to the wound they have been 

replaced by modern dressings with more advanced formulations [45]. 

2.5.2 Modern wound dressing 

Modern wound dressing have been a boon to improve the function of the wound rather 

than just to cover it. These dressings are focused to prevent the wound from dehydration 

https://www.sciencedirect.com/topics/chemistry/amine
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and facilitate healing. Based on the cause and type of wound, numerous products are 

available in the market. Modern wound dressings are usually based on synthetic 

polymers and are classified as passive, interactive and bioactive products. Passive 

products are non-occlusive, such as gauze and tulle dressings, used to cover the wound 

to restore its function underneath. Interactive dressings are semi-occlusive or occlusive, 

available in the forms of films, foam, hydrogel and hydrocolloids. These dressings act 

as a barrier against penetration of bacteria to the wound environment [46-47]. 

2.5.3 Electrospun fibres as wound dressing 

The wound dressing materials produced by electrospinning technology have special 

properties as compared to the dressings produced by conventional methods. 

Nanofibrous wound dressings with their small holes and high effective surface area can 

promote hemostasis phase. The promotion of this phase is due to nanofibrous structure 

of the dressing material without using any hemostatic agent. Due to the high surface 

area to volume ratio of the nanofibres, they exhibit water absorption of 17.9–213% 

whereas typical film dressings only show water absorption of 2.3%. Thus, if hydrophilic 

polymers are employed, the nanofibrous dressings will be able to absorb wound 

exudates more efficiently than the typical film dressings. The porous structure of a 

nanofibre dressing is excellent for the respiration of cells which does not lead the 

wound to dry up. This indicates an appropriate control of a moist environment for the 

wound. Also, the small pore size can effectively protect the wound from bacterial 

infection. Electrospun nanofibrous membrane wound dressings can also meet the 

requirement of high gas permeation apart from providing effective protection of wound 

against infection and dehydration. Conformability or the ability to conform to the 

contour of wound is one of the parameters that needs to be clinically assessed for the 

flexibility and resiliency of the medical dressings. In the textile industry, it is widely 

recognized that the conformability of a fabric is closely related to the fibre fineness. 

Finer fibre fabrics are easier to fit to complicated 3-D contours. Therefore, dressing 

materials made of ultra-fine fibres can provide excellent conformability and thus result 

in a better coverage and protection of the wounds from infection. Ultimately, nanofibres 

also hold a promise of healing wounds without leaving scars. Although this is hard to 

achieve, nevertheless researchers and clinicians seek to heal a wound with as little scar 

as possible [48-49]. 
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2.6 Silver: An Antibacterial Agent In Electrospun Fibre Mat 

The broad-spectrum antimicrobial properties of silver incite its use in biomedical 

applications, water and air purification, food production, cosmetics, clothing, and 

numerous household products. With the rapid development of nanotechnology, 

applications have been extended further and now silver is the engineered nanomaterial 

most commonly used in consumer products. Clothing, respirators, household water 

filters, antibacterial sprays, cosmetics, detergent, dietary supplements, cutting boards, 

sox, shoes, cell phones, laptop keyboards, and children’s toys are among the retail 

products that increasingly exploit the antimicrobial properties of silver nanomaterials. 

Different forms of silver nanomaterials already in such products include: metallic silver 

nanoparticles, silver chloride particles, silver-impregnated zeolite powders and activated 

carbon materials, dendrimer–silver complexes and composites, polymer silver 

nanoparticle composites and silver nanoparticles coated onto polymers like 

polyurethane. While all of these forms of silver exert antimicrobial activity to some 

extent through release of silver ions, silver nanoparticles might exhibit additional 

antimicrobial capabilities not exerted by bulk or ionic silver. Table 2.2 presents a 

concise summary of silver nanomaterial antibacterial studies. 
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Table 2.2: Summary of Ag nanoparticles in antibacterial study 

Ag form Size Bacterial strain Key aspects References 

Ag nanoparticles 13.4 nm E. coli, S. 

aureus 

Minimal inhibition 

concentration against 

E. coli was lower 

than 6.6 nM and 

higher than 33 nM 

for S. aureus 

[50] 

Ag nanoparticles 

applied as aerosol 

16 nm E. coli Complete inhibition 

of CFU ability at 60 

lg/mL 

[51] 

1 m E. coli, S. 

aureus 

CFU reduced by 4 to 

5 log units 

[52] 

26 nm Standard strains 

and strains 

isolated from 

clinical 

material 

Minimal inhibition 

concentration from 

1.69 to 13.5 lg/mL 

[53] 

10 nm E. coli, S. 

aureus, L. 

mesenteroides 

Growth inhibition 

achieved at 5 lg/mL 

[54] 

Silver nanoparticles 

stabilized in 

hyperbranched 

polymers 

14.1-

710 nm 

B. subtilis, K. 

mobilis 

76% CFU reduction 

by applying silver 

nanoparticles aerosol 

on B. subtilis aerosol 

[55] 

Silver–dendrimer 

complexes and 

nanocomposites 

1.4-7.1 

nm 

E. coli, S. 

aureus, B. 

subtilis, K. 

mobilis 

Microbial activity 

increases as silver 

content in polymer 

decreases since 

decrease in silver 

nanoparticle size 

[56] 
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2.6.1 Synthesis routes of silver nanoparticles 

Silver nanoparticles have received considerable attention due to their attractive physical 

and chemical properties. Metallic silver colloids were first prepared more than a century 

ago. Ag nanoparticles can be synthesized using various methods: chemical, 

electrochemical, γ-radiation photochemical, laser ablation etc [57-58].  

In physical processes, metal nanoparticles are generally synthesized by evaporation–

condensation, which could be carried out using a tube furnace at atmospheric pressure. 

The source material within a boat centered at the furnace is vaporized into a carrier 

gas. Nanoparticles of various materials, such as Ag, Au, PbS and fullerene, have 

previously been produced using the evaporation/condensation technique [59-60]. 

However, the generation of Ag nanoparticles using a tube furnace has several 

drawbacks, because a tube furnace occupies a large space, consumes a great deal of 

energy while raising the environmental temperature around the source material, and 

requires a lot of time to achieve thermal stability. A typical tube furnace requires power 

consumption of more than several kilowatts and a preheating time of several tens of 

minutes to attain a stable operating temperature. 

Ag nanoparticles were synthesized via a small ceramic heater that has a local heating 

area. Because the temperature gradient in the vicinity of the heater surface is very steep 

in comparison with that of a tube furnace, the evaporated vapor can cool at a suitably 

rapid rate. This makes possible the synthesis of small nanoparticles in high 

concentration. This method might be suitable for a variety of applications, including 

utilization as a nanoparticle generator for long-term experiments for inhalation toxicity 

study and as a calibration device for nanoparticle measurement equipment [61]. 

Moreover, Ag nanoparticles have been synthesized with laser ablation of metallic bulk 

materials in solution [62-63]. The characteristics of the metal particles formed and 

the ablation efficiency strongly depend upon many parameters such as the wavelength 

of the laser impinging the metallic target, the duration of the laser pulses (in the femto-, 

pico- and nanosecond regime), the laser fluence, the ablation time duration and the 

effective liquid medium, with or without the presence of surfactants [64-65]. 

https://www.sciencedirect.com/topics/chemistry/metal-nanoparticle
https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/fullerene
https://www.sciencedirect.com/topics/chemistry/silver-nanoparticle
https://www.sciencedirect.com/topics/chemistry/laser-ablation
https://www.sciencedirect.com/topics/chemistry/ablation
https://www.sciencedirect.com/topics/chemistry/laser-pulses
https://www.sciencedirect.com/topics/chemistry/surfactant
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The laser fluence is one of the most important parameters. Indeed, the ejection of metal 

particles from the target requires a minimum power. The mean size of the nanoparticles 

has been found generally to increase with increasing laser fluence and is generally 

smallest for fluencies not too far above the laser breakdown threshold. Besides the laser 

fluence, the number of laser shots (i.e. the time spent during laser vaporization) 

influences the concentration and the morphology of metal particles released in a liquid. 

For longer times under the laser beam the metal particle concentration is expected to 

increase, but it can saturate due to light absorption in the colloid highly concentrated in 

metal particles. 

Moreover, nanoparticles can be modified in size and shape due to their further 

interaction with the laser light passing through [66]. Also, the formation of 

nanoparticles by laser ablation is terminated by the surfactant coating. The nanoparticles 

formed in a solution of high surfactant concentration are smaller than those formed in a 

solution of low surfactant concentration. 

One advantage of laser ablation compared to other conventional method for preparing 

metal colloids is the absence of chemical reagents in solutions. Therefore, pure colloids, 

which will be useful for further applications can be produced by this method [67]. 

Chemical reduction is the most frequently applied method for the preparation of AgNPs 

as stable, colloidal dispersions in water or organic solvents. Commonly used reductants 

are borohydride, citrate, ascorbate and elemental hydrogen. The reduction of silver 

ions (Ag
+
) in aqueous solution generally yields colloidal silver with particle diameters 

of several nanometers. Initially, the reduction of various complexes with Ag
+
 ions 

leads to the formation of silver atoms (Ag
0
), which is followed by agglomeration into 

oligomeric clusters. These clusters eventually lead to the formation of colloidal Ag 

particles [68-69]. 

