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Abstract   

    This present study designed to prepared and characterize nanofibers and to 

improve the electrospinning possibility when mixing two groups of natural 

polymers, each group consisting of three biopolymers. The first group consists 

of solutions for gelatin, chitosan and sodium alginate (G:CS:SA) according to a 

series of mixing ratios of 80:10:10, 60:20:20, 40:30:30, and 20:40:40. Whereas 

the second group consists of  solutions for gelatin, chitosan, and pullulan 

(G:CS:PUL) at series mixing ratios of 80:10:10, 60:20:20, 40:30:30,and 

20:40:40. The  properties effect of the solutions for the two groups was studied 

by evaluating the electrical conductivity, viscosity and surface tension. In 

addition to studying the morphological properties of the bio-nanofibers using 

field emission scanning electron microscopy (FE-SEM) to evaluate the 

diameters of the nanofibers, their distribution and the formation of beads .The 

results showed that increasing the ratio of CS with SA above 30% in( G:CS:SA) 

led to a decrease in polymer viscosity and average fiber diameters, while 

increase the formation of beads. The nanofibers with mixing ratios of 80:10:10 

and 60:20:20 of G:CS:SA are more uniformity and contain few beads. In 

addition to that, X-Ray Diffraction(XRD) showed the highest crystallinity  in the 

above ratios and good bonding between G, CS, and SA molecules in nanofibers 

according to the Fourier Transform Near- Infrared Spectroscopy(FT-NIR). As 

for the second group of natural polymers, the increase in chitosan with pullulan 

resulted in lower viscosity and average diameters without beads formation up to 

ratio 40:30:30 from (G:CS: PUL), while the crystallinity ratio were high at 80 

:10:10 and 60:20:20 as a result of increased bonding between nanofiber 

molecules, which was shown by X-Ray Diffraction and Fourier Transform 

Near -  Infrared Spectroscopy. The electrical conductivity of natural polymer 

solutions is an indicator of the increase in surface tension and contact angle with 

water depending on the increase in the proportions of chitosan, pullulan and 

sodium alginate in the polymeric solutions. In accordance with the above results, 



VI 

80:10:10 and 60:20:20 represent the best blending ratios of the two groups, 

ratios  used in the release analysis for the purpose of determining the efficiency 

of biopolymer fibers in food packaging and protecting from bacteria. Therefore, 

The mixing ratio of 60:20:20 in the second group was the best in both groups 

which has better resistance to bacterial growth and highest inhibition zones with 

diameter(24mm and 22mm) against Escherichia coli and Staphylococcus aureus 

respectively. 
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1.1 Introduction 

           Electrospinning is a simple and effective technique in which natural and 

synthetic polymers are used in the formation of nanofibers. Because of the high 

efficiency of nanofibers, they have been used in several different fields, such as 

efficient food packaging [1, 2], water filtration [3], drug delivery system, and 

antibacterial [4]. Because of the dangers of synthetic polymers and their effects 

on human health, it has drawn the attention of scientists to the increased use of 

biopolymers such as (polysaccharides and proteins), as many biopolymers have 

been tested for the production of fibers by electrospinning. There are many 

variations on the use of biopolymers in the electrospinning process, so that 

several biopolymers can be used as a group, which is implemented by applying a 

solution containing several compounds [5]. Nanotechnology is an effective 

technology that has been used in the food industry and processing, as this 

technology serves as a new tool for pathogen discovery, food packaging, drug 

delivery systems, and the delivery of biologically active treatments to affected 

areas. The application of this technology in the food industry will provide new 

ways to protect food from spoilage and maintain its nutritional value [6].  

Gelatin (G) is a natural polymer used in many biomedical and industrial 

applications due to its biocompatibility and biodegradability. The nanofibers are 

formed from gelatin using organic solvents such as acetic acid, which improve 

the electrospinning process of solutions [7], and it has good functional 

properties, which are used in a wide range of industries such as pharmaceuticals, 

cosmetics, foodstuffs, and packaging. Pure gelatin is brittle and has a high 

moisture absorption. To improve some of the properties of gelatin, it is mixed 

with polymers, such as chitosan [8]. 

Pullulan(PUL) is a polymeric polysaccharide commonly extracted from the 

yeast-like fungus aureobasidium pullulans. It dissolves easily in water and is an 

FDA-approved food additive , making it ideal for food preservation. Because it 
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lacks functional groups, it must form a copolymer with proteins that provide 

these bindings, such as gelatin [9]. 

 Pullulan has good mechanical properties, tasteless, non-toxic, edible, possesses 

the property of an oxygen barrier, retains moisture well, and also prevents the 

growth of fungi. These important properties make pullulan a good material for 

food preservation and the food industry [10].    

Chitosan (CS) is a natural biopolymer used in a wide variety of applications 

such as food storage, water filtration, and wound healing due to its 

biocompatibility, solid structure, non-toxicity, resistance to mold, 

biodegradability, and antibacterial effect against many strains of bacteria from 

By incorporating it into the electrospinning process [11]. Sodium alginate (SA) 

is a polysaccharide polymer that has been widely used in the food industry 

because of its edible nature, excellent biocompatibility, non-toxicity, and 

relatively low cost [12]. 

 Biodegradable polymers from natural sources are divided into two groups: 

edible and non-edible. Biodegradable materials derived from food sources such 

as proteins, polysaccharides, and lipids are edible as they can be used to 

manufacture edible films or food contact packaging instead of standard plastic 

[13]. Polysaccharides, such as chitosan, starch, and alginate, have been used as 

biopolymers to create edible membranes to reduce petrochemical packaging 

used in food packaging that needs a place to dispose because it is non-

biodegradable and non-renewable. Thus, there is a need to use alternative, 

renewable and biodegradable packaging materials, such as natural polymers 

which are materials made from natural ingredients that can be eaten by humans 

or animals without health risks. Natural polymers are used in the manufacture of 

edible coatings and membranes that surround the surface of food. Natural 

polymers are classified into polysaccharides, proteins, and lipids [14].  

The formation or dissociated of protein - polysaccharide complexes and their 

solubility depends on parameters such as the type of biopolymers involved and 
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their concentration, the pH, ionic strength, calcium ion concentration, and 

temperature [15]. The polysaccharides could be divided into three categories 

according to their electrospinning behavior. The first category was able to form 

fibers, the second category was able to form a jet but no fibers, and the third 

category was not able to form a jet at all [16]. 

Many natural biomaterials have high viscosities at low concentrations and 

simply form strong hydrogen bonds in aqueous solution, making them 

unsuitable for electrospinning. Therefore, reducing the surface tension and 

improving the mobility in the electric field is one of the most practical ways to 

increase and improve the spin capacity of natural  biomaterials .To overcome 

this difficulty, it is necessary to choose a solvent that evaporates quickly, while 

preserving the molecular structure of the biopolymer, as well as to physically 

blend the bio-based polymers  [17]. 

Highly concentrated solutions form more uniform fibers with a few beads and 

large diameters. The number of entanglements increases with increasing 

viscosity, resulting in uniform fiber movement (low whipping  instability) with a 

small number of beads. These entanglements also prevent the plane from 

collapsing during the process [18,19].  

The beads are formed mainly when the surface tension increases, and as the 

surface tension decreases, nanofibers without beads are obtained. Another 

important parameter, the solvent, can affect the number and size of the beads, 

and the morphology of the nanofibers as well [20].  

The concentration and molecular weight of the polymers  affect significantly 

and importantly on the diameter of the nanofibers compared to the effect of 

surface tension and electrical conductivity where are less [21]. The selection of 

the solvent is one of the key factors for the formation of smooth and beadless 

electrospun nanofiber. Usually two things need to be kept in mind before 

selecting the solvent. First, the preferred solvents for electrospinning process 

have polymers that are completely soluble. Second, the solvent should have a 
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moderate boiling point  gives an idea about the volatility of a solvent[22], in 

general, volatile solvents are chosen because their high evaporation rates 

promote easy evaporation of the solvent from the nanofibers during their 

journey from the needle tip to the collector. However, highly volatile solvents 

are mostly avoided because their low boiling points and high evaporation rates 

cause the jetting to dry out at the needle tip. This drying will clog the tip of the 

needle and thus will hinder the electrospinning process. Similarly, less volatile 

solvents are also avoided because their high boiling points prevent their 

dehydration during nano jets. Deposition of solvent-containing nanofibers on the 

collector will lead to the formation of granules in the nanofibers [23].  

To overcome the challenges of chitosan's electrospinning ability, a blend with a 

polyelectrolyte polymer for its ability to be negative due to pH conditions, and 

thus gelatin, a natural biopolymer produced by hydrolyzed extraction of animal 

collagen, is proposed as an alternative to blending with chitosan [24]. Chitosan 

and gelatin are both biocompatible, non-toxic, biodegradable and non-

immunogenic. Chitosan has antibacterial properties and aids in wound healing. 

A mixture of chitosan and gelatin, especially in a nanofiber form, appears to be a 

suitable polymer blend for biomedical applications and food packaging based on 

all these outstanding features [25,26], In addition, these fibers have a high 

surface area and low pore size [27]. Nanofiber membrane is used in food 

packaging to preserve some perishable foods such as fruits, meat, fish, and 

mushrooms after they are processed into commodities or purchased by 

consumers. This kind of food has strict storage requirements. The most common 

storage method is refrigeration or freezing. However, this method has 

drawbacks, such as the loss of nutrients or change in texture after thawing. 

Electrospinning nanofiber membrane has the characteristics of containing 

numerous antioxidant and antibacterial polymers active sites, which can achieve 

lasting and efficient protection improvement from food surrounding 
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environment or from the  surface environment of the food , so as to defend food 

from microbial or oxidation [28]. 

Nanofibers can be fabricated from different polymers, and where desirable 

properties cannot be achieved by using a single polymer, blending two or more 

polymers can result in a new material with desired properties while preserving 

the positive features of each individual polymer [25]. 

Preserving food through the packaging process is one of the important basics in 

the field of the food industry, as innovation has been activated in this field due 

to consumer need, increasing population, long-distance travel, and maintaining 

food quality without spoilage [29].Gelatin/chitosan nanofiber has excellent 

physicochemical properties such as antibacterial and antioxidant property, and 

can effectively preserve practical foods such as (meat, vegetables, fruits) [30]. 

For this purpose, different techniques of electrospinning are used to form 

different fibers to deliver various nutrients. Electrospun fiber is not only used for 

packing dehydrated foods such as wheat flour, rice, grain and dried fruits, but 

also widely used for preserving various fruits, vegetables, meat and other 

cooked food [31]. In this study, gelatin is chosen as a basic material for its high 

electro-spinning ability to form a uniform nanofiber from blends with two 

groups of natural biopolymers such as (gelatin, chitosan and sodium alginate) 

and second group (gelatin, chitosan and pullulan) for antibacterial applications. 
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1.2 The aims of this study 

       The main aims of this work is:- 

1. Produce nanofibers from edible natural polymers used in food packaging 

and to protect them from microbes that cause spoilage. 

2. Use of natural biopolymers that are non-toxic, available in the markets 

and of   low cost.                                                                                                                        

3. Improve the ability of natural polymers to electrospinning without using 

synthetic polymers by mixing  natural polymers, which classified by two 

groups as (G: CS: SA) and (G: CS: PUL) for antibacterial applications. 
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  2.1 Introduction 

This chapter consists of two main sections. The first section focuses on 

the techniques used in the fabrication of nanofibers, the advantages and 

disadvantages of each method, the factors affecting the quality and uniformity of 

the fibers during the electrospinning process, especially solution parameters 

(such as concentration, viscosity, surface tension, conductivity, etc.), and 

environmental factors such as the temperature and humidity.  Natural polymers 

used in the electrospinning process, their properties and applications in the field 

of food packaging, especially polysaccharides and proteins. 

The second section includes previous studies of the relevant   electrospinning 

and  bio-nanofibers used in food packaging and protection. 

2.2 Natural polymers 

Natural polymers are compounds from nature whose fundamental 

components are the macromolecules formed by the repetition of small molecules 

called monomers. Among these large molecules are polysaccharides and 

proteins [22]. Similarly, polysaccharide films operate as barriers because they 

are odorless, tasteless, transparent, oxygen-resistant, and semi-permeable to 

carbon dioxide [33]. Polysaccharides have a wide range of molecular properties 

in weight, solubility, and structure, making them essential factors when applied 

in biopolymer-based fields. Delivery systems can be used not only to prevent 

encapsulated parts from collapsing during processing and storage, but to 

promote continuous and slow release [34]. Chitosan, b-glycan, modified starch, 

pullulan, and dextran are the most common polysaccharides used to develop 

nanofibers. On the other hand, the production of nanofibers from proteins by 

electrospinning is still a challenge because their chemical structure is very 

complex and their structure is three-dimensional [35], Currently, proteins are 

used in electrospinning by making mixtures with other polymers and several 

solvents [36]. 
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2.2.1 Classification of natural polymer  

Natural polymers are classified into two source: - 

1. Plant source such as (Starch, Pectin, Cellulose, pullulan).  

2. Animal source such as (Sodium alginate, chitosan, gelatin) [37]. 

2.2.2 Advantages of natural polymers 

1. Biodegradable – Naturally occurring polymers produced by all living 

organisms. They show no adverse effects on the environment or human being. 

2. Biocompatible and non-toxic – Chemically, nearly all of these plant materials 

are carbohydrates in nature and composed of repeating monosaccharide units. 

Hence they are non-toxic.                          

3. Economic - They are cheaper and their production cost is less than synthetic 

material. 

4. Safe and devoid of side effects – They are from a natural source and hence, 

safe and without side effects. 

5. Easy availability – In many countries, they are produced due to their 

application in many industries [37]. 

2.2.3 Polysaccharide  

       Polysaccharides are defined as macromolecular polymers composed of 

simple saccharides . The long-range electrostatic interactions  in Polysaccharides 

make them a challenge for electrospinning [38]. 

Polysaccharides are the most important biopolymers in food, formed by 

monosaccharides linked together by glycoside bonds, it can be applied in the 

food industry given their advantages of nontoxicity, edible, and biodegradability 

[32], due to their hydrophilic character and the structure of chains, they exhibit 

good gas permeability and low moisture barrier properties, which are two 

important advantages for food preservation [39]. 
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2.2.4 Proteins  

Protein is a heteropolymer of more than a hundred amino acids 

(monomers) linked by peptide bonds; each of these amino acids contains a 

central carbon bonded to (a) a hydrogen, (b) a carboxyl group, (c) an amino 

group, and (d) R-group.  Structure of proteins is categorized into four:  primary 

(linear arrangement of amino acids by covalent bond), secondary (amino acids 

fold to form the shape of helix or sheet by hydrogen bond), tertiary (three 

dimensional structure as a result of hydrogen bonding, dipole–dipole 

interactions, covalent bonding or ionic bonding), and quaternary (binding 

multiple polypeptides to make a large macromolecule by non-covalent bonds) 

[40]. The basic difference between proteins and polysaccharides is that proteins 

are heteropolymers consisting of more than at least 20 amino acids, while 

polysaccharides are mostly homopolymers consisting of a monomer, for 

instance, glucose [41].  Proteins exist in two forms:  fibrous and globular.  

