
ABSTRACT 

ABDELGAWAD, ABDELRAHMAN MOHAMED. The Use of Chitosan in The Formation 
of Silver Nanoparticles, Chitosanic Nanoparticles and Fibrous Structures. (Under the 
direction of Dr. Samuel M. Hudson and Dr. Orlando J. Rojas). 

Nanoscale materials have attracted much attention in the last two decades due to their 

unique properties. The size effect attains new chemical and physical properties to these 

materials. Nanoparticles and nanofiber are major component of nanomaterials and they have 

heavily investigated in the literature for different applications. Nanoparticles could be 

produced from both metals as well as polymers. Chitosan, which is a natural polymer, can be 

used as capping agent in the preparation of metallic nanoparticles and itself, can produce 

nanoparticles. The utilization of nanoparticles and nanofibers for wound dressing materials is 

a very popular approach. Acquiring antibacterial properties to the wound dressing materials 

could be obtained either by formulation of nanomaterials composites or direct chemical 

modification of the substance.  

To improve the antibacterial properties of chitosan two approaches were applied. 

First, is through the formulation of chitosan with silver nanoparticles and the formation of 

nanofiber mats. In this study, the concepts of green chemistry were applied and silver 

nanoparticles were prepared in high concentration using chitosan as a capping polymer and 

glucose as a reducing agent. Nanofiber mats of polyvinyl alcohol/chitosan/silver-

nanoparticles were produced via electrospinning. The antibacterial activity of these fibers 

shows bactericidal effect against E. coli at low concentrations of Ag-NPs.  



In the second approach, direct chemical modification of chitosan was performed by 

grafting of Iodoacetic acid to the amino group at carbon-2. The chemical structure of 

chitosan Iodoacetamide derivative (CIA) was confirmed by FTIR and H1-NMR. The 

derivative was amorphous and water soluble at neutral pH. The minimum inhibitory 

concentration of CIA, against E. coli, was 400µg/mL and the derivative was bacteriostatic 

after 4h of treatment. Nanofiber mats of polyvinyl alcohol/chitosan/chitosan Iodoacetamide 

were produced via electrospinning. The antibacterial testing of the nanofiber mats were 

performed according to AATCC-100 protocol. PVA/CS/CIA system was found to have 

superior antibacterial action over PVA/CS/thiolchitosan counterparts.  

In the last part of the thesis, chitosan nanoparticles were prepared; for the first time in 

the literature instead of Tripolyphosphate (TPP), via ionic crosslinking with 

hexametaphosphate (HMP). A systematic study was conducted to apply the chitosan/HMP 

nanoparticles as a hydrophilic drug carrier for protein drugs. Chitosan/HMP systems were 

found to be unstable in the acidic medium. The optimum complexation conditions were 

established as pH 5 and the nanoparticles showed better stability at 21 days. Chitosan 

concentration plays an important role in improving particles stability by increasing zeta 

potential; however, it adversely affects the particles size. BSA loading capacity of 

chitosan/HMP was higher, 96.3%, than that of TPP, 91.87%, equivalents due to larger 

average size.   
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CHAPTER 1 

Introduction and background  

  Nanoscale materials have received much recent attention because of their unique 

optical, electrical, magnetic, c atalytic, mechanical and biological properties (Li I, 2001). 

Compared to macroscopic or bulk materials the size, surface area and morphology of 

nanoparticles (NPs) provide them with unique physical and chemical properties (Kamyar, 

2010). Nanoparticles are a major component of nanotechnology and have been synthesized 

for thousands of years, for example, the generation of carbon black (Lambert, 1997). 

However, the fabrication and analysis of nanomaterials remains challenging and, therefore, 

considerable and continuous efforts have been made to explore novel synthetic and analytical 

methods for nanostructures.  

Generally, metal nanoparticles can be prepared and stabilized by physical and 

chemical methods; the chemical approach, such as chemical reduction, electrochemical 

techniques, and photochemical reduction is most widely used (Chen W, 2001), (Frattini A, 

Pellegri N, Nicastro D, 2005). Studies show that the size, morphology, stability and 

properties (chemical and physical) of the metal nanoparticles are strongly influenced by 

experimental conditions, particularly the kinetics of metal ion interactions with reducing 

agents, and adsorption processes of stabilizing agent with metal nanoparticles (Sengupta S, 

2005). Hence, the design of a synthesis method has become a major field of interest (Wiely 

B, 2007).   
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Silver nanoparticles grasped the interest of many researchers due to its superior 

properties, such as good conductivity, chemical stability, catalytic properties, and 

antimicrobial activity. The most frequent method applied for the preparation of silver 

nanoparticles (Ag-NPs) is the chemical reduction method. Reduction of silver salts can occur 

in water or organic solvents. Borohydride salts, citrates, ascorbate and elemental hydrogen 

are commonly used in reduction of silver ions. Sliver and its compounds are well known 

since ancient times for their antimicrobial activity. They are regularly used in clinical wound 

dressings to treat burn wounds.  

Chitosan is a polysaccharide, similar in structure to cellulose, both are made by linear β- 

(1,4)-linked glucopyranose. However, an important difference to cellulose is that chitosan is 

composed of amino-2-deoxy-β-D-glucopyranose. The primary amine groups render special 

properties that make this polysaccharide very unique in different applications. Compared to 

many other natural polymers, chitosan can develop positive charges which in turn enhance its 

mucoadhesive properties. Chitosan was extensively investigated as a protecting polymer 

during the preparation of several metallic nanoparticles (Twu, 2008) (Huang Haizhen and 

Yang, 2004) (HETTIARACHCHI, 2011). Due to the antimicrobial properties offered by the 

presence of the amino group in its skeleton, chitosan based silver nanoparticles was 

implemented in antimicrobial wound dressing materials because it can exert synergistic 

effects against a wide range of microbes. 

Electrospun fiber mats have been reported to have great potential as wound dressings 

(Pillai C. K., 2009) (Zhou, 2006) because of it have high porosity, very small pore size, and 

larger specific surface area than that of cast films (Jia Y. T., 2007). Electrospinning is a 
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process uses electrical forces to produce polymer fibers in sub-micron and nanoscale. 

Nanofibers produced when the electrical forces at the surface of a polymer solution or melt 

overcome the surface tension and cause an electrically charged jet to be ejected. The fibers 

remain after the jet dries. These fibers can be directed or accelerated by electrical forces and 

then collected (Reneker, 1996). The integration of chitosan and silver nanoparticles in 

nanofiber mats for antimicrobial wound dressing applications became the interest of many 

researches and is a growing topic in the literature (Zhuanga, 2010) (Nguyen, 2011). 