Previous studies showed that use of a strong reductant such as borohydride, resulted in 

small particles that were somewhat monodispersed, but the generation of larger particles 

was difficult to control. Use of a weaker reductant such as citrate, resulted in a slower 

reduction rate, but the size distribution was far from narrow [70]. 

It is important to use protective agents to stabilize dispersive nanoparticles during the 

course of metal nanoparticle preparation. The most common strategy is to protect the 

https://www.sciencedirect.com/topics/chemistry/colloid
https://www.sciencedirect.com/topics/chemistry/chemical-reaction-reagent
https://www.sciencedirect.com/topics/chemistry/organic-solvent
https://www.sciencedirect.com/topics/chemistry/borohydride
https://www.sciencedirect.com/topics/chemistry/ascorbate
https://www.sciencedirect.com/topics/chemistry/elemental-hydrogen
https://www.sciencedirect.com/topics/chemistry/silver-ion
https://www.sciencedirect.com/topics/chemistry/silver-ion
https://www.sciencedirect.com/topics/chemistry/lead-ion
https://www.sciencedirect.com/topics/chemistry/lead-ion
https://www.sciencedirect.com/topics/chemistry/silver-atom
https://www.sciencedirect.com/topics/chemistry/size-distribution
https://www.sciencedirect.com/topics/chemistry/protective-agent
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nanoparticles with protective agents that can be absorbed on or bind onto the 

nanoparticle surface, avoiding their agglomeration [71-72]. 

For instance,   dodecanethiol–capped AgNPs, were prepared based on Brust procedure, 

that based on a phase transfer of an Au
3+

 complex from aqueous to organic solution in a 

two-phase liquid–liquid system, followed by a reduction with sodium borohydride in 

the presence of dodecanethiol as stabilization agent which bind onto the nanoparticles 

surface, avoiding their aggregation and making them soluble in certain solvents. They 

showed that small changes in synthetic parameters lead to dramatic modifications in 

nanoparticle structure, average size, size distribution width, stability and self-assembly 

patterns. 

The most commonly used polymers for this purpose were poly(vinylpyrolidone) (PVP), 

poly(ethylene glycol) (PEG), poly(methacrylic acid) (PMAA), polymethylmethacrylate 

(PMMA) and so on [73-74].  

Also, Ag nanoparticles can be prepared inside microemulsion. The synthesis of Ag 

nanoparticles in two-phase aqueous organic systems is based on the initial spatial 

separation of reactants (metal precursor and reducing agent) in two immiscible phases. 

The rate of subsequent interaction between the metal precursor and the reducing agent is 

controlled by the interface between the two liquids and by the intensity of interphase 

transport between the aqueous and organic phases, which is mediated by a quaternary 

alkyl-ammonium salt. Metal clusters formed at the interface are stabilized, due to their 

surface being coated with stabilizer molecules occurring in the nonpolar aqueous 

medium, and transferred to the organic medium by the interphase transporter. 

This method allows preparation of uniform and size controllable nanoparticles. 

However, a highly deleterious organic solvent is employed in this method. Thus large 

amounts of surfactant and organic solvent, which are added to the system, must be 

separated and removed from the final product. As a result, it is expensive to fabricate 

silver nanoparticles by this method [75].  

On other hand, the advantages of forming particles which are readily dispersed in 

organic media are recognized by scientific workers in many fields. For example, 

colloidal nanoparticles prepared in nonaqueous media for conductive inks are well-

dispersed in a low vapor pressure organic solvent, to readily wet the surface of 

polymeric substrate without any aggregation. The advantages can also be found in the 

https://www.sciencedirect.com/topics/chemistry/sodium-borohydride
https://www.sciencedirect.com/topics/chemistry/microemulsions
https://www.sciencedirect.com/topics/chemistry/reducing-agent
https://www.sciencedirect.com/topics/chemistry/vapor-pressure
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applications of nanometal particles as catalysts to catalyze most organic reactions, 

which take place in nonpolar solvents. It is very important to transfer nanoparticles to 

different chemico-physical environments in the practical applications. Ag nanoparticles 

were produced via photoreduction of AgNO3 in layered inorganic clay suspensions, 

which serves as stabilizing agent that prevent nanoparticles from aggregation. The 

properties of silver nanoparticles were studied as a function of the UV irradiation time. 

A bimodal size distribution and relatively large silver nanoparticles were obtained when 

irradiated under UV for 3 h. Further irradiation disintegrated the Ag nanoparticles into 

smaller size with a single mode distribution until a relatively stable size and size 

distribution were achieved [76]. 

Recently, biosynthetic methods employing naturally occurring reducing agents such 

as polysaccharides, biological micro-organism such as bacteria and fungus or plants 

extract, i.e. green chemistry, have emerged as a simple and viable alternative to more 

complex chemical synthetic procedures to obtain Ag nanoparticles. 

Three main steps, which must be evaluated based on green chemistry perspectives, 

including selection of solvent medium, selection of environmentally benign reducing 

agent, and selection of nontoxic substances for the silver nanoparticles stability. For 

instance starch Ag nanoparticles were prepared using starch as a capping agent and β-D-

glucose as a reducing agent in a gently heated system. The starch in the solution mixture 

avoids use of relatively toxic organic solvents. Additionally, the binding interactions 

between starch and Ag nanopartilces are weak and can be reversible at higher 

temperatures, allowing separation of the synthesized particles [77-78]. 

Green tea (Camellia sinensis) was used extract as reducing and stabilizing agent to 

produce gold silver nanoparticles in aqueous solution at ambient conditions. 

Furthermore, the synthesis of Ag nanoparticles was reported by reduction of aqueous 

Ag
+
 ions with the culture supernatant of Bacillus licheniformis. The synthesized Ag 

nanoparticles are highly stable and this method has advantages over other methods as 

the organism used here is a non-pathogenic bacterium [79-80]. 

2.6.2 Mechanisms of silver’s antibacterial properties 

Although the mechanisms behind the activity of nano-scaled silver on bacteria are not 

yet fully elucidated, the three most common mechanisms of toxicity proposed to date 

are: (1) uptake of free silver ions followed by disruption of ATP production and DNA 

https://www.sciencedirect.com/topics/chemistry/catalyst
https://www.sciencedirect.com/topics/chemistry/organic-reaction
https://www.sciencedirect.com/topics/chemistry/ultraviolet-irradiation
https://www.sciencedirect.com/topics/chemistry/polysaccharide
https://www.sciencedirect.com/topics/chemistry/green-chemistry
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replication, (2) Ag nanoparticle and Ag ion generation of ROS, and (3) silver 

nanoparticle direct damage to cell membranes. The various observed and hypothesized 

interactions between silver nanomaterials and bacteria cells are conceptually illustrated 

in Fig. 2.7. 

 

Fig. 2.7 Diagram summarizing nano-scaled silver interaction with bacterial cells. 

Similar pictures have been published in [81] 

Reactive oxygen species (ROS) are natural byproducts of the metabolism of respiring 

organisms. While small levels can be controlled by the antioxidant defences of the cells 

such glutathione/glutathione disulfide (GSH/GSSG) ratio, excess ROS production may 

produce oxidative stress [81]. The additional generation of free radicals can attack 

membrane lipids and lead to a breakdown of membrane and mitochondrial function or 

cause DNA damage [82]. Metals can act as catalysts and generate ROS in the presence 

of dissolved oxygen [83]. In this context, silver nanoparticles may catalyze reactions 

with oxygen leading to excess free radical production. Studies done in eukaryotic cells 

suggest that Ag nanoparticles inhibit the antioxidant defence by interacting directly with 

GSH, binding GSH reductase or other GSH maintenance enzymes [84]. This could 

decrease the GSH/GSSG ratio and, subsequently, increase ROS in the cell. Ag ions 

eluted from nano-scaled silver or chemisorbed on its surface may also be responsible for 

the generation of ROS by serving as electron acceptor. In bacterial cells, Ag ions would 

likely induce the generation of ROS by impairing the respiratory chain enzymes through 

direct interactions with thiol groups in these enzymes or the superoxide radical 
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scavenging enzymes such as superoxide dismutases [85]. Silver nanoparticles interact 

with the bacterial membrane and are able to penetrate inside the cell. Silver nanoparticle 

accumulation on the cell membrane and uptake within the cell has also been reported for 

other bacteria such as V. cholera, P. aeruginosa, and S. typhus. In these cases, only 

nanoparticles smaller than 10 nm attached to bacteria cell membranes or where 

observed inside the bacteria [86]. However, in other research Ag nanoparticles with 

sizes up to 80 nm were transported through the inner and outer membrane of P. 

Aeruginosa [87]. Ag nanoparticle composites and silver nanoparticles stabilized with 

surfactants are also thought to interact with cell membranes. The detailed mechanism by 

which Ag nanoparticles interact with cytoplasmic membranes and are able to penetrate 

inside cells is not fully determined. One hypothesis is that the interaction between 

nanoparticles and bacterial cells are due to electrostatic attraction between negatively 

charged cell membranes and positively charged nanoparticles [51]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

3. EXPERIMENTAL OVERVIEW 

The experimental work carried out in this study has been delineated here in this section 

along with materials used in different stages of this work. 