Fibrous proteins (collagen and fish myofibrillar proteins) are generally water 

soluble, while globular proteins (soy protein, egg albumin and wheat glia din) 

are water insoluble, and should be denatured before the film formation [42].   

2.3 Methods of forming nanofibers 

2.3.1 Drawing 

Drawing is another method used to produce fibres, similar to dry 

spinning. This method requires a sharp tip or a small pipette, which is the main 

advantage of this technique . In this method, a sharp tip is used to pull liquid 

fibers from a drop of polymer solution. Due to the large surface area the solvent 

is gradually evaporated, which causes the liquid fibers to solidify. Hollow glass 

pipettes can be used in place of the sharp tip with a continuous dose of polymer 

to avoid the problem of volume shrinkage, which limits the continuous pulling 

of the fibers and affects their diameter as shown in Figure (2.1) [43]. 
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After being submerged into polymer solution droplet, the micropipette is 

softly removed from the droplet at a lower speed (about 10
-4

 m/s). As a result, 

nanofibers are formed by contact the nanofibers drawn from the needle end with 

the substrate, this process repeated many times on each drop of polymer solution 

[44]. This method may be used to make continuous nanofibers in any 

configuration. Furthermore, accurate control of main drawing parameters like 

viscosity and drawing velocity may be achieved, allowing for repeatability and 

control of generated fiber measurements [45]. 

 Although this technique is simple, it is restricted to the laboratory level because 

nanofibers formed singly. It is a discontinuous method with low productivity, 

and it can also control the fiber diameter. Only viscoelastic materials can 

withstand the tension generated by the dragging, and depending on the orifice 

size, just fibers with diameters above 100 nm may be formed. 

 

Fig. (2.1) Drawing process to produce nanofibers [43] 
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2.3.2 Template synthesis method  

         Using this method, polymeric, metallic, semiconductor or ceramic 

nanofibers can be produced, using chemical or electrochemical oxidative 

polymerization, and a porous membrane containing many cylindrical pores of 

varying thickness (5–50 mm) was also used. This method produces nanofibers 

using a mold made of aluminum oxide (AL2O3) to obtain the final structure. In 

this technique, nanofibers are created by passing a polymer solution through 

nano scale diameter pores under water pressure on one side, causing extrusion of 

polymer and giving the fibers when in contact with the curing solution, as shown 

in Figure (2.2). This method cannot produce nanofibers with a long fiber length 

since only a few micrometers are obtained, and the diameter of these fibers is 

determined by the size of the membrane pores [46, 47]. Some of the benefits of 

using this technology are the ability to produce nanofibers of different diameters 

using multiple moulds. 

 

Fig. (2.2) Temple synthesis Technique [45]. 
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2.3.3 Phase separation method 

        Using this method, the phases will separate due to physical incompatibility. 

The solvent layer is then separated from the solution while the other phase 

remains. There are four main stages in this method: 

 1. Dissolved the polymer with using convenient solvent at room temperature or 

above. 

2. The gelation step is a difficult step because of the difficulty in regulating the 

porosity of the nanofibers. 

3. Extraction of solvent step to separate and remove the solvent from the 

produced gel by using water. 

4. Freezing followed by drying under vacuum step  

The characteristics of nanofiber are determined by the concentration of polymer 

used; if the polymer percentage rises, porosity of the fiber decreases, and the 

mechanical properties of the fiber increase [45]. 

The first step in this method is dissolving the polymer at room temperature to 

make homogeneous solution, after that removing the gel from the solution by 

holding in temperature of gelation, where nanofibrous matrixes are formed due 

to phase separation, and eventually the solvent will be extracting followed by 

the matrix drying step, this eventually leads to the formation of nanofibers. As 

shown in Figure (2.3). This method requires minimal equipment, and may 

directly produce a nanofiber matrix, with mechanical properties adjusted by 

altering the polymer concentration [48]. 

This technology cannot produce long continuous fibres, and not all polymers can 

undergo phase separation to form nanofibers since it requires gelation capacity 

which limits the use of this technology [46].  
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Fig. (2.3) Phase separation process [48]. 

2.3.4 Self-assembly method 

       This method involves rearrangement and reassembly of the molecules by 

themselves to form different shapes and configurations through non covalent 

forces like hydrogen bond forces and electrostatic interactions, as shown in 

Figure (2.4) [49]. 

This method is suitable for manufacturing smaller diameter nanofibers with 

average diameter lower than 100 nm and length in micrometer scale. Mechanism 

of his method is by the intermolecular forces which hold the molecules together. 

Orientation of the molecules determined the final shape of it. The main 

disadvantages of this method is the complexity, slow, low production scale and 

complex in maintaining fiber diameters produced [45, 50]. 
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                 Fig. (2.4) Self-assembly process to create  nanofibers [50] 

2.3.5 Electrospinning 

Electrospinning is a promising, high-throughput and simple method for 

fabricating nanofibers for polymers, composites and inorganic materials, 

including carbides, oxides, nitrides and hybrid compounds. In this technique, 

electrostatic forces are used to produce nanofibers from polymeric solutions 

[51]. Electrospinning is the most appropriate technology for nanofiber 

production. The advantages include relative ease, low cost, high speed, wide 

material selection, and versatility. In addition, this technique allows control of 

fiber diameter, microstructure, and arrangement [52]. Electrostatic fiber spinning 

is a technology that uses electrostatic forces to form fibers with diameters 

ranging from nanometers to micrometers. This technique is a simple method for 

creating continuous fibers with high porosity and specific surface area [53,54].  

Tools used in electrospinning technique:                                   

 1. High-voltage DC power supply. 

2. Syringe pump. 

3. Spinneret (a small diameter needle connected to the syringe). 

4. Metal collector. 
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Before electrospinning, the appropriate solvent is selected to completely 

dissolve the polymer, in which a homogeneous polymeric mixture is formed, 

which is placed inside the injection cylinder to conduct the electrospinning 

process. The positive terminal of the DC power supply is connected to the 

hollow needle [55], and the negative terminal is connected to the metal collector. 

With the increase of intensity of the electric field, the repulsive electrostatic 

force overcomes the surface tension, and the charged jet of the fluid is ejected 

from the tip of the Taylor cone. The discharged polymer jet undergoes an 

instability and elongation process, which allows the polymer in the jet to 

become very long and reduces the diameter of the extruded polymer fiber. The 

solvent that is used to dissolve the polymer evaporates, and the polymer in the 

jet is dried. The solvent evaporation depends on the distance between the tip and 

collector, the solution vapor pressure, and the inside chamber temperature. 

Stable environmental conditions are therefore important in getting good quality 

nanofibers. The maximum applied voltage for a needle electrospinning setup is 

normally less than 30 kV and is also highly humidity dependent [56]. as shown 

in Figure (2.5) and Table (2.1) shows the advantages and disadvantages of the 

above-mentioned techniques.                    
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Fig. (2.5) Electrospinning Setup [57] 

 Table (2.1) Advantages and Disadvantages of nanofibers methods [58]. 

 

 

 

Process Advantages Disadvantages 

Drawing Lower equipment needs Discontinuous process 

    Template Synthesis Produces fibers with different diameters  

     Phase Separation Directly manufacture nanofiber matrix 

using minimum equipment. Consistency 

from batch to batch is easy to achieve. 

The matrix‘s mechanical characteristics 

may be modified by adjusting the 

polymer concentration. 

Limited to specific 

polymers. 

     Self-Assembly Suitable for producing a smaller 

nanofiber 

  Complicated process                   

     Electrospinning Can produce long and continuous 

nanofibers, cost- effective 

Instability of jet 
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2.4 Important electrospinning Parameters  

The electrospinning process is governed by a number of parameters that 

are categorized into three: process parameters, solution parameters, and ambient 

variables. By adjusting these parameters, which have a significant impact on the 

shape of the electrospinning fibers, nanofibers will be manufactured with the 

required shape and diameter [59]. 

2.4.1 Solution parameters 

2.4.1.1 Concentration 

The concentration of the polymeric solution plays a crucial impact in the 

specific properties of Nano-fibers structures produced by the electrospinning 

process; for example, lower solution concentrations produce a large number of 

beads, while higher concentrations produce fewer beads. The diameter of the 

fiber is also affected by the concentration of the solution; the higher 

concentration increases the diameter of the fiber. It has been shown that highly 

concentrated solutions generate more homogeneous fibers with few beads 

[60,61], because of the difficulty in maintaining the flow of the solution at the 

tip of the needle, resulting in the formation of larger fibers, there must be an 

optimised solution concentration for the electrospinning. At low concentrations, 

beads are formed instead of fibers, and at high concentrations, the formation of 

continuous fibers is prevented [62]. With gelatin electrospinning, researchers 

attempted to find a relationship between solution concentration and fiber 

diameter and discovered a power law relationship, in which increasing solution 

concentration increases fiber diameter [63,64]. The range of concentrations from 

which continuous fibers can be generated in electrospinning is also determined 

by solution surface tension and viscosity [65]. Increasing the concentration of 

the polymeric solution leads to a change in the shape of the beads from spherical 

to spindle-like. Additionally, electrospinning variables like polymer 
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concentration have a significant impact on nano-fiber alignment [66]. The 

polymer concentration, electrostatic field, and gap distance are all influence the 

rate of solidification. As a result of the quick stretching and solidification of the 

polymer chains, another crucial impact occurs: the crystallization process is 

slowed since the stretched chains do not have enough time to form crystals. The 

nano-fibers are strongly orientated, despite the fact that the polymer chains are 

not crystalline at high concentrations. This causes a crystallization defect and 

lowers the glass transition temperature (Tg) [67]. 

2.4.1.2 Molecular weight. 

This is another key for polymer that impacts the structure of the 

electrospun fiber. In electrospinning, high-molecular-weight polymer solutions 

are generally used because they give the appropriate viscosity for fiber 

formation. It has been shown  that polymer with a low molecular weight tends to 

produce beads rather than fibers, whereas a solution with a high molecular 

weight produces fibers with greater  average diameters as shown in Figure (2.6). 

The amount of entangled polymer chains in a solution is reflected in the 

molecular weight of the polymer, resulting in solution viscosity [68]. In general, 

it is preferable to use high molecular weight polymers because they cause strong 

entanglement in the chains and facilitate the production of nanofibers through 

electrospinning technology. As for solutions with lower molecular weights, they 

form granules or break into droplets during the electrospinning process [69]. The 

polymer's molecular weight has a big impact on rheological and electrical 

characteristics, including viscosity, dielectric strength, surface tension, and 

conductivity [70]. 

 

 



 

Chapter Two………Theoretical Part & Literature Review                                                                

19 

 

Fig. (2.6) Electron micrograph of electrospinning nanofibers forming with 

varying diameters [70]. 

 2.4.1.3 Surface tension 

Surface tension is very important in the electrospun process, and fibers 

can be created without beads by reducing the surface tension of a Nano fibrous 

solution as shown in Figure (2.7), which may be most dependent on the type and 

composition of the solvent used in the electrospinning process, while high 

surface tension produces droplets instead of nanofibers in the electrospinning 

process due to the instability of the jets [02].  

 The surface tension of a solution affects the production of droplets, beads, and 

fibers, and a reduced surface tension of the solution allows electrospinning to 

happen at a lower electricity field [65].  

The polymeric solution should have enough charges to overcome the electrical 

forces induced by the ions in the solutions. When a solution's surface area is 

reduced by surface tension, it forms a spherical droplet. When the solution's 

polymer concentration is low, the greater proportion of solvent molecules has a 

 stronger propensity to collect, and surface tension causes a spherical shape to 

form, leading to the creation of beads. When a fluid is very viscous, the polymer 
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and solvent molecules interact more, and the solvent molecules spread out over 

the tangled polymer molecules, leaving a uniform fiber on the collector [71]. 

 

Fig. (2.7) Electrospun nanofiber electron micrograph without bead   

formation. [70] 

2.4.1.4 Viscosity 

 The viscosity of the polymeric fiber solution plays a critical role in 

determining fiber size and form during electrospinning. Continuous fiber 

production is difficult with very low viscosity, and ejection of jets from the 

polymeric solution is impossible with very high viscosity. This means that an 

optimized electrospinning viscosity is needed [62]. For low-viscosity solutions, 

beads have a circular droplet-like form, but as the solution viscosity increases, 

the beads' morphologies shift from a stretched droplet or elliptical shape to a 

smooth fiber-like structure [72]. The solution viscosity is an important 

parameter that influences the fiber size and morphology when stretched from the 

needle tip to the collector during the electrospinning process. The entanglements 

of the highly viscous polymer solution prevent the jet from breaking up during 

the process, thus forming uniform fibers without beads. The low viscous 
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polymer solution jet breaks up into small droplets or creates beaded fibers. If the 

viscosity is too high, it will be difficult to pump the solution through the 

capillary, and the solution may dry up or drop at the tip [71], when the viscosity 

is high there is a strongly interaction occurred between the molecules of solvent 

and the molecules of polymer as shown in the Figure (2.8). 

 

Fig. (2.8) [A] High viscosity, aligned and oriented solvent 

molecules between polymer molecules. [B] Solvent molecules with 

a lower viscosity tend to agglomerate due to the surface tension 

impact [46]. 

2.4.1.5 Conductivity/surface charge density 

 Solution conductivity not only affects the development of Taylor cone, 

but it also helps in the control of nanofiber diameter. If the solution has poor 

conductivity, a Taylor cone will not develop on the droplet's surface, preventing 

electrospinning. An increase in solution conductivity leads to a decrease in fiber 

diameter as well as an increase in the charge on the droplet's surface, producing 

a Taylor cone [73]. The solution's electrical conductivity is very important for 

obtaining smooth fibers with smaller diameters; hence, as the solution's 

electrical conductivity improves, charges in the solution and on the transfer jets 

rise. Adding salts or ions to a solution can enhance conductivity; when proteins 

and medicines breakdown in water, they form ions. Charges are important in 
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extending the solution, and increasing the charges allows the solution to stretch 

more, leading to a smoother fiber diameter [74]. Another advantage of 

increasing charges in the solution in which bending instability improved this 

leads to increase the area where fibers being deposited [75]. 

Additionally, when ions improve the electrical conductivity of a solution, the 

amount of critical voltage required in the electrospinning process is reduced 

[76]. For example, in nature, gelatin is a polyelectrolyte polymer. When an 

electric field is applied, the ions raise the ability to carry a charge of the plane, 

making it more surface tension. As a result, gelatin is less able than synthetic 

polymers to produce fibers [67].  