Concerns have been raised that silver nanoparticles can exert an unacceptable toxicity 

risk to human health and the environment. Continuous exposure to metal-containing 

nanoparticles by human lung epithelial cells could generate reactive oxygen species, which 

can lead to oxidative stress and cellular damage (V. Sharma, 2009). Therefore, chemical 

functionalization of chitosan to increase it’s the antibacterial activity and solubility has been 

a very strong competitor strategy to chitosan/nanoparticles formulations.  

Biopolymers, such as chitosan, can be utilized as reducing agent and protecting 

polymer in the formation of metallic nanoparticles. In addition, there has been considerable 

interest in developing biodegradable polymeric nanoparticles (NPs) as effective drug delivery 

devices over the past few decades. However, there is a serious limitation for using most of 

the available bionanoparticles to administrate hydrophilic molecules such as peptides, 

proteins and nucleic acids which are known to have great potential in therapeutics. This 

limitation is mainly because the polymers forming these nanoparticles are mostly 

hydrophobic, whereas proteins, peptides and nucleic acids are hydrophilic. This leads to 

difficulties for the drug to efficiently be encapsulated and protected against enzymatic 
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degradation. Therefore, the preparation of nanoparticles using more hydrophilic and naturally 

occurring materials has been explored (Rajaonarivony M., 1993). Chitosan is a very good 

candidate for preparing hydrophilic nanoparticles through very simple routes, like ionic 

gelation with anionic molecules such as Tripolyphosphate (TPP). 

This thesis research consists of two major topics. One is improving the antibacterial 

properties of chitosan either through composite formation of chemical modification. The 

ultimate goal is to produce electrospun wound dressing materials with enhanced antibacterial 

activity, based on chitosan. In chapter 3 we, basically, were combining Ag-NPs, embedded in 

chitosan, with polyvinyl alcohol (PVA) to produce antimicrobial nanofiber mats for wound 

dressing via a green method were achieved in two steps: 1) preparation of Ag NPs in high 

yields and highest possible concentration of enveloping chitosan with a green reducing agent, 

glucose, and, 2) electrospinning of the chitosan-Ag-NPs/PVA blend. Chemical cross-linking 

of the nanofibers was performed in order to maintain the integrity and morphology of the 

fibers and to control the release of the active ingredients from the mats. The fiber mats with 

the highest chitosan/Ag-NPs content were tested against the gram negative bacteria, E. coli, 

which is considered one of the most widespread wound burn infectious bacteria.  

In chapter 4 we aimed at improving the antibacterial properties of chitosan, but this 

time is through chemical modifications. Chitosan Iodoacetamide was prepared by the 

reaction of chitosan with Iodoacetic acid. The reaction was mediated through carbondiimide 

intermediate by using ethyl-3(3-dimethylamminopropyl)carbondiimide hydrochloride 

(EDAC) as a coupling agent.  Up to our knowledge no similar work has been done in the 

literature on such derivative. Iodine is considered to be a good leaving group due to its large 
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size. Theoretically, iodo-acetamide derivative should react faster with the cysteine residuals, 

of the outer cellular membrane of the bacteria, than thiolated chitosans.  

The second topic involves developing chitosan nanoparticles for drug delivery 

applications through ionotropic gelation, physical crosslinking, with anionic polyphosphates. 

Tripolyphosphate (TPP) is widely used for such purpose. TPP is a small ion with a triple 

negative charge throughout the physiologically acceptable pH range (Sharma W. P., 2000) 

(p. Calvo, 1997) (Alonso, 2003) . However, the stability of size and surface charge of the 

particles still challenging. Principally, we are proposing the utilization of 

Hexametaphosphate (HMP) instead of Tripolyphosphate (TPP) as a cross-linking agent. 

HMP molecule has six negative charges in the neutral and slightly basic medium which 

offers more binding sites readily available for interaction (Sanchez-Diaz, 2010). We are 

assuming that increasing the availability of the binding sites in the HMP molecule would 

result in stronger ionic complexation with chitosan cationic charges. This would reflect 

positively on the particles stability and average size reduction.  A comparative study between 

chitosan/TPP and chitosan/HMP nanoparticles under different complexation conditions was 

conducted to investigate the effect of HMP on nanoparticles formation. Bovine Serum 

Albumin (BSA) was applied as a protein model drug to explore the drug loading efficiency 

of the nanoparticles. 
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CHAPTER 2 

Literature review: Nanoparticles from Metals and Polymers 
 

1. Introduction. 

  During the past decade a number of new directions of modern research defined as 

nanoscale science and technology have emerged. Research in this direction has been 

triggered by the recent availability of revolutionary instruments and approaches that allow 

the investigation of material properties with a resolution close to the atomic level. Nanoscale 

materials have received much recent attention because of their unique optical, electrical, 

magnetic, catalytic, biological and mechanical properties (Li I, 2001). However, the 

fabrication and analysis of nanomaterials remains challenging (Capek, Nanocomposite 

structures and dispersions science and technology fundamental principles and colloidal 

particles, 2006) and, therefore, considerable and continuous efforts have been made to 

explore novel synthetic and analytical methods for nanostructures. 

Nanoscience and technology is a field that focuses on: 1) the development of 

synthetic methods and surface analytical tools for building structures and materials on the 

sub- 100 nanometer scale, 2) the identification of the chemical and physical consequences of 

miniaturization, and 3) the use of such properties in the development of novel and functional 

materials. Thus there is great interest to investigate nanoparticles, nanostructured materials, 

nanoporous materials, nanopigments, nanotubes and quantum dots (Capek, Nanocomposite 

structures and dispersions science and technology fundamental principles and colloidal 

particles, 2006) . Historically, Taniguchi introduced the term “nanotechnology” in 1974 to 
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describe the manufacturing of products with tolerance less than 1 micrometer (Taniguchi, 

1974). Feynman introduced the concept of building with molecules, “bottom-up” 

manufacturing, in contrast with the “top-down” manufacturing, that scientists are familiar 

with (Feynman, 1960). He suggested that almost any chemically stable structure can be built.  