3.1 Materials 

Cellulose acetate, CA (acetyl content 39.8% and Mn = 30,000 by GPC) and AgNO3 

were acquired from Sigma-Aldrich. The solvents acetic acid (purity 100%), acetone 

(purity 100%) and N,N-Dimethylacetamide (DMAc) (purity 99%)  were purchased 

from Merck. Polyethylene glycol (PEG) of molecular weight 200 and 6000 and citric 

acid (CT) monohydrate were also obtained from Merck. 

3.2 Preparation of CA Solutions 

CA solutions were prepared in three different solvent systems: 10, 12, 15, 17 and 19 

wt% of CA in 3:1 acetic acid/water, 17 and 19 wt% of CA in 2:1 acetone/DMAc and 17 

and 19 wt% of CA in pure acetone. A required quantity of CA was weighed and 

magnetically stirred with the solvents for 4-5 hrs at room temperature to obtain a clear 

solution. Fig. 3.1 showed the clear CA solution. 

 

 

Fig. 3.1 Clear, viscous 17 wt% CA solution in 3:1 acetic acid/water stirred for 4 hrs 

 

However, when water and 100% acetic acid were tried as a solvent for CA, CA did not 

dissolve and CA particles remained dispersed in the water even after stirring. Thus 

water and acetic acid proved to be a non-solvent for CA. Fig. 3.2 depicted the 

insolubility of CA in water and 100% acetic acid. 
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Fig. 3.2 17 wt% CA in (a) water and (b) 100% acetic acid 

 

3.3 Preparation of CA Solutions with PEG and AgNO3 

In order to modify surface properties, the above solution of 17 wt% CA in 2:1 

acetone/DMAc was further stirred with 10, 20, 40 and 80 wt% PEG-200 and 10 wt% 

PEG-6000 of CA. To this, 1 wt% AgNO3 of CA was added and stirred. Upon stirring, 

the colour of the solution gradually changed from colourless to light yellow and then 

finally turned dark brown indicated in Fig. 3.3. This confirmed the reduction of  AgNO3 

to Ag particles. 

  

Fig. 3.3 CA solution in 2:1 acetone/DMAc (a) before and (b) after adding AgNO3  

(a) (b) 

(a) (b) 
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3.4 Electrospinning of CA Solutions into Fibre 

The as-prepared polymer solutions were electrospun through an in-house 

electrospinning setup. During electrospinning the process variables were selected based 

on literature review and initial experiments [88-89]. Voltages of 17, 20 and 25 kV and a 

feed rate of 0.5, 1.5 and 3 ml/h were employed for the CA solutions initially. Variation 

of electrospinning and solution parameters are showed in Table 3.1.  A stable jet formed 

without clogging the needle tip and uniform fibres without beads were collected. 

Similar results have also been reported elsewhere [90]. The tip to collector distance was 

fixed at 10 cm. The electrospinning was carried out at room temperature. The collected 

fibre mats showed in Fig. 3.4 were dried overnight in an oven at 40°C. The following 

table accounted the trials that have been made by altering various factors to obtain fibre 

mat by electrospinning. A schematic of the electrospinning set-up and spinning was 

represented in Fig. 3.5. 

 

Table 3.1: Variation of electrospinning and solution parameters to obtain fibre 

Sample 

No. 

 

Wt% of 

CA 

 

Solvent 

 

Flow 

rate 

(ml/hr) 

 

Voltage 

(kV) 

Distance 

(cm) 

 

Observation 

 

1 17 100 % water 

 

3 20 10 No solution 

 

2 17 100% acetic 

acid 

 

3 20 10 No solution 

 

3 17 75:25 acetic 

acid & water 

 

3 20 10 Viscous 

solution 

forms 

 

4 12 75:25 acetic 

acid & water 

 

3 20 10 Viscous 

solution 

forms 

 

5 10 75:25 acetic 

acid & water 

 

3 20 10 Viscous 

solution 

forms 

 

6 10 75:25 acetic 

acid & water 

 

1.5 20 10 Viscous 

solution 

forms 
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Sample 

No. 

 

Wt% of 

CA 

 

Solvent 

 

Flow 

rate 

(ml/hr) 

 

Voltage 

(kV) 

Distance 

(cm) 

 

Observation 

 

7 10 75:25 acetic 

acid & water 

 

1.5 25 10 Viscous 

solution 

forms 

 

8 15 75:25 acetic 

acid & water 

 

1.5 20 10 Viscous 

solution 

forms 

 

9 15 75:25 acetic 

acid & water 

 

0.5 20 10 Viscous 

solution 

forms 

 

10 17 75:25 acetic 

acid & water 

 

1.5 20 10 Viscous 

solution 

forms 

 

11 17 2:1 acetone 

& DMAc 

 

0.5 20 10 Viscous 

solution 

forms 

 

12 17 2:1 acetone 

& DMAc 

 

1.5 20 10 Viscous 

solution 

forms 

 

13 17 100% 

acetone 

 

1.5 20 10 Viscous 

solution 

forms 
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Fig. 3.3 Collected CA fibre mat after electrospinning 

 

     

 

 

 

Characterizations 

1. Viscosity 

2. Electrical conductivity 

3. FE-SEM 

4. EDX 

5. ATR-FTIR 

6. Tensile test 

7. DSC 

8. UV-Vis 

9. Swelling test 

10. Antibacterial assay 

Fig. 3.4 Schematic of electrospinning of CA fibre mat 



 

 

 
 

 

4. ELECTROSPINNING OF CELLULOSE ACETATE USING 

DIFFERENT SOLVENT SYSTEMS 

4.1 Introduction  

Cellulose acetate (CA) is one such polymer which brings with it the advantages of being 

abundantly available, biocompatible, biodegradable, chemically resistant and low-priced 

[91-92]. CA fibres fabricated by electrospinning technique comes with the beneficial 

properties of high porosity, high surface area and roughness. By the virtue of these 

properties CA electrospun fibres find their widespread applications in wound dressing, 

filtration, drug release, scaffolds for tissue engineering and biosensors [93]. 

While electrospinning, it has been observed that different solvent systems can yield 

uniform fibres without beads, defected fibres with beads, or no fibres at all [94-95].  

Moreover, a good solvent for CA does not necessarily ensure its electrospinnability. 

Previous studies have reported electrospinning of CA with different single and binary 

solvents such as acetone, chloroform, N,N Dimethylacetamide, N,N 

Dimethylformamide, acetic acid, methanol, formic acid and blends of them [96-97]. In 

these studies, variation of molecular weight of polymer and nozzle size has been 

analyzed on the effect of electrospinning of CA. Other studies extensively discussed the 

spinning conditions and morphologies of the obtained fibres [98-99].  However, the 

underlying science correlating the solubility and spinnability of CA and the necessity of 

binary solvents has not been addressed well so far. Hence, the present work attempted 

to comprehend the correlation of solubility of CA in different solvents and its 

electrospinnability for better controlling the electrospinning process using a Teas 

approach. 

Teas approach, has been employed in this study to interpret the solubility behavior of 

CA in single solvent system of water, acetic acid and pure acetone and binary solvent 

systems of acetic acid/water and acetone/DMAc. To construct the Teas chart, 

Hildebrand and Hansen solubility parameters are used. Hildebrand solubility parameter 

(δ) is the square root of the cohesive energy density (CED) of the material which 

indicates the relative solvency behavior of a specific solvent [100-101]. Teas chart is a 

triangular graph which displays three categories of intermolecular forces: dispersion 

forces (fd), polar forces (fp) and hydrogen bonding forces (fh). This chart can 

emperically predict the solubility behavior of a polymer in a particular solvent based on 
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the interaction of these intermolecular forces. Solvents, which are located close on the 

plot, have similar characteristics while those located far have different solubility 

properties. The chart also provides an understanding of what happens in the solubility 

phenomena when solvents are mixed [102]. As a result, solvents, which serve the 

solubility of CA can be obtained from Teas chart and the spinnability conditions of CA 

can be superimposed on the chart to prevent trial and error basis for selecting solvents. 

Recently, Teas chart has been adopted to map the solvents for poly (vinyl alcohol) and 

polyimide with spinnability conditions effectively superimposed on it [103-104]. Thus, 

correlation of solubility and spinnability of CA by means of a Teas chart ensures 

reliable selection of solvents for CA. Furthermore, it would be interesting to study how 

the electrospinning behavior such as, clogging during electrospinning, viscosity, 

electrical conductivity and fibre morphology is being affected by polymer concentration 

and different single and binary solvents. 

In this study, the solvents of acetic acid/water, acetone/DMAc and pure acetone were 

primarily selected as these solvents lie at different locations of the Teas chart. This 

aided the study of correlating the solubility and spinnability behavior of CA. 

Furthermore, different concentrations of CA were also used to investigate the effect of 

concentration on electrospinning behavior and fibre morphology. Analysis of fibre 

morphology was done to correlate solubility and spinnability of CA. Solution properties 

and process criteria such as viscosity and electrical conductivity were also studied. 

4.2 Experimental 

4.2.1 Materials 

Cellulose acetate, CA (acetyl content 39.8% and Mn = 30,000 by GPC) was acquired 

from Sigma-Aldrich. The solvents acetic acid (purity 100%), acetone (purity 100%) and 

N,N-Dimethylacetamide, DMAc (purity 99%)  were purchased from Merck. 