Most polymers are conductive. With the exception of dielectric materials, 

charged ions in the polymer solution have a major impact on jet production. The 

solvent used, polymer type, and amount of ionisable salts all have a role in 

solution conductivity. When the electrical conductivity of a solution increases, 

the diameter of the nanofibers decreases significantly. When the solution's 

conductivity is low, a jet's elongation by electrical force is unable to generate a 

homogenous fiber, and beads can be seen [77]. 

2.4.1.6 Effect of humidity and temperature 

The diameter and shape of nanofibers are affected by environmental 

(ambient) factors such as temperature and relative humidity, as well as 

electrospinning and solution parameters [78,79]. When the relative humidity is 

low, fewer beads are made. While the high relative humidity leads to the 

occurrence of porous microstructures due to the effect of evaporation or phase 

separation [80]. Temperature affects the average diameter of the nanofibers in 

two ways: (1) it increases the rate of solvent evaporation and (2) it decreases the 

viscosity of the solution, as increases in solvent evaporation and decreases in 

solution viscosity which lead to a decrease in the average fiber [81]. 
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2.4.1.7 Effect of solvent dielectric constant      

           Higher the dielectric constant of the solution gives less bead formation 

and a smaller diameter of nanofibers. As the dielectric property is increased, 

there is increase in the bending instability of the jet and the deposition area of 

the fiber is increased. As jet path length is increased fine fiber deposit on the 

collector [82]. For the electrospinning method to be efficient, the solutions must 

have a suitable dielectric constant to form nanofibers [83]. 

2.4.1.8 Effect of solution volatility 

When increasing volatile solvents are used for polymer solution 

preparation, however, intermittent spinning occurs due to the solidification of a 

polymer jet at the needle's tip. When the proportional volatility of a polymer 

solution is raised, the shape and porosity of the fiber change, making a porous 

microstructure [80]. 

2.4.1.9 Effect of solvent volatility  

           The volatility of the solvent solution affects the electrospinning method. 

Therefore, the generation of smooth and bead-free nanofibers is influenced by 

the volatility of solvents. Suitable solvents in the electrospinning method should 

be fully soluble polymers with reasonable boiling points related to solvent 

volatilization. Low-volatility (high boiling point) solvents should not be used in 

creating nanofiber jets because they either prevent dehydration during nanofiber 

jet production or slow down the solidification process due to reduced solvent 

evaporation [84,85]. In the electrospinning process, common volatility solvents 

with fast evaporation rates are used to ensure that the solvent is easily 

evaporated from the tip of the needle to the collector [84]. Table (2.2) also 

shows the effect of the previously mentioned electrospinning parameters on the 

morphology of nanofibers. 



 

Chapter Two………Theoretical Part & Literature Review                                                                

24 

 

Table (2.2) showing the parameters affecting the electrospinning method [69] 

Solution 

Properties 

Symbol Effect on morphology and 

structure 

Effects on 

diameter 

Concentration C ↑ Increasing concentration leads  to increase 

in fiber diameter. 

Nanofiber 

diameter ↑ 

Viscosity η ↑ Increasing viscosity leads to thicker 

nanofibers without beads, but too high 

viscosity causes generation of beads. 

Nanofiber 

diameter ↑ 

Solution Electrical 

conductivity 

ζ ↑ Increasing conductivity leads to thinner 

nanofibers. 

Nanofiber 

diameter ↓ 

Surface tension ϒ No conclusive correlation has been 

established between the surface tension and 

the nanofiber morphology. 

- 

Molecular weight  

of polymer 

Mr ↑ Increasing polymer molecular 

weight leads to formation of a nanofiber 

with fewer beads. 

- 

Volatility of 

solvent 

Αsolvent Higher volatility requires higher flow rate 

and leads to formation of a nanofiber with 

fewer beads. 

- 

Solution relative 

Volatility 

Α Porous microstructure appears 

because of higher volatility. 

- 

Dielectric    constant ɛ Sufficient dielectric constant of the 

solvent is needed for  successful 

electrospinning. 

- 

Flow rate Q↑ Higher flow rate results in thicker 

nanofibers. Too high flow rate causes the 

 generation of beads. 

Nanofiber 

diameter ↑ 

Applied voltage V↑ Higher applied voltage leads to thinner 

nanofibers. 

Nanofiber 

diameter ↓ 

Needle diameter D Minimum is required to get 

smoother nanofibers 

Nanofiber 

diameter ↓ 

Needle tip to 

collector distance 

D↑ Beaded morphology occurs when the 

distance is too short  and the electric field 

is too strong. 

Nanofiber 

diameter ↓ 

Geometry of 

collector 

- Metal collectors with conductive frame or 

rotating drum are preferred 

- 

Relative humidity Ψ Porous microstructure appears due to 

evaporation-cooling effects .Lower 

humidity enables higher flow rate and the 

generation of beads is reduced. 

- 

Temperature T↑ Higher temperature leads to thinner 

nanofibers.  

Nanofiber 

diameter ↓ 
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2.5 Electrospinning of proteins and polysaccharides  

           Polysaccharides are the most abundant renewable resource in the 

environment. The electrospinning capacity of a polysaccharide depends on the 

length of the molecular chains and the bonding of the molecular chains to each 

other during expansion [76,86]. Therefore, molecular weight, the concentration 

of biopolymer solution, their conformation structure and dilution in shear 

thinning affect their electrospinning properties. The concentration required for 

the electrospinning of polysaccharides is a concentration in which the 

polysaccharide molecules become closer to each other so that the molecular 

bonding of the chain to the adjacent chain could be possible. This situation is 

associated with stretching and electrospinning. Polysaccharides with a random 

spiral structure and a low-shear thinning behavior are suitable for 

electrospinning [76,87].  

On the other hand, the creation of nanofibers by electrospinning of proteins 

remains a challenge. Because of its highly complex chemical structure, it has a 

three-dimensional structure and multiple electrical properties. This is a common 

defect [25]. Currently, proteins are used in electrospinning by making mixtures 

with other polymers as well as a number of solvents [26]. 

2.6 Biodegradable polymers   

According to ASTM and ISO standards degradable polymers are those 

which undergo a significant change in chemical structure under specific 

environment conditions. The chemical changes occur in loss of physical and 

mechanical properties, besides their biodegradability, biopolymers have other 

characteristics, such as air permeability, low temperature ‗sealability‘, 

availability, and cost. Moreover, natural polymers can have a positive effect on 

delaying deterioration, extending shelf life, and preserving quality and food 

safety [88].  
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2.6.1 Type of Biodegradable polymers 
    

Biodegradable polymers are classified into several different groups 

depending on their source, chemical composition, synthesis method and 

application. 

1.  Natural biopolymers are available in large quantities from renewable    

sources such as (proteins, Starch, cellulose). 

2. Synthetic polymers are produced from non-renewable petroleum 

resources. besides of their biodegradability such as (PLA, PGA, PBS). 

3. Semi-synthetic polymers are produced by blending different biopolymers 

(natural / synthetic) such as (starch/PLA blends, starch/PCL blends) [89]. 

shown in the Figure (2.9) 

 

     Fig. (2.9) describes the classification of biodegradable polymers [89]. 

2.6.2 Advantages and disadvantages of biodegradable polymers  

Biodegradable polymers have a number of advantages and disadvantages, 

which are shown in the table (2.3). 
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Table (2.3) Advantages and disadvantages of biodegradable polymer [90] 

Advantages Disadvantages 

Renewable the lack of arable land (future) 

good for the environment Composability 

less energy to produce single bad properties 

easier recycling the awareness of people 

it is not toxic installations for the production 

reduced dependence on oil processing plants 

Reduced emissions co2 short lived 

 

2.6.3 The types of degradation polymers 

1. Degradable polymer: The chemical structure changes with the influence 

of moisture and oxygen. 

2. Biodegradable polymers: Polymers are degraded by the influence of 

naturally occurring microorganisms. 

3. Hydrolytic degradable polymers: Polymers are degraded by hydrolysis. 

4. Oxidation-degradable polymers: Polymers are degraded by oxidation. 

5. Photodegradable polymers: Polymers degrade under the influence of 

natural light. 

6. Thermal degradable polymers – thermally degradable [ 90]. 

 

 

 



 

Chapter Two………Theoretical Part & Literature Review                                                                

28 

  2.7 Application of nanofiber   

 Nanofibers are lighter material with higher surface area in comparison to 

polymeric film. The ease of producing functional nanofiber is another advantage 

over many nanomaterials. Functional nanofiber in particular has attained a 

greater interest in recent years. The applications of functional nanofibers are 

increasing in various technical fields such as water filter membranes, tissue 

engineering, biosensors, drug delivery systems, food packaging, wound 

dressings, catalysis, antibacterial [4]. Figure (2.10) shows some applications of 

nanofibers. 

 

                     Fig. (2.10) applications of nanofibers [91]. 

2.7.1 Active packaging  

In the active food packaging industry, edible packaging is viewed as a 

sustainable and biodegradable alternative that improves food quality when 

compared to conventional packaging. The value of edible packaging can be 

demonstrated in its ability to preserve food quality, prolong shelf life, reduce 

waste, and contribute to packing material efficiency. Due to their versatility, 

potential to be manufactured from a range of materials, and ability to carry 
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various active compounds, such as antioxidants and/or antibacterial agents, 

edible films are one of the most promising disciplines in food science. The food 

packaging made of edible materials such as natural polymers, which may be 

consumed by humans without posing any health risks [92]. Synthetic or natural 

polymers can be used to make the nanofibers, with the latter possessing 

biodegradable properties [93]. As a result, an advantage of the electrospinning 

method is its ease of measurement, repeatability and uses in various fields, as 

well as the ability to produce continuous and long nanofibers with diameters 

ranging from 10 to 1000 nanometers, it also has flexibility, high strength, and 

surfaces area, which allows transporting nutrients and loading biologically 

active ingredients [94]. Electrospinning uses natural, synthetic, and mixed 

materials. Biopolymers, or natural polymers, contain proteins, polysaccharides, 

and fats that are used in food. Because it is biocompatible, low in toxicity, and 

biodegradable when compared to synthetic polymers, it is preferred to use in 

industry [95]. The use of nanofibers in food packaging, drug delivery, and 

wound treatment presents some problems that limit its use. One such problem is 

that nanofibers are highly soluble. This makes it difficult for compounds to stay 

for a long time and reduces their protective effect due to the high water property 

of most of the polymers used in their manufacture [96], in order to reduce the 

solubility in recent periods, some alternatives have been used, such as a mixture 

of natural polymers, mainly proteins and polysaccharides, and to increase the 

active ingredients [97]. 

The application of electrospun fiber membrane in actual food packaging have 

been widely studied in recent 10 years, and it is also worthy of further research 

and discussion in the future [28], which is shown in the Figure (2.11).  
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Fig. (2.11) Web of Science counts of the subject of ―food packaging‖ and 

―electrospinning AND food packaging‖ from 2012 to November 2021[28] 

2.7.2 Packaging  

         Food packaging is an important technology to ensure food safety in the 

process of storage and transportation of all kinds of food, food package plays an 

important role in protecting food from external environmental damage and 

handing food from producers to consumers [ 98]. The packaging process is an 

important area in daily life where biodegradable polymers are used to reduce 

waste quantities. It has other characteristics such as scalability at low 

temperatures, air permeability, etc. The use of biodegradable polymers in 

packaging requires different physical properties that depend on the storage 

conditions and the product to be packaged [99]. Packing polymer's physical 

qualities are heavily controlled by its chemical structure, molecular weight, 

crystallinity, and manufacturing circumstances. The physical properties of 

packaging need to be taken into consideration depending on what is being 
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packaged and where it is going to be stored [100]. Industrial polymers based on 

petrochemicals have been used in the field of packaging and on a large range, 

Because of its poor biodegradability, it has become a large gathering of waste 

after utilize. As a result, the right approach in order to reduce the difficulties of 

getting rid of waste and ensure the improvement of product quality is to use 

natural and biodegradable polymers in making packaging materials due to the 

increasing demand in the packaging sectors concerned with the environment 

[101]. 

2.7.3 Advantages of natural polymer packaging 

1- Biodegradable 

2- Supplement the nutritional value for foods 

3-Reduced packaging volume, weight, and waste 

4- Incorporated antimicrobial and antioxidants 

5- Low cost and abundant 

6- Annually renewable resources [13]. 

         Packaging, agriculture, medicine and other fields are all using 

biodegradable materials. Biodegradable polymers have seen a rise in popularity 

in recent years. Biodegradable polymers can be divided into two categories: 

synthetic and natural. It is possible to make polymers using non-renewable and 

renewable sources of feedstock [100]. Packaging waste has increased 

environmental problems. Increasingly emphasis has been placed on the 

development of biodegradable packaging materials [99]. 

2.8 Release mechanisms 

      The mechanism can be classified follows: 

1- Degradation-controlled monolithic system: The active ingredient is 

distributed uniformly throughout in a matrix. The active is released on 

degradation of the matrix. The diffusion of the active is slow as compared with 

degradation of the matrix. 
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2- Diffusion-controlled monolithic system: The active ingredient is released by 

diffusion prior to or concurrent with the degradation of the polymer matrix. Rate 

of release also depend upon where the polymer degrades by homogeneous or 

heterogeneous mechanism. 

3-Diffusion-controlled mononuclear (core–shell) system: The active ingredient is 

encapsulated by a rate-controlling membrane through which the active diffuses 

and the membrane erodes only after its delivery is completed. 

4- Erosion: Erosion of the coating due to pH and enzymatic hydrolysis causes 

the release of active ingredients [102]. 

2.9 Materials used 

2.9.1 Pullulan(PUL) 

        Pullulan is widely used in the food industry in the form of edible food bags 

that dissolve in water or in hot liquids. That is, pullulan acts as an edible coating 

that is applied directly to the surface of the food that can be eaten with the 

product. Likewise, it has been used as a drug wrapper due to its biocompatibility 

and low cytotoxicity. For this reason, since then, research has been carried out 

on the functional properties of pullulan in films, coatings, and fibers for use in 

food and medical packaging [103]. pullulan is a linear glucosic polysaccharide 

produced by the polymorphic fungus Aureobasidium pullulans, is a nontoxic, 

non-mutagenic Tasteless and edible compound composed primarily of 

maltotriose units linked in α 2:1 ratio by α -(1,4) and α -(1,6) bonds ratio, this 

linkage provides oxygen with adhesive properties to form fibers and films that 

are strong and impervious [104].  

Pullulan increases the food‘s shelf life as it is not an easily assimilable source of 

carbon for food spoilage caused by bacteria, molds, and fungi. In water 

retention, pullulan is also superior to starch, thus preventing food spoilage by 

drying out [105]. 
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2.9.1.1 Chemical structure of the pullulan 

 Pullulan is a linear, homopolysaccharide consisting of maltotriose as a 

building block. Three glucose units of maltotriose are linked through α-(1→4) 

glycosidic bonds, where as maltotriose units are linked through α-(1→6) bonds. 

Molecular weight of the polymer is between 10 and 400 kDa, which is shown in 

Figure (2.12). The chemical formula of pullulan is (C6H12O5) n [106]. 