Nanoparticles are a major component of nanotechnology and have been empirically 

synthesized for thousands of years, for example, the generation of carbon black (Lambert, 

1997). In 1857 Faraday give the first notion that gold sols indeed contain small metallic 

particles. He conducted a very elegant and simple study of the optical properties of thin films 

prepared from dried colloidal solutions. Friday observed a reversible color change of the 

films upon mechanical compression (Farady, 1857). The synthesis of noble metal 

nanoparticles for applications such as catalysis, electronics, optics, environmental, and 

biotechnology is an area of interest (Hussain I, 2003). Silver, gold, and copper have been 

used mostly for the synthesis of stable dispersions of nanoparticles for different applications 

such as photography, biological labeling, photonics and Surface –Enhanced Raman scattering 

(SERS) detection (Smith AM, 2006). Additionally, metal nanoparticles have a surface 

Plasmon resonance absorption in the UV-Visible region. The surface Plasmon band arises 

from the coherent existence of free electrons in the conduction band due to the small particle 

size (Burda, 2005). The band shift is dependent on the particle size, chemical environment, 

adsorbed species on the surface, and dielectric constant. A unique characteristic of these 

synthesized metal particles is that a change in the absorbance or wavelength gives a measure 

of the particle size, shape, and interparticle properties (Mulvaney, 1996). Moreover, 

functionalized, biocompatible and inert nanomaterials have potential applications in cancer 
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diagnosis and therapy (Sengupta S, 2005). Generally, metal nanoparticles can be prepared 

and stabilized by physical and chemical methods; the chemical approach, such as chemical 

reduction, electrochemical techniques, and photochemical reduction is most widely used 

(Chen W, 2001), (Frattini A, Pellegri N, Nicastro D, 2005). Studies show that the size, 

morphology, stability and properties (chemical and physical) of the metal nanoparticles are 

strongly influenced by experimental conditions, particularly the kinetics of metal ion 

interactions with reducing agents, and adsorption processes of stabilizing agent with metal 

nanoparticles (Sengupta S, 2005). Hence, the design of a synthesis method has become a 

major field of interest (Wiely B, 2007).   

Polymer nanoparticles play an important role in worldwide commerce as well as 

scientific studies. Because of their versatile properties and applications, they are omnipresent 

parts of our daily life, with uses in paper making, paints and coatings, adhesives, textile 

processing and also medical and pharmaceutical products. The applications of these 

nanoparticles are significantly affected by their physical properties as well as surface 

morphology, which can be controlled by the synthesis process used to generate such 

particles. Emulsion polymerization (L. Cismaru, 2007) (and its modified methodologies), 

solvent evaporation (C. Gomez-Gaete, 2007), spontaneous emulsification (T. Niwa, 1993), 

dialysis (H-J. jeon, 2007), salting out (A. Cirstoiu-Hapca, 2007), electro-hydrodynamic 

atomization (X. Jingwei K. L., 2006), and ionic gelation (P. Calvo C. r.-L.-J., 1997) are the 

most widely used techniques for the formation of polymer nanoparticles. The biomedical 

applications of polymer nanoparticles are extensively studied due to their potential in 
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providing gene delivery and drug targeting within areas which are non-accessible by other 

means (POPA, 2010).  

This current article aims at providing the basics and fundamental physics behind the Nano-

scale materials, as an introduction to deeper investigations of silver as an example of metallic 

nanoparticles and chitosan as an example of biopolymeric nanoparticles. Up-to-date methods 

of silver nanoparticles preparation and its antimicrobial applications will be explored. In 

addition, this review focuses also on the utilization of Polyol (especially chitosan) as capping 

and reducing agent in moderation of silver nanoparticles. Likewise, the recent advances on 

the preparation of chitosan nanoparticles and its applications in drug targeting will be 

explored.     

 

1. Nanoscale materials, fundamental physics. 

A nanoscale material presents a behavior which is intermediate between that of an atomic 

or molecular system and that of a macroscopic solid. Let’s take the example of an inorganic 

crystal composed of very few atoms. The properties of such a crystal would be different from 

that of the single atom, but it cannot be imagined that they will be the same as those of a bulk 

solid. The surface atoms on the crystal would represent a large fraction of the total number of 

atoms and therefore will have a large influence on the overall properties of the crystal. It is 

very logical then to expect a different behavior of this crystal, for instance, chemical 

reactivity and a lower melting point (Schmid, 2004). We found that it would be useful to give 

a brief review on the basics and the fundamentals behind the unique behavior of 
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nanomaterials; let’s start with the issue of bonding and band structure that lead to size 

dependent properties. 

 

2.1. Bonding and band structure of the matter. 

Understanding how atoms, as basic building blocks, form solids through atomic bonding 

and band structure would definitely enables us to dive easily into the world of nanometals 

and quantum dots. According to the classical explanation of atomic bonding; a bond will 

naturally develop between two atoms when they are brought close together. Basically, the 

bonding seeks to balance the attractive Coulomb force that occurs between the nucleus in one 

atom and the electrons in the other atom and the repulsive forces that usually occurs between 

two nuclei or electrons of two atoms. The attraction between the positive and negative charge 

is defined by Coulomb force and it is proportional to 1/r, where r is the distance between the 

two atoms. The repulsive force is a short-range force, meaning it increases at short ranges 

and decreases dramatically or even totally diminishes as r increases. When an atom is moved 

towards another one, the attractive force starts to take effect at first and as a result, the atom 

wants to move closer to the origin. As a consequence, the smaller the interatomic distance, 

the larger the attractive force and the lower the potential energy, indicating a stronger and 

more stable bond.  Further increase in the closeness of the atoms would see the rise of the 

repulsive forces between the overlapped electron clouds outside the nucleus. At r = r0 , where 

ro is the equilibrium interatomic spacing or bonding length, the net force becomes zero and 

the potential energy reaches its minimum point, E0, where bonding is the most stable. The 

potential energy is the energy required to break the bond and separate the atoms. When atoms 
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continue to move closer beyond r0, the repulsive force increases dramatically, causing a great 

increase in potential energy.  

Unfortunately, this classical model for atomic bonding has limitations in explaining some 

phenomenon in the electronic structure of nanomaterials. The linear combination of atomic 

orbitals approximation method that is based on quantum mechanics is more applicable to 

nanomaterials. The linear combination of atomic orbitals (LCAO) approximation is based on 

the assumption that when two or three or more atoms move closer to form a molecule, the 

electrons from the individual atoms are now occupying molecular orbitals that can be 

expressed as a linear combination of atomic orbitals from each individual atom (Guo, 2009).  