4.2.2 Electrospinning of CA nanofibres 

The electrospinning was carried out by following the procedure mentioned in section 

3.2 and 3.4. 

 

4.2.3 Characterization of electrospun CA nanofibres 

The morphology of the fibres was studied using FESEM (JEOL JSM 7600F) at an 

accelerating voltage of 5 kV. Before the observations the samples were platinum coated 
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using a JEOL JFC-1600 auto fine coater. The viscosity of the CA solutions was 

measured using a rheometer of Lamy Rheology Instruments (RM 200) with a spindle of 

value 2 for rotation at room temperature. The electrical conductivities of the solutions 

were determined with a digital electrometer (HANNA instruments, HI98312). The 

molecular structure and bonding nature were obtained from ATR-FTIR (Cary 630, 

Agilent Technologies) spectra. Scanning was carried out from 650 to 4000 cm
-1

 with a 

resolution of 8 cm
-1

 and a scanning interval of 2 cm
-1 

with 32 repetitious scans averaged 

per sample. 

4.3 Results and Discussion 

4.3.1 Solubility and spinnability 

A systematic approach has been depicted in this work to study the solvents for CA. The 

solvents for CA are assessed with the Hildebrand solubility parameter, δ. CA is ideally 

soluble in solvents or solvent systems with δ in the range of 19.43 – 25.57 MPa
1/2

. The 

value of δ for acetic acid, acetone, water and DMAc are 21.4, 19.7, 48.0 and 22.7 

MPa
1/2

, respectively. Hence, all the above mentioned solvents are a good choice for CA 

except water. The value of δ for mixed solvent system was determined by using the 

following formula:  

                                                       δ = Σ φi δi                                                                                   (5) 

Here, φi represents the volume fraction of the solvent and δi is the Hildebrand parameter 

of that solvent. Using this formula, δ for 3:1 acetic acid/water and 2:1 acetone/DMAc 

solvent system were found to be 28.05 and 20.70 MPa
1/2

, respectively.  

Moreover, Hansen solubility parameter has also been taken into consideration before 

solvent selection. The Hansen parameter (δt) extended the concept of δ and divided it 

into three components: dispersion component (δd), polar component (δp) and hydrogen 

bonding component (δh). This is expressed as follows: 

                                               δt = √ (δ
2

d + δ 
2

p + δ 
2
h)                                   (6) 

Materials with adjacent values of Hansen parameter (δt) are miscible with each other. 

Thus, Table 1 depicted that the Hansen parameter (δt) of water is 47.83 MPa
1/2

 which 

lies far from the solubility range of CA. Also, as illustrated by Hansen, an interaction 

radius (R) of a sphere is formed in a three dimensional coordinate system of dispersion 

component (δd), polar component (δp) and hydrogen bonding component (δh) [105]. A 

polymer is potentially soluble in a solvent whose interaction radius (R) is greater than 
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the distance between the solvent and the centre of the polymer solubility sphere (D(s-p)) 

[102]. As it can be derived from Table 4.1, water again did not meet the criteria to be a 

solvent for CA as the interaction radius (R) of CA is smaller than the D(s-p) of water. 

Thus, it was evident that water has no possibility to be a solvent for CA under normal 

conditions. 

Table 4.1. Hansen solubility parameters for CA and solvents [106] 

Solvents 

Solubility parameter, MPa
1/2 

Hansen 

Parameter

, 

 δt 

Dispersion 

Componen

t, 

 δd 

Polar 

Compo

nent, 

 δp 

Hydrogen 

Bonding 

Compone

nt, δh 

Polymer 

Solubility 

Sphere, D(s-p) 

Interaction 

Radius, 

R 

Water 47.83 15.60 16.0 42.3 32.47 _ 

Acetic acid 21.36 14.5 8.0 13.5 2.68 _ 

Acetone 19.93 15.50 10.40 7.00 5.39 _ 

DMAc 22.77 16.80 11.50 10.20 5.88 _ 

2:1 

acetone/DM

Ac 

20.87 15.93 10.77 8.07 _ _ 

3:1 acetic 

acid/H2O 

27.98 14.78 10 20.7 _ _ 

Cellulose 

acetate (CA) 

19.89 14.90 7.10 11.10 _ 12.40 

 

However, CA being soluble in a solvent does not imply to its certain spinnability. 

Though CA formed homogenous solutions in all the solvents, electrospinning of fibre 
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was not possible with all the solutions. Hansen method was developed by Teas where he 

employed a triangular chart, called Teas chart or ternary solubility diagram, with 

cohesive energy densities to represent solubility limits. In this study, Teas chart also 

served a role to understand the electrospinnability of CA solution in terms of the 

fractional parameters [107]. Teas used fractional parameters as: 

fd = 100δd/(δd+δp+δh) 

fp = 100δp/(δd+δp+δh) 

                                               fh = 100δh/(δd+δp+δh)                                           (7) 

Solubility behavior of polymers in solvents and polymer-solvent interaction can be 

explicitly studied by using the solubility parameters. Previous studies reported that CA 

was soluble in both acetic acid and DMAc but none of these solvents alone yielded 

fibres by electrospinning. Only beaded morphology was obtained [31]. Thus, employing 

Teas approach as shown in Fig. 4.1, it can be deducted that DMAC and acetic acid can 

be used as solvents for CA as these lie closer to CA. However, from the experiment it 

appeared that their solutions cannot be electrospun into fibres. As the solubility 

parameters of DMAC and acetic acid do not vary largely, it can be concluded that no 

solvent mixture located on the straight line connecting acetic acid and DMAc are 

suitable for CA electrospinning. Again, as the value of dispersion force (fd) approached 

acetone from DMAc, spinnability improved. Acetone and DMAc have the solvent 

properties of two extremities which caused the viscosity and surface tension to lie in a 

moderate range after the mixing of the two. Different ratios of acetone/DMAc had been 

tried previously from which the ratio of 2:1 acetone/DMAc was proved to be the most 

versatile as it gives bead free, continuous fibres of CA in the concentration range of 

12.5-17 wt% whereas 1:2 acetone/DMAc showed beads [108].  
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Fig. 4.1 Teas chart to analyze feasibility of solution formation and spinning with 

different solvents for CA 

 

Moreover, water cannot be used as a solvent for CA and this is evident from the Teas 

chart as it is located at a greater distance from CA. When 75% acetic acid was added to 

water, CA dissolved and could be electrospun leading to beaded fibres. It is apparent 

from the chart that the binary system of acetic acid and water containing less than 75% 

acetic acid will be inappropriate for electrospinning CA as it will lead to an overall 

lower dispersion force, fd. For binary solvents, if the point on the line connecting the 

two constituent single solvents lie close to that solvent suitable for electrospinning can 

be regarded as a suitable binary solvent system for the process. Thus, the importance of 

binary solvent systems becomes evident as two solvents which were previously 

incompatible for spinning, after blending, developed a solvent system convenient for 

electrospinning. Hence, the solvents with lower value of dispersion force (fd) and a 
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higher value of hydrogen bonding force (fh) and polar force (fp) are not suitable for 

solution forming and spinning of CA. When a mixture of acetic acid/water was 

explored, fibre formed with beads as water caused dissociation of acetic acid necessary 

for spinning. In this case, hydrogen bonding force (fh) did not show any significant 

effect. It can be interpreted that the interaction of dispersion force (fd), hydrogen 

bonding force (fh) and polar force (fp) played a vital role in determining the spinnability. 

Thus, Teas approach can be used as an effective guideline to differentiate between 

solvents for electrospinning and non-solvents for CA.  

4.3.2 Viscoelastic properties of the CA solution 

The solution properties of CA dictate the electrospinning behavior. A minimum 

concentration of polymer is required to cause polymer chain entanglement. Below this 

minimum concentration, polymer chains overlap but no entanglement takes place which 

is crucial for electrospinning. It has been seen for CA that increasing concentration 

favored fibre formation. This change in concentration is associated with the rheological 

behavior of the solution which controls the morphology of the electrospun fibre. 