 

                       Fig. (2.12) Chemical structure of the pullulan [106]. 

2.9.1.2 Pullulan properties and applications 

  Pullulan dry powder is white in color, tasteless, odorless, nontoxic, 

noncarcinogenic, biodegradable, and edible. Pullulan is highly hygroscopic in 

nature, and decomposes at high temperatures (250–280 °C). It has high film 

formability, considerable mechanical strength, and possesses the ability to form 

thin layers, nanofibers, nanoparticles, and flexible coating. These characteristics 

make pullulan an ideal alternative candidate to petroleum-based polymers [107]. 

Degradation of pullulan results in nontoxic monomers. It is stable in thermal 

conditions and in solution form over a wide range of pH conditions. The 

aqueous solutions of pullulan are viscous but do not create gels. The viscosity of 

pullulan water solutions is proportional to the molecular weight of the pullulan. 
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This also makes it appropriate as a binder for agglomerated products. Pullulan 

also has excellent oxygen barriers and is designed for food packaging [108]. 

2.9.2 Chitosan (CS)  

It is a cation alkali polysaccharides produced from chitin that has been 

deacetylated. Chitosan has excellent film forming, bio-degradability, and anti-

bacterial properties. As a result, it is an excellent polymer for use in the food 

packaging applications. Not being water soluble or an alkaline solution. 

Chitosan, on the other hand, causes a rise in surface tension due to its polycation 

nature, making spinning harder. As a result, chitosan is frequently combined 

with other types of polymers to increase its fiber capacity.  Increasing the 

concentration of acetic acid in a chitosan solution reduces surface tension, which 

is required for electrospinning [77].                            

Biodegradability, Biocompatibility, mucoadhesive, and antibacterial capabilities 

are the most well-known characteristics of chitosan. It exhibits high mechanical 

strength and shows high affinity towards proteins and, because of its excellent 

biological activities, it can be used in a wide range of applications, such as food, 

biomedical, cosmetic, chemical, and pharmaceutical industries [109].Chitosan 

possesses antibacterial capabilities given the presence of positive charges amine 

group in that composition, which interact with bacterial membranes and damage 

them, causing bacterial death [110,111] 

 2.9.2.1 Chemical structure of the chitosan 

           Chitosan is a straight chain, cationic polysaccharide that occurs naturally 

or can be obtained by deacetylation of chitin. It is representing cationic 

copolymers consisting of 2-amino-2-deoxy-β-D-glucose (60-100%) and 2-

acetamino -2-deoxy-β-D-glucoside (0-50%), bound together by ß (1→4) bonds. 

Chitosan is the main derivative of chitin deacetylation in which the mean degree 

of deacetylation representing the percentage of free NH 2 groups is greater than 

60% [112], as it is shown in the Figure (2.13). 
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Fig. (2.13) Chemical structure of the chitosan [113] 

 2.9.2.2 Chitosan properties and applications 

The properties and functions of chitosan are suitable for many 

applications in the food industry, such as binding to and removing certain 

elements and molecules such as dyes and fats from foods. The antibacterial and 

antifungal properties of chitosan can also be used during food storage and 

preservation. Due to chitosan‘s many properties such as biodegradability, natural 

origin, abundance, reactivity, etc., used many area of application including 

medical, agricultural, food processing, nutritional enhancement, cosmetics, 

waste and water treatment [114]. Fibrous structures are successfully formed by 

electrospinning chitosan solutions in 90wt% aqueous acetic acid solution [17].  

 2.9.3 Gelatin(G)  

       Gelatin has many properties, alone and in combination, promising material 

for tissue engineering. However, due to the gelling processes, gelatin can form a 

triple helix due to the abnormalities that occur in this polymer. This generates 

difficulties during electrospinning, so that becomes necessary to use a 

combination of solvents and parameters such as temperature and pH to 

destabilize the formation of the triple helix [97]. Because of its unique functional 

properties, gelatin is commonly applied in the pharmaceutical, food, cosmetic, 
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and package industries. However, the pure gelatin is brittle and has high 

moisture absorption. Therefore, gelatin is usually blended with other polymers 

to prevail over the weakness. For example, mixing gelatin with hydrophilic 

molecules such as chitosan can greatly improve the properties [8]. Gelatin, made 

by heat or the chemical breakdown of collagen, has received a lot of attention as 

a natural polymer due to its environmental friendliness, biodegradability, and 

low cost [115].  

2.9.3.1 Chemical structure of the Gelatin 

Gelatin is composed of 18 types of complicated amino acids; glycine, 

hydroxyproline and proline make up around 57 percent of the composition, 

while the remaining 43 percent consists of arginine, alanine, aspartic acid and 

glutamic acid. There is 25.2% oxygen, 50.5% carbon, 17% nitrogen and 6.8% 

hydrogen in gelatin, which is made up of singly and double-unfolded 

hydrophilic chains. Also, gelatin's chemical structure is made up of various 

polypeptide chains, such as α-chains (one polymer/single chain), β-chains (two α 

-chains covalently linked), and γ-chains (three covalently linked α -chains) 

[116]. shown as in Figure (2.14). 

 

 

                        Fig. (2.14) Chemical structure of the Gelatin [117] 
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2.9.3.2 Gelatin properties and applications 

Gelatin is one of the biopolymers with animal protein origin, which is 

present in the bone and skin of animals. Gelatin has many advantages such as 

availability, economically, polymerization, good antibacterial, antioxidant 

properties, biocompatibility, and biodegradability. Gelatin films have 

exceptional barrier properties against gas and oxygen at low or intermediate 

moisture.  Gelatin has often been utilized as an appropriate starting material to 

yield biodegradable or edible films for effective food packaging [118,119]. 

2.9.4 Sodium alginate(SA) 

         Sodium alginate (SA) is a linear polysaccharide, a derivative of alginic 

acid comprised of β-D-mannuronic acid (MA) and α-L-guluronic acid (GA) 

linked by 1-4 glycosidic bonds. Sodium alginate is a cell wall component of 

marine brown algae and contains approximately 30 to 60% alginic acid [720]. 

shown as in Figure (2.15). 

 

                 Fig. (2.15) Chemical structure of the Sodium alginate [121]. 

2.9.4.1 Sodium alginate properties and applications 

           Sodium alginate is a linear, water-soluble, non-toxic, biodegradable, 

hydrophilic, biocompatible, safe, perishable, non-immunogenic, poly-anionic 

copolymer, and polysaccharide, thus, much attention has been paid to the 

application of SA and its derivatives. However, films made from SA always 

exhibit poor strength and flexibility for the high hydrophilicity of SA [121] 
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           SA has a potential to form edible films which exhibit poor water 

resistance due to hydrophilicity owing to presence of carboxylic and hydroxyl 

groups. To overcome this, alginate has been crosslinked with polyvalent metal 

cations like Ca
2+

 or polyamines like chitosan, with which it can interact to 

produce strong gels or insoluble polymers, this polysaccharide has many 

applications in all aspects of food, drug delivery, gene delivery, tissue 

engineering, and wound dressing and for wastewater [122].  

2.9.5 Glacial Acetic acid (AA) 

Acetic acid that contains very little water (less than 1%) is called 

anhydrous (waterless) acetic acid or glacial acetic acid. The reason it is called 

ice is that it solidifies and turns into solid acetic acid crystals at a temperature of 

16.6 degrees Celsius) °C( .Acetic acid is an organic compound with the 

chemical formula CH3COOH. It is a carboxylic acid consisting of a methyl 

group attached to a carboxylic functional group [123], as it is shown in Figure 

(2.16).   

 

Fig. (2.16)   Chemical structure of the Glacial Acetic acid(CH3COOH) [123] 
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2.10 Literature Review  

         In 2013, Saquing et al. studied the possibility of manufacturing 

nanofibers by mixing a sodium alginate solution with a polyethylene oxide 

solution with different molecular weights, as well as the basic rules for 

understanding the electrospinning mechanism of the carrier polymer, such as 

PEO. The carrier polymer must be electrolysable, has a high molecular weight, 

and be crosslinked. The inability of the sodium alginate solution to form 

nanofibers. The synthetic polymer (PEO) reduces the electrical conductivity and 

the surface tension of the sodium alginate solution and creates the molecular 

entanglement required for the electrospinning process. More than 70% (SA) 

must be using a high molecular weight synthetic polymer with the use of Trition 

x-100, a nonionic surfactant. It has also been observed that adding sodium 

chloride salt and a mixture of glycerine and water does not contribute to the 

formation of nanofibers because it does not increase the entanglement processes 

of the solution used to manufacture nanofibers [124]. 

            In 2014, Islam et al. produced nanofibers by electrospinning from 

aqueous solutions of polyvinyl alcohol (PVA) /pullulan (PUL) with different 

weight ratios.  The total polymeric concentrations were also changed to identify 

optimum electrospun condition for forming uniform and nanofibres without 

beads. Were studied by using (SEM), (TGA), (DSC), (XRD), (FTIR), and 

mechanical properties measured by tensile strength. The results showed that 

polymer concentrations and blend ratios have direct influence on the 

morphologies and properties of PVA/PULL nanofibres. 12 wt.% total polymer 

concentration and higher PVA content has found to be favourable for obtaining 

uniform and bead free PVA/PULL blend nanofibres with improved mechanical 

and thermal properties. These fibers are used in food packaging and medical 

applications [125]. 
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           In 2016, Kusumastuti et al. this study was conducted to optimize the 

fabrication of chitosan/alginate/PVA nanofibers by varying the conductivity of 

solution, solvent concentration, and polymer composition by electrospinning 

method. By adjusting the conductivity of blended solution at 0.5 – 2.0 Mho.cm-

1, the nanofibers were created.  Were characterized using Scanning Electron 

Microscope (SEM) to observe the morphology and Fourier Transform Infrared 

(FTIR) identify the constituent group. The resulted nanofibers showed a uniform 

nanofiber with average diameter around 200- 400 nm. Although higher acetic 

acid concentration (as a chitosan solvent) did not change conductivity 

significantly, However, it tends to create more beads on the fibers. As the 

concentration of sodium alginate increased, the beads were observed. The 

conductance of blended solution also increased along increasing of sodium 

alginate concentration. At lower conductivity, it resulted in the uniform 

nanofiber. The Nanofibers CS/SA/PVA for biopolymers are widely used in 

medical and industrial applications due to their unique characteristics such as the 

high surface area to volume ratio and biocompatibility [126]. 

  In 2016, Antunes et al. produced nanofibers for polymeric solutions 

containing 20, 30, and 40% (w/v) of zein using ethanol (70% v/v) as a solvent 

by electrospinning method. Electrical conductivity and apparent viscosity of the 

zein polymeric solutions were evaluated. The morphology of the electrospun 

nanofibers was evaluated by scanning electron microscope(SEM) and size 

distribution. Results showed that increasing zein concentration increased 

viscosity and the average diameter of the fibers but did not affect the electrical 

conductivity of the solutions, the lowest concentration of zein produces 

nanofibers of small diameters and fewer beads, while fibers prepared from zein 

solution at the highest concentration had ribbon-like shapes with the highest 

average diameter. The fibers electrospun from 30% zein had greater uniformity 
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and average diameter of 417 nm. These nanofibers have potential to use as 

encapsulants of compounds for food and active packaging development [127]. 

In 2016, Wen et al. prepared Nanofibres from polyvinyl alcohol (PVA) / 

cinnamon essential oil (CEO) / β-cyclodextrin (β-CD). An antimicrobial 

nanofiber film with an average diameter of 240 ± 40 nm was successfully 

produced under the best conditions using electrospinning technique. The 

addition of CEO/β-CD produced the nanofibrous film hydrophilic, according to 

water contact angle analysis. The PVA/CEO/β-CD nanofibrous film had 

excellent antimicrobial activity, and its minimum inhibitory concentration 

(MIC) against Staphylococcus aureus and Escherichia coli of approximately 

0.9–1 mg/mL (corresponding CEO concentration 8.9–9.9 μg/mL) and minimum 

bactericidal concentration (MBC) was approximate 7–8 mg/mL (corresponding 

CEO concentration 69.3–79.2 μg /mL). Furthermore, the electrospinning process 

was allowed for maintaining more CEO in the film resulting in an enhanced 

antibacterial activity compare with casting film. The PVA/CEO/β-CD 

nanofibers film can effective extend the shelf-life of strawberry, that indicated it 

has the potential to be used in active food packaging [128]. 

In2017, Liu et al. produced nanofibers from poly lactic acid (PLA) and 

chitosan- cinnamon essential oil (CS-CEO) nanoparticles for active packaging 

materials by using electrospinning. The effect of the different loading amounts 

from CEO (1%, 1.5%, 2%, and 2.5% v/v) on the structure, morphology, and 

release behavior of the composite fibers was studied using FTIR, SEM, UV, 

AFM analyses. The results indicated that incorporating CEO could improve the 

antibacterial properties of the PLA/CS-CEO fibers. The optimal composition 

was found to be PLA/CS-CEO-1.5, which showed the highest antibacterial for a 

long time and   a significant potential for active food packaging and other 

applications where antibacterial activity is required [129]. 
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In2018, Altan, el at. produced composite nanofibers from zein and poly 

(lactic acid) (PLA) by incorporating carvacrol at three different concentrations 

(5, 10 and 20%) using electrospinning. The field emission scanning electron 

microscope (FE-SEM) images showed that bead free fibers were obtained from 

zein and PLA polymer solutions containing carvacrol at different concentrations.  

The Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis 

(TGA), Antioxidant activity, and antimicrobial test. The results showed that 

carvacrol was encapsulated in nanofibers from zein and PLA. The antioxidant 

activity of carvacrol loaded zein fibers ranged from 62 to 75%, while 

antioxidant capacity of PLA fibers varied from 53 to 65% for 5 to 20% carvacrol 

content.  The composite nanofiber from zein and PLA at 20% carvacrol content 

inhibited 99.6 and 91.3% of the growth of mold and yeast. Carvacrol- loaded 

nanofibers with antioxidant and antimicrobial properties can be used to extend 

the shelf life of fresh foods as a new approach to electrospun fibers in food 

applications [130]. 

In 2018, Yue et al. produced nanofibers from solution of carboxymethyl 

chitosan and polyoxyethylene (CMCS/PEO) by using electrospinning 

technology. The purpose of this study  is to explore the potential application of 

electrospun (CMCS/PEO) nanofiber membranes in fruit preservation. The 

microstructure, antibacterial activity, hydrophilic, and air permeability of the 

nanofiber membrane have been tested. For compared, the fresh-keeping effects 

of typical conventional coatings and CMCS/PEO nanofiber membranes on 

strawberries’ rotting rate and weight loss were studied. The CMCS/PEO 

nanofiber membrane exhibited antibacterial capability to both Escherichia coli 

and Staphylococcus aureus. The measured gas permeability was on a scale of 

40–50 mm s
-1

 in the 200 Pa for nanofiber. These results showed that the 

CMCS/PEO nanofiber membrane might be used as a fruit packaging material. 