Waser (Waser, 2005) calculated the conjugated hydrocarbon with unbranched chain structure 

of many atoms using LCAO approximations. It is clear from Figure (1) that all occupied 

orbitals have energy levels between α + 2β and α, whereas all empty states are between α and 

α - 2β. Because all energy levels are confined to this range, when the total number of energy 

levels increases with the number of atoms in the molecule, the gap between the adjacent 

energy levels becomes smaller and, eventually, when the number of atoms considered is 

large enough, we can consider it to be a continuous energy spectrum rather than a discrete 

energy level, since the energy difference between the two energy levels is negligible. This 

leads us to discuss the energy band in solids which includes the conduction and valance 

bands. 
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Figure 1: Schematic illustration of energy level in a multiatom molecule with chain structure (10 atoms). Electrons are 
mostly occupying the energy level below α and that a gap exists between HOMO and LUMO  (Waser, 2005) 

 
 
 In crystalline solids we have a large number of energy levels, and upwards of 1023 

atoms in a 3D lattice structure, that need to be put into finite range of energy. The energy 

levels are no longer discrete but rather are continuous and called an energy band. Each 

energy band in general corresponds to one energy level of an atomic orbital in an isolated 

atom. However, in some cases the energy band will overlap to form a continuous one or split 

into two separate ones. Between each band is the forbidden gap, the bandgap, where no 

orbitals are allowed and thus no energy level exists. At absolute zero (0 Kο) electrons fill an 

energy band from the lowest energy level to the highest.  

Usually the highest energy band occupied by electrons is called the Valance band (VB).  

The valence band can be either fully occupied or partially filled. If the valence band is fully 

occupied, the next available energy band is called the Conduction band (CB). In metals, the 
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partially filled energy band gives conducting electrons sufficient room to gain energy from 

the field and contribute to electric current, therefore metals are conductive. In contrast, for 

semiconductors the valance band is fully filled and there is an energy bandgap before the 

next available energy level in the conduction band. When an electric field is Vο applied, an 

electron cannot move to the next available energy state unless the potential energy eVο is 

greater than energy gap. So the electron will have to gain enough energy to find its way to be 

excited from the valance band, to the conduction band before it can carry the current. The 

energy barrier for this excitation is the energy bandgap. When the energy bandgap is large, 

the material is an insulator; when it is small, it is a semiconductor (Guo, 2009). 

 

2.2. Nanomaterials, bulk materials, and quantum dots. 

It is well known that the physical and chemical properties of a material are determined by 

the type of motion its electrons are allowed to execute. The motion is determined by the 

space in which the electrons are confined due to the forces they encounter. Unconfined or in 

other words unbound electrons have motion that is not quantized and can thus absorb any 

amount of energy. Once an electron is bound in an atom or in a molecule, its motion becomes 

highly confined and quantization rules apply. The allowed types of motion in atomic or 

molecular orbitals are found to have well-defined energies. As the space in which the motion 

is bound gets smaller the confinement gets stronger and the energy separation between the 

allowed energies of different types of motions gets larger. The confinement in atoms is 

considered the strongest type of electronic confined motion. For instance, in the hydrogen 
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atom the electron is confined to a length scale of about 50×10-15 m or 50 Pico-meter (pm) 

(El-Sayed, April, 2001).  

In semiconductors, excitation involves the separation of electrons and the charge carriers 

or holes, by distances that encompass a number of the molecules or ions that makes the 

lattice. This distance, known as the Bohr radius, is on the nanometer length scale. There is a 

minimum energy required to separate the charge carriers, which is called the band gap energy 

of the semiconductor. Imagine if the physical size of the semiconductor is reduced so it 

becomes equal or smaller than the Bohr radius. This of course would decrease the space in 

which the carriers move and then, an additional quantum confinement would be imposed on 

their motion. Consequently, this leads to an increase in the band gap energy, the electron and 

holes kinetic energy, and the density of the charge carriers at the surface and within the 

nanoparticle. Because of this, as well as the fact that the surface-to-volume ratio greatly 

increases, new properties not possessed either by the macroscopic semiconductor material or 

by the individual atoms could be observed. (Brus, 1984) (Heath, 1995).  

In contrast, in metals, electrons are less confined because they are highly delocalized over 

a large space. This is a result of the fact that the separation between the valence and 

conduction bands vanishes, which gives the metal its conducting properties. As the size of 

the metal decreases, its electronic motion will be more confined and the separation between 

conduction and valence bands becomes comparable or larger than kT and the metal becomes 

a semiconductor. If more confinements are exerted this would increase the energy separation 

further, and the metal becomes an insulator. In the size domain at which the metal-to-

insulator transition occurs, new properties are expected to be observed which are possessed 
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neither by the metal nor by the molecules or atoms forming the metal (El-Sayed, April, 2001) 

(Kreibig & Vollmer, 1995). In noble metals, the decrease in size below the electron mean 

free path gives rise to intense absorption in the visible-near-UV. The electron mean free path 

is defined by the distance which the electron travels between scattering collisions with the 

lattice centers. This phenomenon results from the coherent oscillation of the free electrons 

from one surface of the particle to the other and is called the Surface Plasmon Absorption. 

Such strong absorption induces strong coupling of the nanoparticles to the electromagnetic 

radiation of light. This gives these metallic nanoparticles brilliant color in colloidal solution 

(Mulvaney, 1996) (Creighton & Eadon, 1991). 

 

 

 

Figure 2: Electronic Energy Levels depending on the number of bound atoms (Waser, 2005) 
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In very small crystals of nanometer dimensions, nanocrystals, the assumptions of 

translational symmetry and infinite size of the crystal are no longer valid, and thus these 

systems cannot be described with the same model used for a bulk material (Schmid, 2004). In 

fact, the electronic structure of a nanocrystal should be something intermediate between the 

discrete levels of an atomic system and the band structure of a bulk solid. This is illustrated 

in Figure (2): The energy levels of the nanocrystals are discrete, their spacing smaller, and 

their density is much larger than for the corresponding levels of one atom or small atomic 

cluster. Because of their discrete energy levels, such structures are called quantum dots, 

despite that the concept of energy bands and band gap can still be used. The lowest 

unoccupied atomic levels of the atomic (or ionic) species interact with each other to form the 

conduction band of the nanoparticle. Similarly, the highest occupied levels combine to form 

the valence band of the nanoparticle. The energy gap between the valance and conduction 

bands results in the band gap of the nanoparticle. For instance, consider a metallic QD in 

which the level spacing at the Fermi level* is proportional to Ef/N, where N is the number of 

electrons in the QD, Ef is a few eV and that N is close to one per atom, then the band gap of a 

metallic QD becomes observable only at very low temperatures. In contrast, in the case of 

semiconductor QDs, the band gap is larger and its effect can be observed at room 

temperature. The size-tunable fluorescence emission of CdSe QDs, Figure (3), in the visible 

region of the spectrum gives a very clear illustration of the presence of a size-dependent band 

gap. Generally speaking, if the crystal dimensions of semiconductor or metal are shrunk 

down to a few nanometers, the resultant system is termed a “quantum dot” (QD).  