Viscosity is considered to be the key parameter which decides the fibre diameter and 

whether electrospinning will result in fibre formation. The viscosities measured as 

showed in Fig. 4.2 of 10, 12, 15, 17 wt% CA in 3:1 acetic acid/water gradually 

increased with increasing CA concentration. This is due to the increased number of CA 

molecules and its entanglement in the solution. Increase in viscosity leads to high 

viscoelasticity which matches with the electrostatic and coulombic repulsive forces 

associated with the stretching of the electrospinning jet [101]. However, when the 

viscosity is too high the control of the polymer flow to the tip of the needle is prohibited 

by the cohesive nature of the solution. The shear stress versus shear rate in Fig. 4.3 also 

demonstrated the shear thickening effect of CA in both the binary solvent systems.  
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Fig. 4.2 Viscoelasticity measurement of CA solutions 

Fig. 4.3 Relationship between shear stress and shear rate of CA solutions with varied 

concentrations and solvent systems 

 

The formation of a stable jet during electrospinning plays a vital role in the formation of 

fibres and also depends on the viscoelasticity of the solution. However, this jet is 

influenced by the process parameters which, if not controlled, can lead to jet splitting 

and formation of beaded fibres [109]. Beads are considered as defects as they reduce the 

active surface area of fibres.  
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Fig. 4.4(a) showed the bending elongated jet which was formed with the 10 and 12 wt% 

CA solutions. The electrically driven bending instabilities can be explained by 

Earnshaw theorem of electrostatics which states that a stable structure cannot be created 

where the elements of structure connect only by Coulomb’s law. The Coulomb’s 

interaction energy is minimized by moving the polymer jet in a complicated way by the 

virtue of its in-built charges [110]. The probable reason for the bending of jet while 

spinning with 10 and 12 wt% CA can be associated with the increasing repulsive forces 

between the charges carried by the jet which caused every portion of it to lengthen 

along a changing direction until the jet solidified [94]. The pendant droplet becomes 

stable when there is equilibrium between the surface tension of the solution and the 

electric forces [111-112]. Splitting and blockade at the needle tip occurred in Fig. 4.4(b) 

when the process was carried out with pure acetone. Due to the high volatility of 

acetone, it evaporated as soon as it emerged through the needle and clogged the needle 

tip. This resulted in a tedious task of cleaning the needle tip at regular interval. The 

stable jet formed in Fig. 4.4(c) when the CA concentration increased and solvent 

systems included 3:1 acetic acid/water or 2:1 acetone/DMAc. This is the condition 

when increase in viscosity prevented the partial breakup of the jet and the surface 

tension was successfully surmounted to form fibres [92]. 

 

   

 

Fig. 4.4 Different needle tip conditions showing (a) clogging of needle tip for CA in 

pure acetone (b) bending elongation of jet for 10 and 12 wt% CA in 3:1 acetic 

acid/water and (c) forming of stable cone for 15, 17 and 19 wt% CA in binary solvents 

 

 

 

(a) (b) (c) 
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4.3.3 Morphological study of electrospun CA fibre 

The morphological observation of Fig. 4.5(a) and 4.5(b) revealed that 10, 12 wt% of CA 

in 3:1 acetic acid/water did not generate any fibres. Only large beads were observed. 

This is attributed to the lack of polymer chain entanglement in the solution. As the 

concentration of CA increased to 15 wt% beaded fibres started forming as showed in 

Fig. 4.5(c). With the increase in CA concentration, viscosity increased and this drove 

the polymer chain entanglement to stabilize the jet. Higher viscosity favors the 

formation of fibres without beads [113-114]. However, the fibre diameters did not alter 

much on increasing CA concentration in acetic acid/water. Previous study reported that 

DMAc could not produce fibres but when mixed with acetone fibres were obtained. Due 

to the presence of acetone, high viscosity and surface tension of DMAc is reduced and 

formed favorable condition for fibre forming [16].  

 

      

Fig. 4.5 SEM images of (a) 10 (b) 12 and (c) 15 wt% CA in 3:1 acetic acid/water 

 

17 wt% CA in 3:1 acetic acid/water formed fibres with beads, 2:1 acetone/DMAc 

generated cylindrical bead free fibres and pure acetone constituted of a blend of 

cylindrical and flat fibres of diameter ~1 μm as depicted in Fig. 4.6(a), 4.6(b) and 4.6(c). 

The 19% CA yielded bead free fibres with 2:1 acetone/DMAc, however, failed to do so 

with 3:1 acetic acid/water (Fig. 4.6(d) and 4.6(e)). Furthermore, when 19 wt% CA in 

pure acetone was electrospun a significant change in fibre morphology has been 

observed. Flat fibres with creased surface and higher transverse sections of 50-60 μm 

with fused junctions were obtained in this case (Fig. 4.6(f)).  
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Fig. 4.6 SEM images and fibre size distributions of 17 wt% CA in (a) 3:1 acetic 

acid/water (b) 2:1 acetone/DMAc and (c) pure acetone ; 19 wt% CA in (d) 3:1 acetic 

acid/water (e) 2:1 acetone/DMAc and (f) pure acetone. 
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Ribbon or flat-shaped fibres are due to the fast evaporation of volatile acetone. It has 

been reported that the tubular fibre skin gets collapsed when a highly volatile solvent is 

used leading to ribbon like fibres [24]. 

Therefore, it can be said that different solvent systems lead to different morphology. 

Table 2 summarized the observed morphology of the electrospun samples of CA with 

the solvent systems and electrospinning conditions. 

4.3.4 Effects of electrical conductivity of solution 

A minimum electrical conductivity of the solution is required for electrospinning to 

take place. An electric field is created between the polymer solution and the collector 

which causes stretching of the polymer jet towards the grounded collector. Electrical 

conductivity indicates the available electrical charges on the surface of the polymer 

solution. The electrical conductivity measured by the conductivity meter as showed 

in Fig. 4.7 for CA showed a decrease in conductivity with the increase in CA 

concentration (Fig. 4.8). This was due to the decreased charge density in the solution 

as the amount of dissociated ions was reduced with increase in concentration due to 

nonionic nature of CA. The higher concentration of CA also hindered the jet 

elongation and produced fibres of larger diameter. The mass deposition rate and 

initial jet diameter during electrospinning decreases with increase in surface charge 

density and this fact aligned with the explanation of decrease in fibre diameter with 

increase in electrical conductivity [115].  

 

Fig. 4.7 Electrical conductivity measurement device 
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Fig. 4.8 Electrical conductivity of CA for different concentrations and solvent systems 

4.3.5 ATR-FTIR 

ATR-FTIR spectra of the fibre mats spun with different solvent shows the similar major 

peaks of CA, which explained there were no chemical changes during formation of 

solution. CA produced broad absorption bands at 3481 cm
-1 

and 2922 cm
-1 

indicating O-

H groups and a sharp peak at 1740 cm
-1 

associated with carbonyl band is the 

characteristic peak of CA as other peaks may appear in case of cellulose as well. There 

were also symmetric and antisymmetric bending of methylene groups at 1038 cm
-1

 and 

1226 cm
-1

, respectively in Fig. 4.9 [115-116]. No peaks of solvents were observed due 

to their evaporation during electrospinning and subsequent heating at 40°C. 
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Fig. 4.9 ATR-FTIR device 

 

 

Fig. 4.10 ATR-FTIR spectrum of (a) CA-acetic acid/water (b) CA-acetone/DMAc and  

(c) CA-pure acetone
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5. ELECTROSPINNING AND MODIFICATION OF CELLULOSE 

ACETATE FIBRE WITH POLYETHYLENE GLYCOL 

5.1 Introduction  

CA nanofibres obtained by electrospinning possess high surface area-to-mass ratio for 

efficient mass transportation, optimum flexibility and good interconnectivity of pores 

which provides fitting conditions for fabricating wound dressing patches [91]. In 

addition to the aforementioned characteristics, fibre mat for wound dressing also bear 

some surafce roughness to help attachment, proliferation and differentiation of cells. 

With a view to this, PEG has been electrospun along with CA in this study. PEG is a 

synthetic, hydrophilic and biocompatible polymer that has been profoundly used in 

biomedical applications as it does not trigger an immune response. Literature studies 

revealed that addition of PEG could improve the activity and viability of cells on wound 

sites [117]. Thus, PEG has been used with CA herein to investigate the surface 

modification and swelling behavior. In this study, CA fibres were electrospun and its 

surface was modified with PEG to obtain roughness for better cell proliferation and 

attain improved swelling properties. 

5.2 Materials and Methods 

5.2.1 Materials 

Cellulose acetate (CA) of molecular weight 30 kDa and silver nitrate (AgNO3) from 

Sigma Aldrich were purchased. The used Solvents were acetone and N,N-

dimethylacetamide (DMAc). Polyethylene glycol (PEG) of molecular weight 200 and 

6000 and citric acid (CT) monohydrate were obtained from. Merck. All the chemicals 

were used without further purification. 

5.2.2 Preparation of solutions and electrospinning of nanofibrous mat 

Solutions for electrospinning were prepared using 17 wt% CA and 2:1 acetone/DMAc 

under magnetic stirring for 3 hr at room temperature. The solvent and the quantity of 

CA has been selected on the basis of our previous study [118]. In order to modify 

surface properties, the above solution was further stirred with 10, 20, 40 and 80 wt% 

PEG-200 and 10 wt% PEG-6000 of CA. After obtaining homogenous solution, it was 

electropsun using an in-house setup. The voltage, feed rate and needle tip to collector 

distance were 20 kV, 1.5 ml/h and 10 cm respectively. After electrospinning for 2 hr, 
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the fibre mat was deposited on the Al-foil collector which was then dried overnight at 

room temperature for further characterizations. 

5.2.3 Nanofibres characterization 

Chemical and structural analysis were investigated by ATR-FTIR (Cary 630) spectra. 

Scanning was conducted from 4000 to 650 cm
−1

 with a resolution of 4 cm
−1

 and a 

scanning interval of 2 cm
−1

 with 64 repetitious scans averaged per sample. Geometric 

features such as fibre orientation, fibre morphology and fibre diameter were 

characterized using FESEM (JEOL JSM 7600F) after coating CA fibres with gold at an 

accelerating voltage of 5 kV. EDX was performed to determine elemental composition 

of silver loaded fibres. DSC was used to examine the thermal property of the CA 

samples in a temperature range of 25–400 °C. Approximately 15 mg of the CA samples 

with PEG 200 and PEG 6000 were analysed in an Al-pan at a heating rate of 10 °C/min.  