Compared with typical conventional coatings. Additionally, the composite 
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(CMCS/PEO) nanofiber membrane is non-toxic and edible, making it suitable 

for application in the food industry [06].  

In 2018, Deng et al. produced composite nanofibers of chitosan(CS) / 

poly ethylene oxide (PEO) /lauric arginate (LAE) by electrospinning method. 

The physical properties of the mixture (CS/PEO) such as viscosity, surface 

tension, and conductivity were calculated without (LAE) and after adding to the 

mixture at different weight ratios of 0.1%, 0.25%, and 0.5% (w/v), the addition 

of LAE did not change the physical properties of chitosan/PEO in acetic 

aqueous solutions. Were studied using by scanning electron microscopy (SEM) 

showed nanofibers with an average diameter of 150 nm without beads, Fourier 

transform infrared (FTIR), X-ray diffraction (XRD), thermal gravimetric 

analysis (TGA), differential scanning calorimetry (DSC), water contact angle.  

The Fourier transform infrared spectra and thermal analysis indicated that the 

LAE molecules were homogeneously dispersed within the chitosan/PEO 

nanofibers. The formation of electrostatic and hydrogen bonding interactions 

induced by the LAE addition changed the inter  and intermolecular interactions 

between PEO and chitosan and further affected the mobility of the polymer 

molecules, leading to the increased crystallinity and decreased melting point. 

The hydrophilicity of the nanofibrous films was significantly increased by the 

incorporation of LAE, as indicated by the decreasing water contact angle from 

39° to 10°. the chitosan/PEO/LAE nanofibrous films showed LAE concentration 

dependent antimicrobial activity against E. coli and S. aureus. The fluorescent 

staining experiments demonstrated that the antimicrobial mechanism of the 

nanofibers films was cell membrane damage. The nanofiber CS / PEO / LAE 

films has the potential to be used in the production of antimicrobial food 

packaging [131]. 
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  In 2019, Alehosseini et al. produced nanofibers from protin such as 

(gelatin and zein) loaded curcumin by electrospinning to make an effective 

coating for food packaging. Green Tea Extract (GTE) has been added to 

formulations to evaluate its effects on the stability, protective ability and release 

properties of curcumin from the fibers. Due to the low solubility of curcumin in 

aqueous solutions, it is combined with liposomes to facilitate incorporation into 

gelatin fibres. The addition of GTE resulted in strong interactions with proteins, 

and in the case of gelatin in particular., it improved the protective effect and 

slowed down the curcumin release from the fibers, although it did not prevent 

their collapse in water. the incorporation of GTE into the zein structures did not 

produce any significant improvements. The higher stability of the zein fibers in 

water and their better release performance in the polar food simulant. Were 

studied using by scanning electron microscopy (SEM), Fourier transform 

infrared (FTIR), Small angle X-ray scattering (SAXS), thermal gravimetric 

analysis (TGA), and transmission electron microscopy (TEM). The results 

showed the developed gelatin coatings a promising release behavior in contact 

with fatty food, and zein-based coatings would be more adequate for packaging 

of high water content food products. The coatings can be optimized for 

packaging structures in contact with more hydrophilic or hydrophobic food 

products by selecting the suitable protein matrix [132]. 

In 2019, Somsap et al. produced antibacterial nanofibers by the 

electrospinning method of polymeric solutions from chitosan (CS), cellulose 

acetate (CA), and gelatin (G) were blended at a volume ratio of 4: 1: 5, with the 

incorporation of eugenol at different concentrations of 0–10% v/v) into the 

mixed polymers solutions. Scanning electron microscopy (SEM) showed that 

the average diameter after entering the eugenol ranges from (152.32 ± 41. 48 - 

288.92 ± 77.69 nm). the diameter increases with the increase in the eugenol 

concentration, were using Differential scanning calorimetry (DSC) analyses, 
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release of the eugenol from nanofiber and Antibacterial test. The results showed 

that the release of eugenol was related to eugenol diffusion through the polymer 

and/or erosion of the polymer, and Thermal analysis proved better 

thermostability when the concentration of eugenol was less than 5.0% (v/v). The 

CS/CA/G electrospun nanofiber mats with incorporated eugenol were better in 

controlling Salmonella typhimurium and Staphylococcus aureus. This approach 

may effectively extend the shelf- life of food with potential applications in 

active food packaging and others products [133]. 

In 2021, Wang et at. produced nanofibers from gelatin/zein (G/Z) 

loading with different ratios of perillaldehyde (P) by using electrospinning 

method. The morphology showed that the G/Z/P film had a uniform 

microstructure and a nano diameter at a weight ratio of 5:1:0.02 (G/Z/P). The 

results of FTIR and XRD indicated that these three ingredients had good 

compatibility and strong interaction via hydrogen bonding. water contact angle 

results showed that the G/Z/P films gradually change from hydrophilic to 

hydrophobic with the increase of perillaldehyde. Thermal analysis indicated that 

the G/Z/P (5:1:0.02) film has good thermal stability. Antibacterial and storage 

analysis indicated that G/Z/P (5:1:0.02) film is effective to inactivate 

Staphylococcus aureus and Salmonella enteritidis, and obviously reduces the 

increasing rate of total bacteria counts and volatile basic nitrogen of chicken 

breasts. The results tests for the stability, morphology, and antibacterial activity 

of the different prepared films indicated that G/Z/P (5:1:0.02) has a potential 

application in antibacterial food packaging [134].  
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  2.11 Summary of literature reviews 

         Previous studies showed that there is a possibility to manufacture 

nanofibers by electrospinning technique using natural polymers and synthetic 

polymers or without the use of synthetic polymers by mixing natural polymers 

with each other using more than one solvent to improve the possibility of 

electrospinning of natural polymers. In addition to the possibility of using these 

fibers in the field of food packaging to protect them from harmful bacteria and 

external environmental conditions to maintain food quality, as a result of their 

high surface area to volume ratio and their biocompatibility. Some studies 

showed that the polymer concentration and mixing ratios have a direct effect on 

the shapes and properties of nanofibers, and other studies showed the effect of 

some solvents on natural polymers by evaluating the basic parameters of the 

solutions, where the increase in the concentration of natural polymers led to an 

increase in the diameter of the nanofibers, and the use of a polymer with a 

weight A high molecule to create the required entanglement between the chains 

for the success of the electrospinning process. This thesis will study what 

happens if natural polymers are mixed with each other and with different weight 

ratios on the properties of nanofibers, and investigate the possibility of using 

models of these fibers to protect food from bacteria that cause food spoilage. 
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3.1 Introduction  

      This chapter includes the properties of the polymers used in this work,  

gelatin, chitosan, pullulan, sodium alginate, as well as acetic acid and deionized 

water used as a solvent in the preparation of polymeric solutions used in the 

production of nanofibers by the electrospinning process. And physical tests of 

polymeric solutions (such as surface tension, electrical conductivity, and 

viscosity) and devices used in the characterization and analysis of nanofibers 

such as (FE-SEM, FT-NIR, AFM, XRD, UV, contact angle, and antibacterial) 

3.2 Materials used   

3.2.1 Chitosan (CS)  

         Chitosan low molecular weight (L.M.W.) was purchased from Verdean 

house, Daryaganj, New. Delhi-110002 (India). Table 3.1 describes properties of 

the chitosan. Cash number:9012-76-4   

Table 3.1 Properties of the chitosan. 

Property Data 

Molecular formula (C6H11NO4)n 

Appearance Off- White to yellow- beige powder/chips 

Molecular  weight 50000- 190000 Da 

Viscosity 20- 300 Cp 

Loss on drying (105 °C) 10.0% 

Ash 2.0% 

Solubility Aqueous solutions of acetic acid 

Deacetylation 75 – 85 % 
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3.2.2 Sodium Alginate (SA) 

        Sodium alginate (SA) was purchased of HiMedia Pvt.Ltd., company, 

Dindori, Nashik, India. Table 3.2 describes properties of the sodium alginate. 

Cash number:9005-38-3  

 

Table (3.2) Properties of the sodium alginate 

 Property Data 

Molecular formula (C6H7NaO6)n 

Appearance White to yellow fibrous or granular powder  

Solubility Soluble in water 

Density (g/cm³) 1.601 

Molecular weight(g/mol) 216.12 

 

3.2.3 Pullulan(PUL) 

    Pullulan (PUL) was purchased of HiMedia Pvt.Ltd., company, Dindori, 

Nashik, India. Table 3.3 describes properties of the pullulan. Cash number:9027-

02-7 

 

Table 3.3 Properties of the pullulan 

Property Data 

Molecular formula (C6H12O5)n 

Appearance White powder 

Solubility Soluble in water 

Molecular weigth (g/mol) 90000 
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3.2.4 Gelatin(G) 

       Gelatin (G) was purchased from ―HiMedia Laboratories Pvt. Ltd. A-516,‖ 

Swastik Disha Business Park, Via Vadhani‖ (India). Table 3.4 describes 

properties of the Gelatin.Cash number:9000-70-8 

Table 3.4 Properties of the Gelatin 

Property Data 

Molecular formula C102H151N31O39  

Appearance White to slightly yellow powder 

Molecular weigth (g/mol) 180000 

Solubility Soluble in  hot water and acetic acid  

Density(g/ cm³) 1.2 

   

3.2.5 Acetic acid glacial (AA) 

        Acetic acid glacial (AA) was purchased from HiMedia Laboratories Pvt. 

Ltd., company India. Table (3.5) shows properties of the Acetic acid glacial. 

Cash number 64-19-7 

Table (3.5) Properties of the Acetic acid glacial 

Property Data 

Molecular formula CH3COOH 

Molecular weigth(g/mol) 60.05 

Density(g/ ml) 1.049 

Assay 99.7- 100.0% 

Freezing point  16.6 °C 

Boiling point  117.9°C 

Solubility Miscible with water 
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3.3 Preparation of Solution  

3.3.1 Preparation samples for blending (G: CS: SA)  

         In this work, the solutions are prepared by dissolving gelatin (14g) in 

aqueous acetic acid 86g (77.4g AA+8.6g DIW)  and the chitosan (2g) in 

aqueous acetic acid 98g  (1.96g  AA+96.04g  DIW)  by using a hot plate stirrer 

at temperature (50 °C) for two (2) hours. While sodium alginate solution (1g) 

was prepared in deionized water (DIW) using a stirrer at room temperature 

(25°C) for two (2) hours. All solutions were produced at room temperature 

(25°C) with a stirrer for (24) hours to obtain a homogeneous mixture with 

different weight percentages which was used for electrospinning. The mixing 

ratios of the three natural biopolymers (gelatin, chitosan, and sodium alginate) 

were 100:0:0, 80:10:10, 60:20:20, 40:30:30, 20:40:40, and 0:50:50, as shown in 

Figure 3.1A and Table 3.6.  

3.3.2 Preparation samples for blending (G: CS: PUL)  

        The solutions are prepared by dissolving gelatin (14g) in aqueous acetic 

acid 86g (77.4g AA+8.6g DIW  ) and the chitosan (2g) in aqueous acetic acid  

98g (1.96g  AA+96.04g  DIW) by using a hot plate stirrer at temperature (50 °C) 

for two (2) hours. While pullulan solution (10g) was prepared in deionized water 

(DIW) using a stirrer at room temperature (25°C) for two (2) hours. All 

solutions were produced at room temperature (25°C) with a stirrer for (24) hours 

to obtain a homogeneous mixture with different weight percentages which was 

used for electrospinning. The mixing ratios of the three natural biopolymers 

(gelatin, chitosan, and pullulan) were 100:0:0, 80:10:10, 60:20:20, 40:30:30, 

20:40:40, and 0:50:50, as shown in Figure 3.1B and Table 3.6. 
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Fig. (3.1) Schematic diagram of preparation tertiary natural biopolymers solution    

and electrospinning process for (A) G: CS: SA (B) G: CS: PUL 
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                          Table (3.6) Materials used percentages 

(G: CS: SA) blends (G: CS: PUL) blends 

G 

(g) 

CS 

(g) 

SA 

(g) 

Blend Ratio 

(%) 

G 

(g) 

CS 

(g) 

PUL 

(g) 

Blend Ratio 

(%) 

14 2 1 100:0:0 14 2 10 100:0:0 

14 2 1 80:10:10 14 2 10 80:10:10 

14 2 1 60:20:20 14 2 10 60:20:20 

14 2 1 40:30:30 14 2 10 40:30:30 

14 2 1 20:40:40 14 2 10 20:40:40 

14 2 1 0:50:50 14 2 10 0:50:50 

3.4 Electrospinning process  

      After the solution mixing process is completed. The prepared solutions were 

placed into a standard 1 mL syringe attached to a stainless steel needle as a jet. 

A needle-jet was placed in front of the metal collector, which was arranged 

horizontally, during the electrospinning process, the positive electrode was 

connected to the tip of the needle-jet, while the negative electrode was 

connected to the metal collector, which used as a target for nanofiber deposition. 

The process conditions used were: the applied voltage was 22 KV, the tip-

collector distance was 20 cm, the temperature was 25 °C, the rotation speed was 

900 rpm, the flow rate was 0.5 ml/hr, and the humidity was below from 45%, as 

shown in Figure (3.2).   
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                                 Fig. (3.2) Electrospinning device. 
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3. 5 Testing Procedure  

The nanofibers and the solutions used in preparing them were tested using 

different techniques, as shown in the Figure (3.2) 

 

                           Fig. (3.3) Procedure of Testing the nanofiber 
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3.5.1 Viscosity  

    Figure (3.4) shows the Brookfield DV-III Ultra Rheometer used to measure 

the viscosity of solutions in units of mPa.S with shear rate (0.00-200) s-1 and the 

relationship between shear stress and shear rate. This test according to ASTM 

D7395. This test was performed in Materials Engineering College Babylon 

University. 

 

                   Fig. (3.4) Brookfield DV-III Ultra Rheometer 

 3.5.2 Surface tension                                        

     A JZYW-200B automatic interface tension meter from Beijing United Test 

Co., Ltd., Surface Interfacial Tensiometer, uses a platinum ring immersed in the 

solution placed in a cylindrical Petri dish. The ring is pulled across the surface 

of the solution. The solution sticks to the ring some distance above the surface. 

When it separates, the surface tension of the solutions is measured in mN/m, as 

shown in Figure (3.5). This test was performed in Materials Engineering College 

Babylon University. 
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                                     Figure (3.5) Surface tension measuring device                

3.5.3 Water Contact Angle (W.C.A)  

     A water contact angle (circle fitting mode) was used to test the wettability 

of the bio nanofibers by using" SL200B Optical Dynamic / Static Contact 

Angle Meter" shown in the Figure (3.6). This test was performed in Materials 

Engineering College Babylon University. 
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                         Fig. (3.6) Water contact angle measurement device 

3.5.4 Electrical Conductivity  

       This test was performed by the electrical conductivity device "HANNA 

Instruments Model-Conductivity Meter 214 EC" shown in Figure (3.7). To find 

out the electrical conductivity values of polymeric solutions used in the 

production of nanofibers.  