*The Fermi level is a hypothetical level of potential energy for an electron inside a crystalline solid. 

http://en.wikipedia.org/wiki/Potential_energy
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Figure 3: Photographic image of CdSe/ZnS complexes upon UV-illumination ranging in wavelengths from 480nm to  

680nm. 

 
 
2.1.Absorption and emission spectra of Quantum dots. 

Size-dependent optical properties of colloidal semiconductors, for example CdSe 

particles, have been observed since the beginning of the twentieth century (Jaeckel, 1926). 

The most important rationalization is the widening of the gap Eg between the highest 

occupied electronic states (the top of the original valence band) and the lowest unoccupied 

states (the bottom of the original conduction band). This would have a major effect on the 

optical properties of quantum dots as compared to the corresponding bulk material. In a 

quantum dot, the minimum amount of energy needed to create an electron-hole pair is 

defined by its band gap Eg, as light with energy lower than the Eg cannot be absorbed by the 

quantum dot (Gaponenko, 1998). The onset absorption of the quantum dots is also size 

dependent as the band gap depends on the size. As it is clear from Figure (4) the smaller 



 

18 

QDs have an absorption spectrum that is shifted to shorter wavelengths with respect to 

larger QDs and the bulk material. 

 

 

Figure 4: Absorption spectra of colloidal CdSe QDs of different sizes. 

 
   It is worthy to mention here some facts about semiconductors QDs: 1) the excitons 

have a finite lifetime due to a recombination of the photo-excited electron-hole pair. 2) The 

energy released upon excitons annihilation is too large and cannot be dissipated by 

vibrational modes but instead, it is released in the form of emitted photons. 3) This radiative 

decay through the emission of photons, that is fluorescence, is a highly probable decay 

channel in QD (Schmid, 2004).  

   The optical absorption spectra of colloidal metal nanoparticles might resemble that of 

colloidal semiconductor but with a slight difference. The absorption in colloidal metal 
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nanoparticles does not derive from transitions between quantized energy states, instead the 

collective modes of motion of the electron gas may be excited. These are referred as 

“surface plasmons” and the peak in the absorption spectrum is the resonance frequency for 

the generation of surface plasmons. The size-dependence of plasmon frequency is negligible 

if compared with the dramatic size related effect in the absorption of colloidal 

semiconductor nanocrystals. For example the absorption maximum (Figure 5) for colloidal 

silver nanoparticles remains unshifted for nanoparticles in the size range between 5 to 30 

nm.  

 

 

Figure 5: UV-absorbance of chitosan based silver nanoparticles; size range is 25-30nm (Abdelgawad, 2013). 

 
 
2.3.Stabilization of nanoparticles against aggregation. 

 Before beginning a description of synthetic methods, a general and important aspect should 

be considered, which the means by which metal particles are stabilized is in a dispersing 

medium. Metal particles are small and unstable with respect to agglomeration if compared 
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with the bulk material. At short interparticle distances, Vander Waals forces would attract 

particles together. In the absence of any repulsive forces, electrostatic stabilization or steric 

stabilization, to counteract this attraction, an unprotected sol would coagulate (Overbeek, 

1981). Figure (6) illustrates the electrostatic stabilization of metal nanoparticles. The weak 

minimum in potential energy at moderate interparticle distance defines a stable arrangement 

of particles which is easily disrupted by medium effects and by the thermal motion of 

particles. Thus, if the electric potential associated with the double layer is sufficiently high, 

an electrostatically stabilized sol can be coagulated if the ionic strength of the dispersing 

medium is increased sufficiently.  

 

 

Figure 6: Electrostatic stabilization of metal nanoparticles. Attractive Vander Waals forces counter repulsive 
electrostatic forces (Capek, Nanocomposite structures and dispersions science and technology fundamental principles 
and colloidal particles, 2006). 
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 The particles can collide and agglomerate under the influence of the Vander Waals attractive 

forces if the surface charge is reduced by the displacement of adsorbed anions, by a stronger 

binding neutral adsorbate. In organic media, in which the electrostatic effects might not 

normally be considered to be important, the development of charge has been demonstrated on 

inorganic surfaces, including metals, in contact with organic phases such as solvents and 

polymers (Labib, 1988). Electrostatic stabilization of metal nanoparticles is weak and never 

allows the isolation of nanoparticles as solids without extended aggregation and even 

formation of the bulk metal.  

 A second, much stronger means, by which nanoparticles can be prevented from 

aggregation, is based on steric effects and applied by the addition of polymers and 

surfactants at the surface of the particles. Polymers are widely used, and it is clear that in 

order for a polymer to function effectively as a protectant, it must coordinate to the particle 

surface and also be sufficiently solvated by the dispersing fluid. Such polymers are termed 

“amphiphilic”. The choice of polymer is determined by three considerations: the stability of 

the metal precursor, the solvent of choice, and the ability of the polymer to stabilize the 

metal nanoparticles. Natural polymers such as gelatin and agar were often used and, indeed, 

related stabilizers such as cellulose acetate, cellulose nitrate and cyclodextrins have been 

used more recently. Thiele (Thiele, 1965) introduced the “Protective Value” as a measure of 

the ability of polymer to stabilize colloidal metal. This was defined as the weight of the 

polymer that would stabilize 1g of a standard red gold sol containing 50 mgl-1 gold against 

coagulating effect against 1% sodium chloride solution. Electrostatic and steric stabilization 
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are, in a sense, combined by the use of long chain alkylammonium cations and surfactants, 

either in single-phase sols or in the reverse micelle synthesis of colloidal metals. 

Subsequently, ligand molecules were found to stabilize metal nanoparticles in such a way as 

to allow the generation of metal nanoparticles from less than 1 nm up to 100 nm and more, 

in a very specific manner. The predominantly covalent interactions between the ligand 

molecule and the nanoparticle usually stabilize the particles to such an extent that they may 

be isolated in a solid state, without aggregation (Schmid, 2004).  