5.2.4 Swelling measurements 

CA, CA-PEG, CA-Ag and CA-PEG-Ag fibre mats were cut into 1 x 1 cm
2
 and dried in 

an oven at 50°C for 4 hr to determine their dry weight (Wd).  The dried fibre mats were 

then soaked in deionized water for 1 hr and 24 hr separately. The swollen fibres were 

removed from water, dried of excess fluid with filter paper, and weighed to get the wet 

weight (Wt). The water uptake was calculated from the following formula: 

                              Water uptake (%) = [(Wt - Wd)/ Wd] x 100                        (8) 

5.3 Results and Discussion 

5.3.1 Structural analysis   

Molecular structure of CA and structural changes, if any, associated with the addition of 

PEG to CA are analyzed with ATR-FTIR. The obtained FTIR spectrum of CA and CA-

PEG is shown in Fig. 5.1. In the case of pure CA, a broad peak at 3470 cm
-1

 represented 

stretching of O-H bond, 2881 cm
-1

 displayed the stretching of C-H bond, an intense 

peak at 1736 cm
-1

 depicted the vibration of the acetate group, C=O.  Symmetric and 

antisymmetric bending of methylene groups were observed at 1239 and 1053 cm
-1

. The 

interactions of CA-PEG fibre are confirmed by the FTIR spectra. The hydroxyl group 

gradually shifted from 3470 cm
-1 

to lower frequency of 3466 cm
-
1. This shift occurred 

due to reduction in self-hydrogen bonded O-H groups in CA provided meaningful 

information about the hydrogen bonding between CA and PEG 200. Carbonyl peak was 

shifted from 1736 cm
-1 

to 1740 cm
-1   

in CA-PEG fibre which was due to the interactions 
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of the OH group in PEG and the carbonyl group in CA. Besides, PEG showed its 

characteristic peak at 1360 cm
-1

 which indicated the crystalline phase of PEG [119-

121].  

 

Fig. 5.1 ATR-FTIR spectra of (a) pure CA (b) CA-PEG 200 and (c) CA-PEG 6000 

 

5.3.2 Morphological analysis 

FESEM revealed the morphological properties of the electrospun CA and CA-PEG fibre 

mats in Fig. 5.2. CA in 2:1 acetone/DMAc yielded smooth, uniform fibres with 

diameters ranging from 250-400 nm as in Fig. 5.2(a). Upon incorporating PEG 200 in 

different concentrations, a change in fibre morphology was observed. PEG 200 was 

added in the concentration of 10, 20, 40 and 80 wt% on the basis of the weight of CA 

into the CA and acetone/DMAc solution. Due to the presence of PEG 200, the smooth 

surface of the CA fibres appeared striated and rough as showed in Fig. 5.2(b-e). These 

striations were maximised for 20 and 40 wt% PEG in CA. The diffusivity rate of PEG 

was much slower than acetone/DMAc and thus PEG in the solvent took more time to 

accumulate on the surface forming striated layers [122]. However, 80 wt% PEG did not 
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result in much of the striated fibres except for some wavy surfaces indicated in Fig. 

5.2(f).  

 

  

  

Fig. 5.2 FESEM (10000X) of fibres electrospun in a) CA-solvent b) CA-solvent-10wt% 

PEG 200 c) CA-solvent-20wt% PEG 200 d) CA-solvent-40wt% PEG 200 e) CA-

solvent-80wt% PEG 200 and f) CA-solvent-10wt% PEG 6000. Inset shows the 

magnified images (30000X) along with fibre diameter distribution. 
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CA solution electrospun with 10 wt% PEG 6000 also showed rough fibre surface. 

However, electrospinning with high molecular weight PEG was inconvenient as meagre 

amount of fibre mat got deposited. Due to higher molecular weight of PEG, the CA 

solution turned quite viscous which suppressed the elasticity and hindered the flow of 

solution. Also, it suppressed the formation of striated fibres as PEG 6000 resulted in 

greater polymer chain entanglement with CA which produced more dense structure 

[123]. 

Previous literature presented that addition of PEG into CA did not yield grooves or 

striations until the fibres were being washed [124-125]. In this study, striated 

morphology was obtained without any washing of the fibre. This topographical 

modification of electrospun CA fibre to obtain a rough surface texture has an advantage 

for cell adhesion. The surface roughness of the fibre mats allowed more air to be 

trapped between the interfaces than that of smooth fibres. This facilitated the 

permeation of oxygen and nutrients between the wound and the external surrounding 

[126].  

5.3.3 Thermal analysis 

DSC thermograms in Fig. 5.3 were recorded to investigate the thermal behaviour of 

CA-PEG 200 fibre mats. CA displayed an endothermic event located at around 50-110° 

C which is attributed to the outflow of water (desorption of water). Desorption occurs 

due to presence of residual moisture or low boiling point solvents and varies on the 

account of degree of substitution in CA [127]. The glass transition temperature, Tg, of 

CA is located over a range of 135-200°C for CA when the base gradually shifted 

upwards. An endothermic peak at 220-230°C corresponded to the melting range of CA 

[31]. On the addition of PEG 200, the Tg shifted to a lower temperature range of 70-

110°C whereas, no melting peak was observed within a temperature region of 250°C. 

This degraded shift in Tg can be interpreted as such that low molecular PEG, acting as a 

plasticizer, interrupted the physical interactions of CA chains and increased the chain 

mobility and finally, resulted in lower Tg [121]. 
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Fig. 5.3 DSC thermogram of (a) CA-solvent (b) CA-10%PEG 200 (c) CA-20%PEG 

200 (d) CA-40%PEG 200  fibre 

5.3.4 Swelling behaviour analysis 

The capacity of the fibre mat to retain body fluid, metabolites and wound exudates is 

another essential feature of wound dressing patches [127]. Fig. 5.4 represented the 

swelling characteristics of CA fibre mats with and without PEG 200 in deionized water. 

Deionized water has been used here because it matches with the pH of wound exudates 

that is alkaline in nature. Moreover, wound exudates mainly consist of watery 

substances that need to be absorbed by the dressing for rapid healing. As seen from the 

bar chart, the water content of CA fibre mat was comparatively low and was around 

350% after 24 hr immersion. With the presence of PEG 200, the ability to retain water 

increased to 680%. This phenomenon was attributed to the hydrophilic nature of PEG. 

Coming in contact with water, PEG dissolved away leaving porous network in the fibre 

mat which retained more water. Also, the rough surfaced fibre that was created on 

adding PEG built bridges along the surfaces and  improved water holding capacity than 

that of CA fibre alone [128]. 
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Fig. 5.4 Water uptake of different fibre mats at 1 and 24 hr 
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6. FUNCTIONALIZATION OF CA FIBRE WITH AgNO3 AND 

ASSESSMENT OF ANTIBACTERIAL ACTIVITY 

6.1 Introduction  

In order to integrate antibacterial properties into the CA-PEG 200 based fibres, AgNO3,  

as antimicrobial agent, has been introduced into the fibres. Silver has emerged as a 

reasonable choice for preventing or treating infections caused by chronic wounds. Ag 

nanoparticles embedded in polymer matrix can continuously discharge long-lasting and 

powerful antibacterial effect. Ag nanoparticles have been produced using different 

methods:electrochemical method [129-132], thermal decomposition, laser ablation, 

microwave irradiation and sonochemical synthesis [133]. However, the chemical way is 

often employed to obtain Ag particles [134]. Electrospinning of polymer solution with 

silver particles to form silver grafted fibre mat has been reported earlier where a 

reducing agent such as N,N dimethylformamide (DMF) or sodium borohydride 

(NaBH4) and a stabilizing or capping agent such as polyvinyl pyrrolidone (PVP) were 

added to the polymer solution for reducing AgNO3 into finely dispersed Ag particles 

[135-137]. Also, UV-irradiating, and dipping of electrospun fibres into previously 

reduced AgNO3 solution are widespread methods for getting Ag nanoparticles [138-

139].  

Ag nanoparticles were successfully grafted into the fibre surface which showed strong 

antibacterial actvity against E.coli and S. aureus. Ag is non-toxic to human cell, but 

toxic to bacteria due to its affinity for protein and nucleic acid. This study differed from 

earlier works in the way that AgNO3 was reduced in-situ via the solvents used for 

electrospinning CA i.e. aceton/DMAc. To the best of our knowledge, no works have 

reported synthesis of Ag nanoparticles using acetone/DMAc solvent system. Finely 

dispersed Ag nanoparticles were observed without any agglomeration. The structure



55 

 

 
 

morphology, mechanical stability, and water-uptake and surface properties of the 

produced material were studied. Antimicrobial activity were conducted to highlight the 

potential use of these electrospun mats for wound healing. 

6.2 Materials and Methods 

6.2.1 Materials 

Cellulose acetate (CA) of molecular weight 30 kDa  and AgNO3 from Sigma Aldrich 

were purchased. The used Solvents were acetone and N,N-dimethylacetamide (DMAc). 