 

                            Fig. (3.7) conductivity measuring device 
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   3.5.5 Atomic Force Microscopy (AFM) 

        The technique of atomic force microscopy (TT-2 AFM) using a scanning 

Prope microscope, as through this technique that surface properties such as 

roughness can be determined. Modern atomic force microscopes include not 

only a probe and piezoelectric scanner, but additional hardware for bringing the 

probe rapidly into the proximity of a surface. A video optical microscope is very 

helpful for operating an AFM. The video microscope helps with aligning the 

light lever and probe approach, and for finding features for scanning. The 

control computer is a standard IBM/PC-type computer with a Microsoft 

Windows operating system. There are two programs required to operate the TT-

2 AFM: the AFM control software and the software for the color video camera. 

As shown in the Figure (3.8). this test was performed in Islamic republic of Iran 

by CAC Laboratories.  

 

                   Fig. (3.8) TT-2 AFM Atomic force microscopy device 
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3.5.6 Field- Emission Scanning electron microscopy (FE-SEM  (   

The morphology (size, shape, and diameter) of the nanofibers was 

evaluated using a field emission scanning electron microscope ―FESEM (Zeiss 

Sigma 300- HV) GERMANY‖. The Digitizer Image Analysis Software 

application was used to calculate the standard deviation diameter and the nano-

fiber diameters ranges, as shown in the Figure (3.9). this test was performed in 

Islamic republic of Iran by CAC Laboratories. 

 

Fig. (3.9) FE-SEM (Zeiss Sigma 300- HV) device 

3.5.7 X-ray diffraction analysis(XRD) 

           It is a rapid analytical technique, primarily used for phase identification 

of crystalline materials, and can also provide information on unit cell 

dimensions. XRD is generated in a cathode ray tube by heating a filament to 

produce accelerated electrons toward the target by applying a high voltage. The 

crystal structure of the nanofibers was investigated by X-Ray Diffraction 
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(2700AB, HAOYUAN Co., China) at room temperature, shown in Figure 

(3.10). this test was performed in Islamic republic of Iran by CAC Laboratories. 

 

 

Fig.(3.10) X-Ray Diffraction (2700AB HAOYUAN co., china) device 

3.5.8 Fourier transform near- infrared spectroscopy(FT-NIR)  

       The Fourier transform Near- Infrared Spectrometer (FT-NIR) "Spectrum 

Two N
TM

 FT-NIR, PerkinElmer, Inc.-USA" includes a spectrogram between 

transmittance or absorption and wavelength to find out the type of interaction 

between components and types of bonds. This test was performed according to 

ASTM E1252, as shown in Figure (3.11). this test was performed in Islamic 

republic of Iran by CAC Laboratories. 

 

Fig. (3.11) Fourier transform near- infrared spectroscopy(FT-NIR) device 
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3.5.9 Ultraviolet-visible spectrophotometer(UV)  

        Device UV-Visible spectrophotometer type UV-1800, (Shimadzu-Japan). It 

is used to determine the absorption of light from the sample. The liquid sample 

was put in the quartz cell of device (4 cm), where a double beam 

spectrophotometer utilizes two beams of light: a reference beam and a sampling 

beam that passes through the sample. Some double beam spectrophotometer has 

two detectors that allow the two beams to be measured at one time. The aim of 

this test was to measuring optical absorbance spectra of solutions, as shown in  

Figure 3.12. This test was performed in Materials Engineering College Babylon 

University. 

                    

                   Fig. (3.12) UV- visible- spectrophotometer device 

3.5.10 Anti-Bacterial Test 

        In the Muller-Hinton agar plate test, an antimicrobial film is placed in an 

agar medium containing the test microorganism (Escherichia coli, 

Staphylococcus aureus). The agar plates are incubated until growth is visible 

using an incubator device. (Binder Incubator BD115 with natural convection, 

model BD115-Incubators Avantgarde), as shown in Figure (3.13). The clear 
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zone surrounding the nanofiber indicates antimicrobial diffusion from the 

nanofiber and growth inhibition, the diameter of the inhibitory zone was 

measured and recorded in millimeters to determine the antibacterial activity, as 

shown in Figure (3.14). The method of testing the agar plate mimics food 

packaging and may indicate what can happen when membranes contact 

contaminated surfaces and the antimicrobial agent migrates from the membranes 

to the food [135]. This test was performed In College of Science, Department of 

Life Sciences in Babylon University. 

 

Fig. (3.13) Incubator device (model Binder Incubator BD115) 

 

Fig. (3.14) Schematic diagram showing for measuring 

the diameter of the inhibitory zone [136] 
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4.1 Introduction 

This chapter includes a discussion of the results of the tests of nanofibers 

and the polymeric solutions used in their production and observing the effect of 

changing the proportions of polymeric solutions on the production of nanofibers 

and their morphological and structural properties.  

These tests include (AFM, FE-SEM, FT-NIR, XRD, UV, contact angle, and 

anti-bacterial) for nanofibers, while tests of polymeric solutions include 

viscosity, surface tension and conductivity. 

4.2 Rheological Properties 

4.2.1  viscosity test 

The viscosity of the polymer solution is one of most important factors in 

influencing the structural morphology of the nanofiber structure. The viscosity 

of pure polymer solutions increases with increasing polymer concentration 

[137].The ideal viscosity of a polymer solution varies based on the polymer and 

solvent used.The polymer concentration affects the spinnability and 

homogeneity of the nanofibers produced . It is important that the solution is not 

too dilute or overly concentrated. However, the concentration of the solution 

must be high enough for chain entanglement to occur[138] . The addition of 

gelatin to (chitosan / sodium alginate) and (chitosan / pullulan)  solutions 

improved the electrospinning process.The chemical and physical properties of 

solutions, such as viscosity, have an important role in the producing of regular 

and continuous nanofibers . As the increasing in the proportion of gelatin in the 

solutions leads to an increase in the viscosity and improves chain entanglement 

for fiber formation as shown in Figure (4.1) and Tables(4.1 and 4.2) . The values 

of electrospun viscosity were calculated from the Figures(1 and 2) at shear 

rate(24S
-1

)  as shown in the index (A). 
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Fig (4.1) explain viscosity (mPa.S) and gelatin content for 

mixtuers solutions(G:CS:PUL)and(G:CS:SA) 

4.2.2 surface tension test 

        Surface tension is an important factor at electro spinning, change solutions 

may give various surface tensions. Uniform nanofibers without beads can be 

manufactured by keep the concentration constant and lowering the surface 

tension [70]. Table 4.1 shows the results of the rheological properties of pure 

gelatin solutions and mixtures (G: CS: SA) with different proportions .we notice 

the increase in surface tension when the percentage of gelatin decreases from 

(80% to 20%) in the biopolymer mixture (G: CS: SA). As for the mixture of 

gelatin, chitosan, and pullulan with different weight ratios, we also noticed an 

increase in surface tension when reducing the percentage of gelatin from (80% 

to 20%) in the biopolymer mixture (G: CS: PUL), as shown in Table 4.2. The 

reason for the increase in surface tension is the large number of internal faces 

formed in solutions [139]. 
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4.2.3 Electrical Conductivity 

  High conductivity polymer solutions has a higher charge carrying 

capacity than  low conductivity polymer solutions. The Create of a Taylercone 

and the controlling of nanofiber diameter are both affected by solution 

conductivity. The weak conductivity solution cannot produce nanofibers with 

the electrospinning technique because the surface of the droplet will be free of 

charge, preventing the Taylor cone from forming. On the other hand, the 

increase in the conductivity of the solution will induce the Taylor cone to 

develop due to the increased charge on the surface of the droplet . We note from 

the results presented in Table 4.1 that the electrical conductivity of the solution 

decreased from 660 to 580.3 μs/cm, when the percentage of gelatin increased 

from (20% to 80%) in the mixture of biopolymers solutions (G:CS:SA) [140]. In 

addition, from the results presented in Table 4.2 solutions of gelatin, chitosan 

and pullulan with different weight ratios, we noticed a decrease in the electrical 

conductivity of the solution from 490.45 to 400.23 μs/cm, when the percentage 

of gelatin increased from (20% to 80%) in the mixture of biopolymers solutions 

(G: CS: PUL). These results indicated that increasing in electrical conductivity is 

due to the increase in free ions in solutions and agree with previou study [141]. 

4.3 Contact Angle  

      The contact angle plays an important role in converting nanofibers from 

hydrophobic polymeric materials to hydrophilic materials, which leads to 

increasing the nanofiber release efficiency and improving its antibacterial 

efficiency. From Figure 4.2, we observed that the values of contact angles 

increased from (27.516°) to (54.988°) with decreasing gelatin content (80%-

20%) in the blends   nanofibers (G:CS:SA). The contact angle also increased 

from (25.5°) to (56.545°) when the percentage of gelatin was reduced from 80% 

to 20% in the blends  nanofibers (G:CS:PUL). This result because of increased 
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the ratio of chitosan for all nanofibers and the good interconnection between the 

components of the nanofibers [142 ].    

 

Fig. (4.2) shows the contact angles of pure gelatin fibers and 

bio-nanofibers (G:CS:SA) and (G:CS: PUL) with different 

weight ratios 
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Table 4.1 represents the results of pure gelatin and polymer blends solutions as 

Conductivity (µS/cm), Surface tension (mN/m), Viscosity (mPa.S) at shear rate 

(24S
-1

) 

 

Table 4.2 represents the results of pure gelatin and polymer blends solutions as 

Conductivity (µS/cm), Surface tension (mN/m), Viscosity (mPa.S) ) at shear rate 

(24S
-1

) 

 

 

 

 

 

 

Gelatin ratio (%) Conductivity  Surface tension   Viscosity  

 

0.0 (50% CS: 50% SA ) 

 

693.3 

 

38.006± 0.104 

 

45.2 

 

20  (20 % G : 40 % CS:40%  SA) 

 

660 

 

32.56±0.235 

 

63.3 

 

40  (40 % G : 30 % CS: 30% SA ) 

 

635.2 

 

27.616±0.205 

 

81.4 

 

60  (60 % G : 20 % CS: 20% SA ) 

 

600.7 

 

24.194±0.322 

 

108.8 

 

80 (80 % G : 10 % CS: 10%  SA) 

 

580.3 

 

23.703±0.210 

 

148.3 

 

100 (Pure Gelatin ) 

 

570.6 

 

23.061±0.671 

 

200.4 

Gelatin ratio (%) Conductivity Surface tension Viscosity 

 

0.0  (50% CS: 50% PUL ) 

 

567.8 

 

39.423±0.412 

 

79.12 

 

20  (20 % G : 40 % CS:40%  PUL) 

 

490.45 

 

39.17±0.160 

 

99.97 

 

40  (40 % G : 30 % CS: 30% PUL ) 

 

425.32 

 

34.716±0.210 

 

123.72 

 

60  (60 % G : 20 % CS: 20% PUL ) 

 

415.51 

 

32.96±0.395 

 

135.22 

 

80 (80 % G : 10 % CS: 10%  PUL) 

 

400.23 

 

32.27±0.0472 

 

149.76 

 

100 (Pure Gelatin ) 

 

212.6 

 

23.061±0.671 

 

200.4 
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4.4 AFM Analysis of nanofiber  

     Figure (4.3) and Table (4.3) show the roughness parameters of nanofibers for 

pure gelatin and nanofibers for solutions of gelatin, chitosan and sodium alginate 

with different weight ratios. We noticed a decrease in the (Sdr%) from (281.7 %) 

to (36.37 %) when the percentage of gelatin in the mixtures decreased from 

(100%) to (60%), and then increased from (45.35%) to (96.97 %) with 

decreased ratios gelatin in the mixtures from 40% to 20%, because of formation 

beads. These results indicated that the high viscosity or high nanofibers diameter 

lead to high surface roughness and interaction  between the blends polymers 

lead to low surface roughness [143]. As well formation of beads in the 

nanofibers leads to an increase in the surface roughness when the percentage of 

gelatin decreases from (40%) to (20%). 

On other hand, the roughness parameters of blends biopolymers nanofibers as 

(Sdr%) of (G:CS: PUL) decreased from (281.7) to (27.21) when decreased the 

ratio of gelatin in blends from (100 % to 40 %).  Then increased to (42.95) at 20 

% gelatin blend, because of formation only beads. These results indicated that 

the high viscosity or high diameter of the nanofibers leads to a high surface 

roughness, and that the interaction between the polymer mixture leads to a 

decrease in the surface roughness [70]. As well formation of beads in the 

nanofibers leads to an increase in the surface roughness when the percentage of 

gelatin decreases to (20%), shown in Table (4.4) and Figure (4.4). 
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Fig. (4.3) AFM images by using MountainsSPIP® Expert 8.2.9621 according to   

ISO 25178 - Primary surface for pure gelatin and bio nanofibers blends (G: CS: 

SA) with different weight ratios 
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Fig. (4.4) AFM images by using MountainsSPIP® Expert 8.2.9621 according to   

ISO 25178 - Primary surface for pure gelatin and bio nanofibers blends (G: CS: 

PUL) with different weight ratio 
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Table (4.3) Sq, Sz, Sa, Sdr (%) Roughness parameters of pure gelatin 

fibers and nanofibers for (G: CS:SA) with different weight ratios 

 Gelatin ratio (%)  Sq(nm) Sz(nm) Sa(nm) Sdr(%) 

20(20%G:40%CS:40%SA) 152.1 764.7 124.6 96.97 

40(40%G:30%CS:30%SA) 32.20 121.6 27.50 45.35 

60(60%G:20%CS:20%SA) 26.99 105.2 22.87 36.37 

80(80%G:10%CS:10%SA) 30.01 136.3 23.33 53.11 

100%G 308.7 1330 246.6 281.7 

 

Table (4.4) Sq, Sz, Sa, Sdr (%) Roughness parameters of pure gelatin 

fibers and nanofibers for (G:CS: PUL) with different weight ratios 

Gelatin ratio (%)  Sq(nm) Sz(nm) Sa(nm) Sdr(%) 

20(20%G:40%CS:40%PUL) 42.32 202.9 32.25 42.32 

40(40%G:30%CS:30% PUL) 79.546 48.63 78.163 27.21 

60(60%G:20%CS:20% PUL) 30.13 165.0 24.68 32.94 

80(80%G:10%CS:10% PUL) 206.9 794.1 174.3 219.9 

100%G 308.7 1330 246.6 281.7 

 