3. Preparation and modification of colloidal metal nanoparticles. 

 There are two main groups of particle preparation methods, one including a chemical 

and the other, a physical approach. In the latter one, the particles are either assembled from 

atoms by metal evaporation and subsequent condensation on a supporter, or obtained from 

larger particles in colloidal dispersions by means of ultrasound and colloidal mills. In the 

chemical way, reduction of metal ions in solution under conditions favoring the formation of 

small metal clusters or aggregates is the commonly used technique. The relatively low 

stability of the particles prepared by this method is considered the main disadvantage of the 

use of the chemical reduction method. The need to use an organic stabilizer is critical but it 

leads to more complications in studying the properties of the whole system (Pileni M. , 

1997). Stabilization of nanoparticles can be achieved through two possible ways: a) chemical 

stabilizers as natural and synthetic polymers and b) stabilizers forming micellar solutions 

where the growth process takes place, in the aqueous core of reverse micelles and growing 

particles are surrounded by the surfactant molecules (Pileni I. L., 1995).  
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 Nanoparticles formation is governed by thermodynamic and kinetic processes. In the 

thermodynamic case, the synthetic process consists of supersaturation with the precursor 

ions, nucleation and subsequent particle growth. In the kinetic process, the formation of 

nanoparticles is achieved by limiting the amount of precursor available for nucleation and the 

growth (Capek, Nanocomposite structures and dispersions science and technology 

fundamental principles and colloidal particles, 2006).  

 Many approaches have been developed to prepare nanoparticles and quantum dots (or 

nanocrystals) in organic and aqueous media. These include in general: sol-gel method (B. 

Frgley, 1985), polyols (G. Viau, 1996), laser pyrolysis (S.Veintemillas-Verdaguer, 1998), gas 

evaporation (Siegel, 1998), sputtering (Woste, 1986), hydrothermal (S. Komareni, 1986), 

microemulsion (Pileni M. , 1993) (Serna, 2002), sonochemical synthesis (K. Suslick, 2002), 

chemical co precipitation (D. Kim, 2001). These can be described as either Bottom-up or 

Top-down methods. The former, depends on building the nanostructures from atoms, 

molecules or atom clusters using physical and chemical deposition methods. For instance, 

nanoparticles are prepared by chemical reactions from appropriate precursors in the form of 

colloid solution as a rule. Another technique in the bottom-up category is based on organized 

aggregation of organic precursors in the presence of stabilizers and co-stabilizers. The Top-

down method is broadly employed in lithographic semiconductor technology, and it is 

mainly based on metal materials milling. These nanostructures have broad size distribution, 

varied particle shape and geometry and limited purity (V.F. Puntes, 2001). There are a 

number of techniques that have been used for the production of nanoparticles.  
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3.1. Metal nanoparticles and bottom-up approach. 

3.1.1. Precipitation. 

The precipitation of the particles is based on the supersaturation of solution by 

reactants such as metal salts, reducing agent, stabilizers and costabilizers. Raising the 

temperature can increase the solubility of the components in the continuous phase. In a 

typical homogenous nucleation synthesis, there is just one step in which all the components 

are stirred in the oil or the water-continuous phase and then treated by heat (T. Hyeon, 2001). 

On the other hand, the heterogeneous nucleation of metal particles consists of several steps.  

The first step is the formation of the primary seeds and then the growth of particles is 

achieved by the addition of precursor, stabilizer, and some additives. 

Preparation of monodisperse metal samples requires a single, short nucleation event 

followed by slower growth on the existing nuclei. The rapid addition of reagents to the 

reaction medium would increases the precursor concentration above the nucleation limit. As 

long as the rate of consumption of the reactants is faster than the feeding rate to the solution, 

a second nucleation is strongly suppressed and there are no new nuclei. If the particle growth 

during the nucleation is small compared with the main growth, the particles become uniform 

at the end of the reaction (43). If the second nucleation occurred this would contribute and 

increase the polydispersity of the particles. Polydispersity can also accompanied by the 

degradation of particles. Under these circumstances the large particles grow at the expense of 

the small ones. This growth phase is called Ostwald ripening (oswald, 1901).  In such a 

process, the high surface energy of the small particles promotes their dissolution and the 

redoposition on the surface of the large particles.  
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In general, particle size increases with increasing reaction time, as more materials add 

to the particle surfaces, and with increasing the temperature, as the rate of addition of 

material to existing nuclei increases. A high temperature reaction medium enhances the 

decomposition of the reagents thereby forming a supersaturation of the species. Upon 

nucleation the concentration of these species in solution drops below the critical 

concentration for nucleation and further materials only add to the existing nuclei. When the 

particle reaches the desired size, further growth is prevented by cooling the solution. If the 

interaction between the capping groups and the solvent is favorable, it would provide an 

energetic barrier to counter the van der Waals and the magnetic attractions between the 

particles which then make the dispersions stable. Introducing a nonsolvent that is miscible 

with the first solvent but has an unfavorable interaction with the capping groups, reduces the 

barrier to aggregation and destabilizes the particle dispersion, causing their precipitation. The 

powder of nanoparticles can be isolated by centrifuging the resulting turbid suspension. 

3.1.2. Microemulsion.  
  The fabrication of nanoparticles within reverse microemulsion has been shown to be a 

convenient route to prepare particles of controlled size (Capek, Adv. Colloid Interface Sci., 

2004). This method utilizes the natural phenomenon involving the formation of spheroidal 

aggregates in a solution when a surfactant is introduced to a polar organic solvent formed 

either in the presence or absence of water. Aggregates containing water to surfactant molar 

ratio less than 15 are called revers micelles and have hydrodynamic diameters in the range 4 – 

10 nm. But it would constitute microemulsion if the ratio is greater than 15 and then have 

hydrodynamic diameter range between 5 and 100 nm.  



 

26 

  Within the microemulsion, micelles are in continuous Brownian motion and thus 

collide frequently. A fraction of these collisions result in micelle fusion and give rise to short 

lived dimers (T.K. Jain, 1996). These dimers subsequently separate and form new micelles 

containing a mixture of the solutions enclosed in the two original micelles. Thus it is possible 

to perform a chemical reaction inside the reverse micelle water pool, “nanoreactor”, by 

mixing microemulsions containing different reactants. The dimer breaks down again into two 

reverse micelles with the content from one micelle transferred into the other. If this reaction 

results in a solid compound, nanoparticles are created and their growth is limited by the 

micelle size. .Stirring and sonication can be applied to enhance and increase the collision 

between micelles. The mixing of the two reactants thus produces a precipitation reaction, from 

which nanoparticles can be obtained through centrifugal extraction of the solution (R.D. 

Misra, 2004). A schematic picture of this process is represented in Figure (8). 
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Figure 7: Proposed mechanism for the formation of metal particles by the microemulsion approach (Capek, 
Nanocomposite structures and dispersions science and technology fundamental principles and colloidal particles, 2006). 