Polyethylene glycol (PEG) of molecular weight 200 and 6000 and citric acid (CT) 

monohydrate were obtained from. Merck. All the chemicals were used without further 

purification. 

6.2.2 Preparation of solutions and electrospinning of nanofibrous mat with AgNO3 

The solutions with CA and AgNO3 were prepared according to the procedures described 

in section 3.3 and electrospun following the procedure in section 3.4. 

6.2.3 CA-PEG-Ag nanofibres characterization 

Chemical and structural analysis were investigated by ATR-FTIR (Cary 630) spectra. 

Scanning was conducted from 4000 to 650 cm
−1

 with a resolution of 4 cm
−1

 and a 

scanning interval of 2 cm
−1

 with 64 repetitious scans averaged per sample. Geometric 

features such as fibre orientation, fibre morphology and fibre diameter were 

characterized using FESEM (JEOL JSM 7600F) after coating CA fibres with gold at an 

accelerating voltage of 5 kV. EDX was performed to determine elemental composition 

of silver loaded fibres. The tensile tests were performed on electrospun fibre mats with 

Shenzhen Wance Testing machine using a load cell 10 N. The samples were of 5mm x 

30mm x d, where d is the thickness of the sample. A preload of 0.001 N was applied 

and a strain rate of 2 mm/min and a gauge length of 20 mm were used. DSC was used to 

examine the thermal property of the CA samples in a temperature range of 25–400 °C. 

Approximately 15 mg of the CA samples with PEG 200, PEG 6000, citric acid and 

AgNO3 were analysed in an Al-pan at a heating rate of 10 °C/min. UV–visible spectra 

were recorded on a UV-3100 Spectrophotometer. 
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6.2.4 Antibacterial evaluation 

Antimicrobial activity assessment of the fibres was carried out using Colony Forming 

Unit (CFU) method against E. coli and S. aureus. Agar and nutrient broth solutions 

were prepared as in Fig. 6.1(a) and (b). Both types of cultured bacteria were grown in a 

test tube containing 1 part nutrient broth and 9 part saline. After 1 day, this broth 

solution was diluted to 1x10
5
 CFU/ml.  

Now, the Ag-loaded fibre mat was cut into a square size and sterilized under UV light in 

a bio-cabinet for 20 min. The sterilized samples were placed in the diluted broth-saline 

solution and vigorously shaken to elute bacteria. Also, this sample filled test tubes were 

incubated overnight at 37⁰C. Next, 100μl of the sample loaded broth-saline solution is 

spread on agar plates and incubated for colony counting. The antibacterial effectiveness 

(AE) was calculated as the reduction of CFU on the test sample in comparison with 

control sample: 

                                              AE = [(A-B)/A] x 100%                                     (9) 

Where, A and B are the number of viable bacterial colony forming units (CFUs) 

recovered from the blank control and treated sample specimen after 24 h, respectively. 

  

  

Fig. 6.1 (a) Agar solution (b) Nutrient broth solution 

 

 

 

(a) (b) 
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6.3 Results and Discussion 

6.3.1 Structural analysis   

Molecular structure of CA and structural changes, if any, associated with the addition of 

PEG and AgNO3 to CA are analyzed with ATR-FTIR. The obtained FTIR spectrum of 

CA, CA-PEG and CA-PEG-Ag is shown in Fig. 6.2. In the case of pure CA, a broad 

peak at 3470 cm
-1

 represented stretching of O-H bond, 2881 cm
-1

 displayed the 

stretching of C-H bond, an intense peak at 1736 cm
-1

 depicted the vibration of the 

acetate group, C=O. Symmetric and antisymmetric bending of methylene groups were 

observed at 1239 and 1053 cm
-1

. The shifting of C-O bond from 1238 cm
-1 

to slightly 

lower frequency of 1238 cm
-1 

was attributed to the binding of C=O and C-O with silver 

particles [115-116]. 

 

Fig. 6.2 ATR-FTIR spectra of (a) Pure CA, (b) CA-PEG 200 (c) CA-PEG 6000 and (d) 

CA-PEG 200-Ag fibre 

 

 

 

Pure CA

 

 (a) 

CA-PEG 200 

CA-PEG 6000 

CA-PEG 200-Ag 

3
4

7
0

 

2
8

8
1

 

1
7

3
6

 

1
3

6
7

 

1
1

6
2

 

2
8

7
7

 

1
7

4
0

 

1
1

2
1

 
1

0
3

6
 

1
2

2
6

 1
3

6
0

 
1

2
3

8
 

(a) 

(b) 

(c) 

(d) 



58 

 

 
 

6.3.2 Morphological analysis 

Beadless and homogenous fibres were obtained from CA and PEG 200 in 2:1 

acetone/DMAc solvent. Due to the presence of PEG 200 striated morphology was 

observed. This was due to the low molecular weight of PEG 200 which interrupted the 

CA chain and imparted flexibility to it. Silver nitrate was reduced to silver nanoparticles 

and adhered to the fibre surface as showed in Fig. 6.3. The particle size was determined 

to be ~10 nm. Fibres are of uniform size of diameter ~200 nm. EDX analysis in Fig. 

6.3(c) represented the elemental composition of the fibre and confirmed the presence of 

silver at 3.00 keV which is the typical absorption peak of Ag nanocrystallites [140]. 

 

  

 

 

Fig. 6.3 FESEM of CA-PEG 200-Ag fibre (a) 10000X (b) 100000X and (c) EDX of 

CA-PEG 200-Ag fibre 

 

+007 

 
100 nm 

(a) (b) 

(c) 

100 nm 
 



59 

 

 
 

6.3.3 UV-Vis analysis 

The UV-Visible spectrophotometer and UV-Visible spectrum of CA-PEG 200 with 1 

wt% AgNO3 fibre has been shown in Fig. 6.4 and Fig. 6.5 respectively. The maximum 

absorbance at 420 nm in the spectrum was associated with the plasmon peak which 

corresponded to the surface- bound Ag nanoparticles [136]. Solution of Ag 

nanoparticles showed distinctive color arising from their tiny dimensions. The spectral 

position of plasmon band absorption as well as its width was determined by the size and 

shape of the Ag nanoparticles. From the Fig. 6.5 it can be deducted that a relatively 

narrower peak was obtained which corresponded to smaller size of the particles [137]. 

 

Fig. 6.4 UV-Vis spectrosphotometer 

 

Fig. 6.5 UV-Vis spectrum of CA-PEG 200 nanofibre containing 1 wt% AgNO3   
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6.3.4 Mechanical property analysis 

The tensile strength and elongation were determined to estimate the mechanical 

properties of unmodified CA fibre mat and modified mat with CT and Ag nanoparticles. 

Fig. 6.6 depicted the failure of the fibre during tensile loading and the corresponding 

stress-strain curves of the samples were shown in Fig. 6.7. The tensile strength obtained 

for unmodified CA fibre was significantly lower with a value of 0.002 MPa. However, 

when modified with 10 wt% CT, the stress value increased to 0.033 MPa. This increase 

in strength had been achieved without any heat treatment. On the other hand, with the 

grafting of Ag nanoparticles in CA fibre, it could sustain higher load and the ultimate 

tensile strength and elongation at break increased moderately. This is imputed to the 

fact that Ag nanoparticles could bear the increased load in the fibre surface [110]. 

However, the modulus was the maximum for CA-PEG 200-Ag fiber mat in Fig. 6.7(b). 

Moreover, the tensile strength values obtained in this study did not comply with 

previous literatures. This could be due to the impurities and fibre alignment which had 

immense effect on the mechanical tests. 

 

Fig. 6.6 Failure of the CA fibre mat during tensile test 

 



61 

 

 
 

 

 

Fig. 6.7 (a) Stress vs strain plot for CA fibres (b) Tensile modulus diagram for CA, CA-

PEG 200 and CA-PEG-Ag fibres 

 

6.3.5 Thermal property analysis 

A broad endothermic peak between 25-100°C was observed for CA-PEG-Ag fibre 

sample for desorption of water in the Fig. 6.8. Also, a sharp rise in base for this sample 

was also evident and corresponded to a Tg of ~130°C. Thus, addition of silver 

nanoparticles affected the thermal behaviour of CA fibre. The value of Tg which 

dropped down due to addition of PEG increased on incorporating Ag particles on the 

fibre. Also, the melting peak of CA fibre alone has been shifted to higher temperature 

on adding PEG and Ag. This additions improved the thermal stability of the electrospun 

CA fibre. 
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Fig. 6.8 DSC thermogram of (a) CA, (b) CA-PEG 200 and (c) CA-PEG-Ag fibre 

 

6.3.6 Antibacterial assay 

Bacteria generated in the wound site can consume up the nutrients required for cell 

repair. Therefore, functionalization of wound healing materials with antibacterial agents 

is necessary.  The antibacterial capacity of Ag-loaded CA-PEG 200 fibre mat was 

explored through viable colony counting method and represented in Fig. 6.9. When the 

bacterial inoculum was treated with CA-PEG 200 fibre, it did not exhibit any bacterial 

killing. Thus, CA-PEG 200 fibre mat do not have antibacterial properties in it. The 

antibacterial efficacies of Ag nanoparticles loaded CA-PEG 200 fibre mat when tested 

against E. coli was found to be 97.5% and 100% for S. aureus. This indicated that 

electrospun CA fibre mat with Ag nanoparticles exhibited robust antibacterial activity 

against gram negative E.coli and gram positive S. aureus. Relatively, antibacterial effect 

against E. coli was somewhat lower than that against S. aureus. This can be attributed to 

the different nature of cell wall between Gram-positive and Gram-negative bacteria. The 

cell wall of E. coli consists of lipids, proteins and lipopolysaccharides (LPS) which 

provides effective protection against biocides whereas, the cell wall of Gram-positive 

bacteria, such as S. aureus does not consist of LPS. 
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Fig. 6.9 Antibacterial test results for (a) E. coli blank control (b) E. coli incubated with 

CA-PEG 200 fibre (c) E. coli blank control (d) E. coli incubated with Ag loaded CA-

PEG 200 fibre (e) S. aureus blank control (f) S. aureus incubated with Ag loaded CA-

PEG 200 fibre 

 

(c) (d) 

(e) (f) 

(a) (b) 
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7. SUMMARY OF THE RESULTS 

 

This research work of electrospinning and functionalizing CA divided the whole 

experiment into three stages. A summary of the findings and their comparisons have 

been made here for better analysis of the results obtained. 