4.5 FE- SEM Analysis of nanofiber 

  The results of the morphological properties of the pure gelatin nanofiber 

and blends nanofiber from gelatin: chitosan: sodium alginate with different 

composition ratios were shown in Table (4.5) and Figure (4.5). There is no 

possibility of electrospinning the solutions at mixing ratios of 50% CS: 50% SA, 

as a result of high surface tension, as shown in the Table (4.1), while there was 

electrospinning ability for solutions at a mixing ratio of 20% G: 40% CS: 40% 

SA, as shown in Figure 4.7A; without nanofibers, only a large amount of drops 
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formation, due to the low percentage of gelatin, the viscosity of the mixture 

decreased. The ability of the electrospun nanofibers improves with increasing 

gelatin in the mixing ratio 40% G: 30% CS: 30% SA, 60% G: 20% CS: 20% 

SA, and 80% G: 10% CS: 10% SA. The nanofibers are denser and uniform with 

100% G, 80% G: 10% CS: 10% SA, 60% G: 20% CS: 20% SA with a decrease 

in the diameters and range of the nanofibers and absence of beads than 

nanofibers with decrease gelatin proportion. The fibers were uniform and the 

average diameter (AD) begins to decrease from (256.86±56.56 nm) to 

(142.35±59.05 nm) when decreasing the gelatin ratio from 100% to 60 % and 

range of nanofiber diameter distribution gradually decreasing from (152.94 - 

400 nm) to (47.06-352.94 nm), while the decrease in the percentage of gelatin to 

40%  leads to the formation of nano-fibers with beads as a result of decreasing 

the viscosity of the mixture solution (gelatin, chitosan, and sodium alginate).The 

ratios (80:10:10) and (60:20:20) of gelatin: chitosan: sodium alginate are the 

best blending ratio had a uniform nanofiber with very low beads formation [140] 

On the other hand, for a pure gelatin solution and a mixture of gelatin, chitosan, 

and pullulan solutions with different weight ratios. There is no possibility of 

electrospinning the solutions at mixing ratios of 50% CS: 50% PUL, the result of 

the high surface tension shown in the Table (4.2). In addition, there is the 

possibility of electrospinning the solutions and drops formation only with a ratio 

of 20% G: 40% CS: 40%, as shown in Figure 4.7B, as a result of the decrease in 

the percentage of gelatin, which led to a decrease in the viscosity of the 

solutions. The ability of electrospun nanofibers improves with the increase of 

gelatin in the blending ratio 40 % G: 30 % CS: 30% PUL, 60 % G: 20 % CS: 

20% PUL, 80 % G: 10 % CS: 10% PUL. the nanofibers are denser and uniform 

at the ratio at 100 - 40% gelatin with decrease in the diameters and range of the 

nanofibers. The average diameter (AD) begins decrease from (256.86±56.56 

nm) to (82.32±33.91 nm) when decreasing the gelatin ratio from 100% to 40 % 
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and range of nanofiber diameter distribution gradually decreasing from (152.94-

400 nm) to (30.76-209.13nm). The ratios (80:10:10) and (60:20:20) of gelatin: 

chitosan: pullulan were the best blending ratio which had a uniform nanofiber 

with very low beads formation [144 ]. This result is shown in Table (4.6) and 

Figure (4.6).  

Table (4.5) Average fibers diameters, ranges of Nanofibers (nm) , and ability of 

electro spun for blends  gelatin :chitosan: sodium alginate with different 

weight ratios. 

Gelatin ratio (%) 

Ranges of 

Nanofibers 

(nm) 

Ability of Electro spun 

0.0 (50% CS: 50% SA ) None None 

20  (20 % G : 40 % CS:40%  SA) None Yes, with drops formation 

40  (40 % G: 30 % CS :30% SA ) 23.53 – 105.88 Yes, with (Fiber+ Beads) formation 

60  (60 % G: 20 % CS: 20% SA ) 47.06 - 352.94 Yes, with Fiber formation 

80  (80 % G : 10 % CS: 10%  SA) 725.88-294.12 Yes, with Fiber formation 

100 (Pure Gelatin ) 152.94 - 400.00 Yes, with Fiber formation 
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Table (4.6) Average fibers diameters, ranges of Nanofibers (nm) , and ability of 

electro spun for blends gelatin :chitosan: Pullulan with different weight ratios. 

Gelatin ratio (%) Ranges of 

Nanofibers 

(nm) 

Ability of Electro spun 

0.0 (50% CS: 50% PUL ) None None 

20  (20 % G : 40 % CS:40%  PUL) None Yes, with drops formation 

40  (40 % G : 30 % CS :30% PUL ) 30.76-209.13 Yes, with Fiber formation 

60  (60 % G : 20 % CS: 20% PUL)     21.13-145   Yes, with Fiber formation 

80  (80 % G : 10 % CS: 10%  PUL) 39.43-198.37      Yes, with Fiber formation 

100 (Pure Gelatin )  152.94-400.00      Yes, with Fiber formation 
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Fig. (4.5)  FE-SEM-histograms of  bio nanofibers diameter distribution  for three 

blends biopolymers nanofibers (A) Gelatin(100%) ,(B) 80% G: 10 %CS: 10% 

SA , (C)  60% G:20 %CS: 20% SA ,and (D) 40% G:30 %CS: 30% SA 
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Fig. (4.6) FE-SEM histograms of  bio nanofibers diameter distribution  for three 

blends biopolymers nanofibers (A) Gelatin(100%) ,(B) 80% G: 10 %CS: 10% 

PUL , (C)  60% G: 20 %CS: 20% PUL ,and (D) 40% G:30%CS:30%PUL 

 

 



Chapter Four…………………….…Results and Discussion 

77 

 
Figure (4.7) shows SEM images of droplets  with different weight ratios (A) 

20% G: 40% CS: 40% SA (B) 20% G: 40% CS: 40% PUL 

 

4.6 (FT-NIR) Analysis of nanofiber 

The chemical bonds that occur between the nanofibers components during 

their formation can be determined using FT-NIR. Whereas, the FT-NIR (500-

4000) cm
-1

 analysis range was used. Figure 4.11(a) to (d) shows the FT-NIR 

spectra of gelatin (G), chitosan(CS), sodium alginate(SA), and blending 

nanofibers(G:CS:SA), respectively. The FT-NIR spectrum of gelatin (as seen in 

Figure 4.8 (a) the absorption peaks at (3388, 2922, 1651, 1557, 1240, and 1094 

cm
–1

, these peaks represent secondary amide NH stretching, CH stretching, C=O 

stretching (amide I), NH bending (amide II), and C–O–C stretching, 

respectively. Figure 4.8 (b) shows the absorption peaks of chitosan (CS) at 3314, 

2922, 2851, 1651, 1557, 1423, 1380, and 1157cm
-1

. this peak 3314 cm
-1

 

represents NH and OH stretching vibrations [145]. The CH stretching vibration 

caused the bands at 2922 and 2851 cm
-1

 [146]. The bands are at 1651 and 1557 

cm
-1

 amino groups (amide I (C=O str.) and amide II (N-H bend and C-N str.) 

[147]. The CH2 and CH3 vibrations are assigned bands about 1423 and 1380 

cm
-1

, respectively. The characteristic bands of C–O–C linkage were found in the 
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1157 cm-1. The typical absorption peaks of sodium alginate(SA) at 3430, 2900, 

1610, 1417, 1100, 970, and 828cm
-1

, this peaks represents OH stretching of 

hydroxyl groups, CH stretching groups, asymmetric COO- stretching, 

symmetric COO- stretching, C-O stretching, C-O stretching (uronic acid), C-H 

stretching (mannuronic acid), respectively, shown in Figure.4.8(c).  In the 

spectrum for (G: CS:SA) showing a high electrostatic attraction between sodium 

alginate's negatively charged carboxylic acid salts (COO-) and chitosan's 

positively charged amino groups (-NH3+) at 1545 cm-1[148], and (C=O) group 

for (G) with N–H groups of (CS) result in strong hydrogen bonds. shown in 

Figure.4.8(d) [149]. 

The interaction of the carboxyl group of alginate with the amino group of 

gelatin leads to the formation of the polyelectrolyte region of 1500-1650 cm
-1

 

[150]. 

Figure 4.9 (a) and (d) show the FT-NIR spectra of gelatin (G), chitosan 

(CS), pullulan (PUL), and blending nanofibers (G: CS: PUL), respectively. The 

FT-NIR spectra of pullulan(PUL) were seen at 3310 cm
-1

 (O-H stretching 

vibrations), 2930 cm
−1 

(C-H vibrations),1636 cm
-1

(O-C-O stretching), 1354 cm
-

1
(C-O-H stretching), 1081 cm

-1
(C6-OH stretching), and 929 cm

−
1 (α-(1, 6)-D-

glycosidic) shown in Figure 4.9 (c) [151].  In the spectrum for (G: CS: PUL) the 

hydrogen bonds of pullulan and gelatin were formed between groups (O–H) of 

pullulan and (N–H, O–H) of gelatin. Ionic bonds form between chitosan, which 

has a positive charge, and the amino acids in gelatin, which have a negative 

charge. The amino acids in gelatin also contain -COOH, -NH2 and -OH groups 

that can form hydrogen bonds with -OH and -NH2 groups on the chitosan 

structure, as shown in Figure 4.9 (d) [144 ]. The FT-NIR spectra of the G:CS:SA 

and G:CS: PUL nanofiber films had the characteristic peaks of G, CS, SA, and 

PUL and did not have additional peaks. These results indicated that all the 
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interactions among these three ingredients during the formation of nanofiber 

films were physical. 

 

Fig. (4.8) shows the FT-NIR spectra for(a) G, (b) CS, (c)SA, (d) G:CS: SA bio-

nanofiber 
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   Fig. (4.9) shows the FT-NIR spectra for(a) G, (b) CS, (c)PUL, 

(d) G:CS: PUL bio-nanofibers. 

 

 

 



Chapter Four…………………….…Results and Discussion 

81 

4.7 (XRD) Analysis of nanofiber  

The crystalline structure of the bio- nanofibers were determined, as the 

crystallinity % was the most important physical properties of the pure nanofiber 

and blends nanofiber. Therefore, the X-ray diffraction (XRD) pattern was used 

to characterize the crystallization changes of pure (G) nanofibers, nanofibers 

from mixture of G:CS:SA, and nanofibers from mixture of G:CS: PUL at 

different weight ratios. 

The crystal structures of nanofibers prepared by electrospinning methods were 

obtained by XRD analysis. According to Figure (4.10) and Table (4.7), the pure 

(G), (80G: 10CS: 10SA), (60G: 20CS: 20SA), and (40G: 30CS: 30SA) 

nanofibers showed broad diffraction peaks at 2θ = 19.39°, 22.1°, 21.4°, and 

20.89°, respectively, as well as a small peak at 2θ = 51.24°, 53.65°, 54.03°, and 

52.82° for the nanofibers for (G), (80G: 10CS: 10SA), (60G: 20CS: 20SA), and 

(40G: 30CS: 30SA), respectively. After calculation, the crystallinity of the (G), 

(80G:10CS:10SA), and (60G:20CS:20SA) nanofiber were 6.03%, 7.19%, and 

8.1%, respectively. Compared with the pure (G) the crystallinity% increased, 

these results lead to improve crystalline properties of gelatin by bends with the 

CS and SA, while the crystallinity % of the(40G:30CS:30SA) is decreased, due 

to the formation of beads and low fiber density, as shown in images (FE-SEM) 

Figure (4.5) D. The best crystallinity % at 80G:10CS:10SA and   

60G:20CS:20SA blend ratio, which indicates more interaction between the 

intermolecular of the blends [148]. 

Figure (4.11) and Table (4.8),the (G), (80G:10CS:10PUL), 

(60G:20CS:20PUL), and (40G:30CS:30PUL) nanofibers showed broad 

diffraction peaks at 2θ=19.39°, 20.4°, 19.9°, and 19.20° respectively, and the 

small peaks at 2θ=51.24°,51.65°, 48.53°, and 52.22° for the nanofiber for (G), 

(80G:10CS:10PUL), (60G:20CS:20PUL), and (40G:30CS:30PUL) respectively. 

After calculation, the crystallinity of the (G), (80G:10CS:10PUL), and 



Chapter Four…………………….…Results and Discussion 

82 

(60G:20CS:20PUL) nanofiber were 6.03%,7.59%, and 9.21%, respectively, 

Compared with the pure (G) the crystallinity% of nanofiber were increased, 

These results lead to improve crystalline properties of gelatin by bends with the 

CS and PUL, while the crystallinity %  is decreased, Due to the low fiber 

density, As shown in images (FE-SEM ) Figure (4.6 ) D. the best crystallinity % 

at 80G:10CS:10PUL and   60G:20CS:20PUL blend ratio, which indicates more 

interaction between the intermolecular of the blends .  

     Table (4.7) results of Orientation of pure gelatin nanofiber and  

nanofibers of (G: CS: SA) with different weight ratios 

Gelatin ratio (%) Orientation 

20(20%G:40%CS:40%SA) Beads 

40(40%G:30%CS:30% SA) 3.9% 

60(60%G:20%CS:20% SA) 8.1% 

80(80%G:10%CS:10% SA) 7.19% 

100%G 6.03% 

 

         Table (4.8) results of Orientation of pure gelatin nanofiber and 

nanofibers of (G:CS: PUL) with different weight ratios 

Gelatin ratio (%) Orientation 

20(20%G:40%CS:40%PUL) Beads 

40(40%G:30%CS:30% PUL) 4.33% 

60(60%G:20%CS:20% PUL) 9.21% 

80(80%G:10%CS:10% PUL) 7.59% 

100%G 6.03% 

 



Chapter Four…………………….…Results and Discussion 

83 

 

 

Fig. (4 .10) shows the X-ray diffractometric analysis of (A) 40G: 

30CS:30SA, (B) 60 G:20CS:20SA, (C) 80 G:10CS:10SA, and (D) pure 

gelatin nanofibers. 
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Fig. (4.11) shows the X-ray diffractometric analysis of (A) 40G: 

30CS:30PUL, (B) 60G: 20CS:20PUL, (C) 80G:10CS:10PUL, and (D) 

pure gelatin nanofibers 
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4.8 Bio Nanofibers Release 

For the purpose of determining the release of Anti-Bacterial polymeric 

substances that prevent food spoilage, 4 mg of pure gelatin nanofibers and 

nanofibers of polymeric mixtures represented by (G:CS:SA) and (G:CS: PUL) 

were dissolved in 10 mL of distilled water. The release of polymeric materials in 

distilled water is done by determining the wavelengths because of changing the 

absorption peak, using UV spectra according to the length of the wavelength 

from190 nm to 300 nm (as seen in the Figure 4.12). The maximum absorption 

peak of pure gelatin is 240 nm, Because of the presence of amino groups in 

gelatin, which are glycine, proline and argine, are responsible for the presence of 

this absorption peak [152]. while the maximum absorption peak of (60 G: 

20CS:20 SA) is 227 nm and maximum absorption peak of (60 G: 20CS:20 PUL) 

is 224 nm. From the above results, it was found that the best release ratio for 

nanofibers is (224nm) for (60G: 20CS:20PUL). These results are consistent with 

the result of nanofiber release of (chitosan: gelatin) and agree with previous 

studies [152,153].  
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Fig. (4.12) UV-  Visible spectra for pure gelatin nanofiber 

and nanofibers of (G: CS: SA) and (G:CS: PUL) with                          

different weight ratios 

4.9 Anti-Bacterial  

The Agar Well Diffusion method achieved antibacterial activity as 

Mueller Hinton agar plates were prepared and inoculated with the test 

organisms, including gram-positive S. aureus and gram-negative E. coli by 

spreading the inoculum on to the surface of the medium with the help of sterile 

swabs. Wells (9 mm in diameter) nanofibers were drilled in agar using a sterile 

cork drill. The plates were incubated at 37°C for 48°, and the antibacterial 

efficacy against E. coli and S. aureus was evaluated by measuring the diameter 
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of the inhibition zone and recording it in millimeters. Figure 4.13 shows the 

good antimicrobial activity of the blending  bio-nanofibers against E. coli and S. 

aureus, where the inhibition zones of the nanofibers increased by decreasing the 

percentage of gelatin from (80%-60%) for (G:CS:SA) and (G:CS: PUL), the 

increased proportion of CS and PUL from 10% to 20% in the nanofiber mixture 

of G:CS:PUL was shown to had better resistance to bacterial growth and higher 

inhibition zone diameters of 24 and 22 mm against E. coli and S. aureus, 

respectively. as shown in Table 4.9.  Because the pullulan  is an  important 

sources of antimicrobials, its incorporation into natural polymers helps to resist 

bacterial growth [97], and chitosan is natural polymer with high effectiveness 

against microbes and depends on the type of microbes, especially chitosan of 

low molecular weight because it works not only outside the cell but inside it due 

to the presence of the positively charged amino group interacting with the 

membranes of microbial cells negatively charged, which leads to the leakage of 

proteins and other components inside cells of microorganisms [154,155]. 