   

  The fabrication of nanoparticles within reverse microemulsion has been shown to be 

an effective method to prepare monodisperse particle size. This method exploits two useful 

properties of reverse microemulsion: the capacity to dissolve reactants in the water core and 

the constant exchange of the aqueous phase between micelles.  However, the usage of large 

amounts of expensive surfactants (as much as 20-30%) is considered one of the most serious 

drawbacks of this method. Another disadvantage is that the surfactant ensuring the colloidal 

stability is adsorbed on the surface of the nanoparticles, thereby decreasing their usability (H. 
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C. your, 1988). In addition, the problem of removal and separation of highly boiling point 

solvents from the product add to the disadvantages of using W/O microemulsions. The most 

obvious way to circumvent the above mentioned problems is reduce the amount of 

surfactants and other stabilizers used in the process (I. Dekany, 1996). Low boiling point 

solvents, including supercritical carbon dioxide should be used when possible (j. P. Carson, 

1999). Supercritical carbon dioxide (CO2,scrit) offers several advantages over convenient 

organic solvents including: 1) being one of the most environmentally friendly and low cost 

solvents available, 2) rapid separation of dissolved solute from the solvent by reduction of 

pressure is possible, 3) providing high diffusivity and thus accelerated reaction rate, and 4) 

tunable solvent strength through manipulation of the density and thus providing some control 

of solute solubility.   

3.1.3. Chemical vapor condensation (CVC). 
 In this technique it is usually assumed that particle formation occurs via homogenous 

nucleation. The nanoparticles continue to grow after nucleation by acquiring more atoms 

from the vapor by coalescence. For each nucleus size there is a certain saturation vapor 

pressure ratio that exactly maintains that particle. Saturation vapor pressure ratio increases 

with an increase in the decomposition temperature. So it is believed that a higher saturation 

vapor pressure ratio enhances the growth of the nucleus, which results in larger particle 

formation (C.J. Choi, 2001). 

3.1.4. Vapor-phase evaporation. 
 This method is considered the simplest way for the synthesis of one dimensional 

oxide nanostructures. For instance nanowires of, ZnO and In2O3 and nanobelts of ZnO SnO2 
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have been successfully generated. The synthesis method is based on the vaporization of oxide 

powders at a high temperature zone, and their subsequent deposition in the downstream 

direction, which results in the formation of specific nanostructures at specific temperature 

zones (Capek, Nanocomposite structures and dispersions science and technology 

fundamental principles and colloidal particles, 2006).   

3.1.5. Sonochemical method. 
Sonochemical synthesis has proven to be a useful technique to generate metal 

nanoparticles (V.G. Pol, 2003). Ultrasound effects chemical changes due to cavitation 

phenomena involving the formation, growth, and implosive collapse of bubbles in liquid 

which generates localized hot spots having temperatures up to 5000C and pressures of about 

500atm, and a lifetime of a few microseconds (Suslick, 1990). These extreme conditions can 

drive chemical reactions such as oxidation, reduction, hydrolysis, and decomposition and 

have been used to prepare various metal and metal oxides nanoparticles. The sonolysis can 

also produce radicals derived from some reactants and even the solvent. Dhas et al. 

(Gedanken, 1998) have reported the surface synthesis of CdS nanoparticles on silica 

microspheres by using cadmium sulfate and thiourea as precursors. The mechanism of 

sonochemical growth of metal particles consists of several steps.   

 

The first step is the formation of hydroxyl and hydrogen radicals from the ultrasound-

initiated dissociation of water. H• radical can act as the reducing species; hence, it can start 

the decomposition of thiourea to generate S2- in solution. The S2- then reacts with Cd2+ in 

solution to form CdS clusters.  
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3.1.6. Electrochemical method. 
  This method has been proven to have some advantages over the chemical methods in 

the synthesis of shape controlled and size selective highly pure metal nanomaterials (L. 

Rodrigues-Sanchez, 2000). For example, Reetz and Helbig developed a sacrificial anode 

method to prepare size selective metal particles in an organic phase (Helbig, 1994). In this 

method tetraalkylammonium salts served as the supporting electrolytes and stabilizers for the 

metal nanoclusters. The obvious features of this method include ease of operation, high yield, 

and the absence of undesired side products.  

  So far, there have been few reports about the synthesis of metal nanoparticles by the 

direct electroreduction of bulk metal ions in aqueous electrolytes (J.L. Delphancke, 2000). 

The main disadvantage of this method is that electroreduction involves a competition 

between two completely opposite cathode processes: a) the formation of metal nanoparticles 

and b) metal electrodeposition at cathode. The latter is usually dominant over the former. In 

such cases, the choice of a stabilizer is a critical issue. This would accelerate the rate of metal 

particles formation and markedly reduces the rate of metal deposition and protect the 

newborn nanoparticles from aggregation. 
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3.1.7. Sol-gel method. 
 This is a wet chemical route for the synthesis of inorganic and organic-inorganic 

hybrid materials. Typical sol-gel processing results in the formation of nanoscale metal oxide 

particles. The particle size can be changed by varying the concentration and aging. In a 

typical sol, nanoparticles formed by hydrolysis and condensation reactions have a size 

ranging from 1 to 100 nm. These clusters are often stabilized electrostatically against 

agglomeration. Electrostatic stabilization is based on the surface charge of nanoparticles in a 

sol. Such a charge will interact with other charged species in the sol to form a charged 

structure around the particle, which in turn introduce electric potential barriers to prevent two 

particles from approaching one another (Scherer, 1990). 

3.1.8. Solvated metal atom dispersion technique. 
The solvated metal atom dispersion technique (SMAD) involves vaporization of a 

metal under vacuum and co-deposition of the atoms with vapor of the solvent on the walls of 

a reactor cooled to the liquid nitrogen temperature. After the warm up stage, particles are 

stabilized both sterically by solvation and electrostatically by incorporation of negative 

charge (G. Trivino, 1987). The major advantage of the SMAD technique is that no products 

of metal salt reduction are present and pure metal colloids are formed. Industrial applications 

of nanomaterials require their preparation in large amounts and reproducible quality which 

can be achieved by SMAD. A greatly modified SMAD process is obtained by utilizing a 

novel combination of solvents and ligands, at controlled times and temperatures (S. Stoeva, 

2002). A flow diagram of the major synthetic steps is given in (Figure 8)    (Capek, 
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Nanocomposite structures and dispersions science and technology fundamental principles 

and colloidal particles, 2006) (S. Stoeva, 2002). 