Table 7.1 Comparisons of electrical conductivity 

Samples Electrical Conductivity 

10 wt% CA+75% acetic acid 0.18 

12 wt% CA+75% acetic acid 0.12 

15 wt% CA+75% acetic acid 0.52 

17 wt% CA+75% acetic acid 0.09 

19 wt% CA+75% acetic acid 0.08 

17 wt% CA+2:1 acetone/DMAc 0.13 

17 wt% CA+acetone 0.01 

19 wt% CA+2:1 acetone/DMAc 0.11 

19 wt% CA+acetone 0.02 

 

CA in acetic acid/water showed a decrease in conductivity with the increase in CA 

concentration. However, higher conductivity was observed for CA in acetone/DMAc at 

a fixed concentration. 

 

Table 7.2 Comparisons of morphological structures 

Solvent 

Systems 

Observations 

 10 wt% 

CA 

12 wt% 

CA 

15 wt% 

CA 

17 wt% CA 19 wt% cA 

3:1 acetic 

acid/water 

Only beads 

were 

formed 

Only beads 

were 

formed 

Uniform 

fibres with 

beads were 

formed. 

Uniform 

fibres with 

beads were 

formed. 

Fibre 

diameters 

were around 

200-350 nm 

Uniform 

fibres with 

beads were 

formed. 

2:1 

acetone/DMAc 

- - - Uniform, 

bead less 

nanofibers 

were 

formed with 

diameter 

200-300 nm 

Uniform, 

bead less 

nanofibers 

were 

formed with 

diameter 

200-400 nm 
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Solvent 

Systems 

Observations 

 10 wt% 

CA 

12 wt% 

CA 

15 wt% 

CA 

17 wt% CA 19 wt% cA 

Pure acetone - - - It 

constituted 

of a blend 

of 

cylindrical 

and flat 

fibres of 

diameter ~1 

μm. 

19 wt% CA 

in pure 

acetone 

produced 

flat fibres 

with 

creased 

surface and 

higher 

transverse 

sections of 

50-60 μm 

were 

obtained 

 

2:1 

acetone/DMAc 

10 wt% 

PEG 200 + 

17 wt% 

CA 

20 wt% 

PEG 200 + 

17 wt% 

CA 

40 wt% 

PEG 200 + 

17 wt% 

CA 

80 wt% 

PEG 200 + 

17 wt% CA 

10 wt% 

PEG 6000 

+ 17 wt% 

CA 

 Striated 

fibre 

surface was 

obtained 

Striated 

fibre 

surface was 

obtained 

Striated 

fibre 

surface was 

obtained 

Slightly 

wavy fibre 

surface was 

obtained 

Striated 

fibre 

surface was 

obtained 

2:1 

acetone/DMAc 

1 wt% AgNO3 in 17 wt% CA + 10 wt% PEG 200 

 Silver nitrate was reduced to silver nanoparticles and adhered to the 

fibre surface. The particle size was determined to be ~10 nm.  

 

 

Thus, 17 wt% CA in 2:1 acetone/DMAC produced the favourable condition for 

electrospinning and produced uniform, beadless nanofibers as anticipated. Hence, this 

solvent system and CA composition was kept fixed in the subsequent stages of the 

experiment. 
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Table 7.3 Comparisons of mechanical property 

Fibre composition Stress, MPa 

CA 0.002 

CA-PEG 200 + 5% citric acid  0.0125 

CA-PEG 200 + 10% citric acid 0.033 

CA-PEG 200-Ag nanoparticles 0.044 

 

The tensile strength obtained for unmodified CA fibre was significantly lower with a 

value of 0.002 MPa. However, when modified with 10 wt% citric acid (CT), the stress 

value increased to 0.033 MPa. With the grafting of Ag nanoparticles in CA fibre, it 

could sustain higher load and the ultimate tensile strength and elongation at break 

increased moderately. This is imputed to the fact that Ag nanoparticles acted as stress 

concentrator in the fibre surface. 

Table 7.4 Comparisons of swelling property 

Fibre composition Swelling (%) after 24 hrs 

CA 350 

CA-PEG 200 650 

CA-Ag 400 

CA-PEG 200-Ag 600 

 

With the presence of 20% PEG of CA, the ability to retain water increased to 680% 

which is comparatively higher than the previous value. The water uptake also escalated 

in presence of PEG with CA/Ag. This phenomenon was attributed to the presence of 

hydrophilic ethylene glycol unit of PEG performed as hydrogen bond donors/acceptors 

and could combine with water molecules.  

Table 7.5 Comparisons of antibacterial property 

 Moratlity (%) 

Bacterial cell CA-PEG 200 CA-PEG 200-Ag 

E. coli 0 97.5 

S. aureus - 100 

 

The Ag nanoparticles formed were of 20 nm size which rendered antibacterial 

properties when tested against E.coli and S.aureus. Thus, electrospun CA can be a 

suitable  material for wound dressing patches with Ag nanoparticles dispersed along the 

fibre surface to yield antibacterial activity. 

 



 

 

 
 

8. CONCLUSION AND RECOMMENDATION 

8.1 Findings of the Present Research Work 

a. This work established and analyzed electrospinning of CA with acetic acid, 

water, acetone, 3:1 acetic acid/water and 2:1 acetone/DMAc as solvent systems 

which has potential application as a wound dressing material.  

b. 2:1 acetone/DMAc was an apt choice of solvent for CA as it yielded uniform, 

homogeneous beadless fibres observed from FESEM. The fibre diameter was in 

the range of 250-400 nm.  

c. However, acetone as a solvent increased the fibre diameter to ~1 μm as the fibre 

morphology appeared to be ribbon-shaped instead of cylindrical. This was due 

to high volatility of acetone. 

d. Also, electrospinning parameters were investigated also along with solution 

properties. Voltage of 20 kV and a feed rate of 1.5 ml/h was found to be 

convenient for this electrospinning process.  

e. After investigating process and solvent properties, a correlation between 

solubility and spinnability of CA was made using a Teas chart which showed 

that higher dispersion force fd) and lower hydrogen bonding force ( fh) are 

convenient for both the solubility and spinnability of CA . 

f. Rheological analysis showed that fibre formation improved with increasing 

viscosity of CA solution.  

g. Electrical conductivity measurement of the CA solutions depicted that with an 

increase of CA concentration, fibre diameters increased whereas the 

conductivity decreased.  

h. In the later work, surface modification was achieved using PEG 200. On adding 

PEG, the surface of the electrospun CA fibres were striated. This was an 

important modification as the surface roughness will aid in cell attachment of a 

wound site. Furthermore, PEG also improved swelling behavior necessary for 

wound exudates absorption. PEG acted as a stabilizing agent of Ag 

nanoparticles that were formed when AgNO3 was added into the CA solution 

and reduced by acetone/DMAc in-situ.  

i. The Ag nanoparticles formed were of 10 nm size which rendered antibacterial 

properties when tested against gram negative E.coli and gram positive S.aureus. 
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Thus, electrospun CA can be a suitable material for wound dressing patches with 

Ag nanoparticles dispersed along the fibre surface to yield antibacterial activity. 

 

8.2 Scope for Future Investigation 

The following recommendations for future research work may be suggested: 

a. Different ratios other than 3:1 of acetic acid/water can be tried to observe the 

electrospinning behaviour and corresponding fibre morphology of CA. Beadless 

fibres with this solvent system can be an important finding. 

b. In this work, CA fibres have been electrospun in a non-woven mat. As a result, 

the mechanical properties could not be validated as the fibre alignment were 

random. Research focus can be made on obtaining fibres with uniaxial direction. 

c. In the present experiment, only PEG 200 has been successfully utilized as a 

modifying agent. Future research have an opportunity to focus on the higher 

molecular weight of PEG to bring about changes in the fibre surface properties. 

However, higher molecular weight PEG renders the polymer solution too 

viscous to yield. Therefore, electrospinning parameters will have to be varied 

along with this. 

d. Also, further comprehensive studies can be made on the formation of Ag 

nanoparticles using different reducing agents and their effect on particle size and 

the corresponding antibacterial performance. 
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