 

`Fig. 4.13 Zones of inhibition against S. aureus and E. coli bacteria for 

pure gelatin nanofiber and (A) 80 %G: 70%CS: 70% PUL, (B) 60%G: 

00%CS: 00%PUL, (C) 60%G: 20%CS: 20%SA, and (D) 80%G:  

10%CS: 10% SA of blends bio-nanofibers. 
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Table (4.9) results of inhibition zones (mm) against bacteria E. coli and  S. 

aureus for fiber pure gelatin and nanofiber from (G:CS:SA), (G:CS: PUL) at 

different weight ratios 

      Sample                           inhibition zones (mm) 

E. coli(-) S. aureus(+) 

Pure gelatin ND ND 

(D) 80%G: 

10%CS:10%SA  

15 14 

(C) 60%G: 

20%CS:20%SA  

18 16 

(B)80%G:10%CS:10%P

UL 

22 20 

(A)60%G:20%CS:20%P

UL 

24 22 

       ND, not detected.



 

 

 

 

 

 

Chapter Five 

 

Conclusions 

& 

Recommendations 
 

 

 

 



Chapter Five…….  Conclusions & Recommendations                                                                

89 

5.1 Conclusions 

    Through this work, the following conclusions can be summarized: 

1- Increase concentration, viscosity, molecular weight, decreasing surface 

tension and contact angle leads to an increase in fiber diameter. 

2- For each blend critical values of viscosity and molecular weight to obtain 

optimum fiber dimensions with minimum beads depending on the shear 

rate range and electrospinning conditions. 

3- All natural polymer in this work indicates good degradability and release. 

4- Using of acetic acid solutions in the preparation of polymeric solutions 

reduced the surface tension of natural polymers and the success of the 

electrospinning process. 

5- All fibers produced are hydrophilic with different mixing ratios. 

6- The interaction between the components (G, CS, PUL, and SA) is a 

physical. 

7- Increasing the percentage of gelatin improves the electrospinning 

process. 

8- Blend nanofibers from the biopolymers (G:CS:PUL) had a higher 

antibacterial activity than  blend biopolymers (G:CS:SA). 
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5.2 Recommendations 

Some recommendations that may be useful for future researchs in this field     

include: 

1. Using of nanofibers in medical applications such as tissue engineering 

and wound dressings. 

2.  Using another type of polymer, such as starch, collagen or cellulose, 

instead of gelatin. 

3. Using the nanofibers (G:CS: PUL) in absorbing of heavy metal ions from 

waste water. 

4. Procedure antifungal test for nanofibers. 
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Index (A)   

          The relationship between viscosity and shear rates for various biopolymer 

ratios(G:CS:SA),(G:CS:PUL) are shown in Figure (1 and 2) , the non-

Newtonian flow behavior for all polymer blends  , a significant reduction in 

shear viscosity with increase  the shear rate for the initial shear rates until 100 S
-

1
 , then slightly decreasing from 120 to 200 S

-1
 for all . Shear-thinning events 

resulted from the biopolymer chains in the blends aligning with the increased 

velocity gradient[137] . 

 

Fig (1) explain the relationship between the viscosity (mPa.S) and 

shear rate (S
-1

) for pure gelatin and mixtures solutions of  

gelatin, chitosan and sodium alginate in different proportions. 
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Fig (2) explain the relationship between the viscosity(mPa.S) and 

shear rate(S
-1

) for pure gelatin and mixtures solutions of gelatin, 

chitosan and Pullulan in different proportion. 

The relationship of shear stress with the shear rates for various biopolymer ratios 

(G:CS:SA)and(G:CS:PUL) are shown in Figures (3 and 4) and  Table (1 and 2) 

where the shear stress increases with the increase in shear rates, indicating that 

the behavior of blends was non-Newtonian, and the behavior of the shear stress-

shear rate curves follows the power law system. The power law index (n) and 

the consistency coefficient (K) can be determined using the equations below 

[138]: 

   δ=Kγ^n                                                                                              eq. (1) 

  Log δ=Log K+n Logγ                                                                         eq. (2) 

 Where (δ ) shear stress, shear rate (γ ) and flow behavior index (n) represented 

the slope and (log K) represented the  logarithmic consistency coefficient 

(interception ).  All values of the flow index (n) were lower than unity, which 

indicates pseudo plastic  behavior of  blends, while the increase in the values of 

(R
2
) correlation coefficients indicates an improvement in the homogeneity of 

gelatin blends . The best homogeneous blends ratio containing cross-links were 

80:10:10 and 60:20:20 from (G:CS:SA) and (G:CS:PUL). 
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Fig. (3) shows the shear stress- shear rates curves for pure gelatin and three 

biopolymers solution with different ratio percentage (G:CS:SA) 

 

 
Fig. (4 ) shows the shear stress- shear rates curves for pure gelatin and three 

biopolymers solution with different ratio percentage (G:CS:PUL) 
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Table (1) represents the results of logarithmic shear stress – shear rate fitting     

equations of three blends (G:CS:SA). 

Gelatin ratios (%) 
Correction 

coffient (R
2
 ) 

Fitting equations 

0.0  (50% CS: 50% SA ) 0.9635 δ = 0.0381 γ -1.505 

20  (20 % G : 40 % CS:40%  SA) 0.9642 δ = 0.0311 γ +1.449 

40  (40 % G : 30 % CS :30% SA ) 0.9663 δ = 0.0443 γ -1.3598 

60  (60 % G : 20 % CS: 20% SA ) 0.976 δ = 0.101 γ   + 1.334 

80 (80 % G : 10 % CS: 10%  SA) 0.9801 δ = 0.1075 γ - 1.267 

100 (Pure Gelatin ) 0.9848 δ = 0.1754 γ + 1.235 

 

Table( 2) represents the results of logarithmic shear stress – shear rate fitting 

equations of three blends (G:CS:PUL). 

Gelatin ratios (%) 
Correction 

coffient (R
2
 ) 

Fitting equations 

0.0  (50% CS: 50% PUL ) 0.9624 δ = 0.6187 γ - 1.4142 

20  (20 % G : 40 % CS:40%  PUL) 0.9655 δ = 0.930 γ + 1. 5562 

40  (40 % G : 30 % CS :30% PUL ) 0.9722 δ = 0.2344 γ + 1.0799 

60  (60 % G : 20 % CS: 20% PUL ) 0.9743 δ = 0.5931 γ + 1.1154    

80 (80 % G : 10 % CS: 10%  PUL) 0.9804 δ = 0.632 γ – 1.3885 

100 (Pure Gelatin ) 0.9848 δ = 0.1754 γ +1.235 

 

 

 

 

 



 

 

 

 انخلاصة:

 خهدظ عُدد انكٓزببئٙ انغشل إيكبَٛة ٔنححسٍٛ انُبَٕٚة الأنٛبف ٔجٕصٛف نححضٛز اندراسة ْذِ صًًث

. جحكٌٕ انًجًٕعة الأٔنٗ حٕٛٚة بٕنًٛزات ثلاثة يٍ يجًٕعة كم جحكٌٕ , انطبٛعٛة انبٕنًٛزات يٍ يجًٕعحٍٛ

( ٔفدددت يحسهسدددهة بُسددد  يدددش   G:CS:SAيدددٍ يحبنٛدددم انجٛلاجدددٍٛ ٔ ان دددٛحٕساٌ ٔ دنجُٛدددبت ان دددٕ ٕٚو  )

. بًُٛددددب  انًجًٕعددددة انتبَٛددددة فححكددددٌٕ يددددٍ يحبنٛددددم  02:42:42, ٔ 42:22:22,  62:02:02,  12:72:72

,  62:02:02,  12:72:72( بُسددد  خهددظ يحسهسدددهة  (G: CS: PULانجٛلاجددٍٛ ٔان ددٛحٕساٌ ٔانبٕندددٕ ٌ 

ٌ يددٍ خددلال ج ٛددٛى انحٕصدددٛم جًددث  راسددة جددوثٛز خددٕاي انًحبنٛددم  نهًجًٕعحددب .02:42:42,  42:22:22

انكٓزببئٙ ٔانهشٔجة ٔانحٕجز انسطحٙ ببلإضبفة إنٗ  راسة انخ بئص انًٕرفٕنٕجٛة نلأنٛبف انُبَٕٚدة انحٕٛٚدة 

(   نح ٛٛى اقطبر ا نٛدبف انُبَٕٚدة ٔجٕسٚعٓدب FE-SEMببسحخداو انًجٓز الإنكحزَٔٙ نًسح ا َبعبخ انًٛداَٙ  )

د ٖ إنددٗ  G: CS: SA٪ فددٙ 22دعهددٗ يددٍ  SAيدد   CSسٚددب ن َسددبة ٔج ددكٛم  انخددزس. د ٓددزت انُحددبئ  دٌ 

اَخفبض فدٙ نشٔجدة انبدٕنًٛز , ٔيحٕسدظ دقطدبر الأنٛدبف , ٔسٚدب ن  جكدٍٕٚ انخدزس. جعحبزالأنٛدبف انُبَٕٚدة  ات 

ددب ٔجححدٕ٘ عهددٗ عدد  قهٛددم يدٍ انخددزس G:CS:SAيددٍ ) 62:02:02ٔ 12:72:72َسد  انخهدظ  (  دكتدز اَحابيا

( د ٓز اعهٗ  َسبة جبهٕر فٙ انُس  انًدذكٕرن دعدلاِ ٔانحدزابظ XRD  الأشعة انسُٛٛة ),ببلإضبفة إنٗ اٌ حٕٛ

فٙ الأنٛبف انُبَٕٚة ٔف اب نححٕٚم فٕرّٚٛ انطٛفٙ ان زٚ  يدٍ ا شدعة جحدث  G  ٔCS  ٔSAانجٛد  بٍٛ جشٚئبت 

إندٗ  PULيد   CSفٙ ( . ببنُسبة نهًجًٕعة انتبَٛة يٍ انبٕنًٛزات انطبٛعٛة , د ت انشٚب ن FT-NIRانحًزاء)

 ث, بًُٛدب كبَدG: CS: PULيدٍ  42:22:22اَخفبض انهشٔجة ٔيحٕسظ الأقطبر  ٌٔ جكٍٕٚ خزس ححٗ َسبة 

َحٛجة نشٚب ن انحزابظ بٍٛ جشٚئدبت الأنٛدبف انُبَٕٚدة , ٔانحدٙ  62:02:02ٔ  12: 72:72َسبة انحبهٕر عبنٛة عُد 

ان زٚد  يدٍ الأشدعة جحدث انحًدزاء. جعحبدز انًٕصدهٛة د ٓزْب  حٕٛ  الأشعة انسدُٛٛة ٔجحٕٚدم فٕرٚٛدّ  انطٛفدٙ 

ا عهدٗ سٚدب ن انحدٕجز انسدطحٙ ٔسأٚدة اندحلايء يد  انًدبء اعحًدب اا  انكٓزببئٛة نًحبنٛم انبدٕنًٛز انطبٛعٛدة يرشدزا

عهٗ انشٚب ن فٙ َس  ان ٛحٕساٌ ٔانبٕنٕ ٌ ٔدنجُٛبت ان ٕ ٕٚو فٙ انًحبنٛم انبٕنًٛزٚدة. ٔف ادب نهُحدبئ  دعدلاِ , 



 

 

 

 الإطدلا  جحهٛدم فدٙ انًسدحخدية انُسد  ْٙٔ , نهًجًٕعحٍٛ يش  َس  دفضم 62:02:02 ٔ 12:72:72 جًتم

 َسبة كبَث , نذنك. انبكحٛزٚب يٍ ٔانحًبٚة انغذائٛة انًٕا  جغهٛف فٙ انحٕٛ٘ انبٕنًٛز دنٛبف كفبءن جحدٚد نغزض

 نهًُدٕ دفضدم بً بٔيدة جحًحد  انحدٙ انًجًدٕعحٍٛ كدلا فدٙ الأفضدم ْدٙ انتبَٛدة انًجًٕعدة فدٙ 62:02:02 انخهظ

 انعُ ٕ ٚددة ٔانًكددٕرات ان ٕنَٕٛددة الإشددزٚكٛة ضددد( يهددى 00 ٔ يهددى 04) ب طددز جتبددٛظ يُددبطت ٔدعهددٗ انبكحٛددز٘

 .انحٕانٙ عهٗ انذْبٛة

 

 



 

 

 

 جمهىريت العراق

 وزارة التعليم العالي والبحث العلمي

     جامعت بابل

 كليت هندست المىاد

 البتروكيمياويت قسم هندست البىليمراث والصناعاث
 

 

 

 الغزل بطريقة خلائط الجًلاتين أغشًة وتىصًف تحضير

  للتطبًقات المضاده للبكتريا الكهربائٌ

 

  

 رسالت

  البتروكيمياويت  قسم هندست البىليمر والصناعاثمقدمت الى 

 كليت هندست المىاد/ جامعت بابل

 المىاد/البىليمروهي جسء من متطلباث نيل درجت الماجستير فـي هندست 

 

 

 

 

 من قبل الباحث
   شباده مشرق كريم عبد الكاظم                                       

 ( 0222)بكالىريىش هندست المىاد 
 

 شرافإب

 أ.م.د.صالح عباس حبيب

 

 
         هــ4111                                                                               م    2222