 

Au + acetone vapor           77k              Au-acetone matrix        warm /melt   

(Au)x – acetone colloid     toluene/RSH           (Au)x – acetone – toluene – RSH mixture 

Remove acetone under vacuum          (RSH)y (Au)x toluene colloid        reflux     

(RSH)y (Au)x toluene colloid          cool        (RSH)y (Au)x   

         Monodisperse             nanocrystal superlattices 

Figure 8: Flow diagram of synthetic steps for preparation of nanocrystal superlattices. 

 

3.1.9. Template or dry approach. 
There are many types of nanometer-scale linear templates including organic 

polyelectrolytes and biomolecules (soft templates), inorganic wires and tubes (hard 

templates), pores and step-edges, which have been employed to produce nanoparticles or 

their 1D assemblies (M. V. Seregina, 1997). For instance, polyelectrolytes in solution can 

provide a scaffold for the adsorption of metal ions with opposite charges. Thereafter, the 

ion-absorbed polyelectrolyte templates can transform to a 1 D metal or semiconductor-NP 

assemblies either by a reduction reaction or by chemical combination of ion pairs. For 

example, PdCl4
2- anions were electrostatically adsorbed onto cationic poly(2-vinylpyridine) 

chains in an acidic solution of pH 1-3. After being reduced with dimethylamine borane, 1D 

Pd NPs aggregates and NPs were formed (S. Minko, 2002). Horiuchi et al. developed a 

simple dry process for synthesis of metal NPs in polymer films through the reduction of a 

metal complex used as a precursor (S. Horiuchi, 2000). In this process, a precursor is 
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vaporized, and then exposed to a polymer film. The vapor can penetrate into the polymer 

film and is simultaneously reduced to form Pd metallic particles of small size, 2-10 nm, with 

a narrow size distribution. In such method, no low molecular weight reducing agent 

(catalyst) is required for the reduction of metal complex, which means the polymer films 

themselves have the activity to reduce the metal salt or metal complex. 

 

3.1.10. Polyol technique. 

The Polyol process represents a convenient chemical route for the synthesis of bulk 

quantities of metal clusters. The method is based on the alcoholic reduction of metal ions at 

high temperature. Ethylene glycol- mediated synthesis is known to be one of the most 

powerful general methods to prepare uniform nanomaterials and it has been widely used 

because of its physical properties. Among these properties: 1) it has high dielectric constant, 

which enhances the  solubility of inorganic salts, 2) high boiling point (195 οC at atmospheric 

pressure), which makes it possible to carry out the preparation of inorganic compounds at 

relatively high temperatures, and 3) its strong reducing power (X. Jiang, 2004). In the 

synthesis of metal clusters, for example, cobalt (II) hydroxide (Co (OH)2) is quantitatively 

reduced  to the zero valence state by a refluxing with di(ethylene glycol). Polymeric 

protective agents such as, poly(vinylpyrilidone), are not required to ensure the steric 

stabilization of metal clusters because of the low tendency of metal particles to coalescence 

during the growth step. The metal precursor is slightly soluble in the glycol and therefore a 

heterogeneous phase reaction is involved. The particle size is related to the reaction time. In 

order to obtain very small particles, a limited reaction time is usually required. Much larger 
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metal particles are obtained using longer reaction times. Due to the presence of a mechanical 

barrier around the particles made by the Polyol molecules that are bound to the electrophilic 

metal surface, the clusters do not coalescence during sintering (Carotenuto, 2003). 

3.2. Stabilizing and reducing agents in the fabrication processes. 
Stabilizing agents must be present during the growth of nanoparticles to prevent 

aggregation and precipitation of the particles. When the stabilizing molecules are attached to 

the particle surface as a mono layer through covalent or ionic or dative bonds (dipolar bond) 

they increase the stability of the nanoparticle dispersion.  The capping of the reagents on the 

particle surface is similar to the binding of ligands into the metal coordination sphere in 

coordination chemistry. The average particle size is varied by the ratio of capping groups to 

metal salt (D.V. leff, 1996). Moreover, tailoring the ratio of the concentration of reagents to 

that of surfactants provides control over particle size. High stabilizer-to-reagent 

concentrations favor the formation of more small initial nuclei and thus a smaller particle size 

results. In addition to that, it is worthy to mention, the chemistry of the surface agent can also 

be chosen to control the particle size. During the particle growth, the surfactants absorb 

reversibly on the surfaces of the particles providing a dynamic organic shell (capping layer). 

This layer stabilizes the particle in solution and mediates their growth. Surfactants that bind 

tightly to the surface of the particles, carboxylic acids for instance, lower the rate of material 

growth, which results in smaller average particle size. In contrast, alkylphosphines weakly 

bind to the particles surface and allows more growth which results in larger sizes. Finally, the 

controlled addition of reagents as well as choosing the capping agent can be optimized to 

narrow the particle size distribution (X. Peng, 1998). 
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The introduction of a reducing agent to the fluid phase causes the reduction of the 

metal precursor. The reduction process can precede under different conditions, such as the 

solubility of reducing agent in the continuous phase, pH of the reaction mixture, and 

temperature. Reduction of metal salts requires adjustment of the reactivity of the reducing 

agent, to the redox potential of the metal. With respect to the nature of the reducing agent 

chemical reduction may be subdivided into two categories. The first one includes the 

classical well-known reducing agents  such as LiAlH4, NaBH4, LiBEt3H, NaBH(OAc)3, 

NaBH3CN, hydrogen, alkylsilanes, formaldehyde, alcohols, and polymers (R.K.Hailstone, 

1995). The second group includes some special reducing mediums and radiation-chemical 

approaches including radicals where the reduction process is initiated by solvated electrons 

generated by the ionizing radiation (Henglein, 1993).  

 The efficiency of reducing agents depends on their stability under the different 

reaction conditions (temperature, pH, and type of solvent). For example the solubility of 

common reducing agents is strongly suppressed at very low temperature. This is the case 

with NaBH(OAc)3 as a reducing agent in the supercritical CO2 microemulsion, which has a 

lower solubility but more stability than NaBH3CN . The reducing agent system can control 

the architecture of the final metal particles. The chemical reductions in aqueous solutions of 

silver salts, such as silver nitrate, are broadly used to prepare metal particles (Shuyuan, 

2005). Formaldehyde, hydrazine hydrate, and sodium borohydride were used as reducing 

agents to prepare ultrafine metallic powder. They were reported as powerful reducing agents 

and too strong to obtain uniform size and monodisperse silver particles. On the other hand, 
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ascorbic acid having a middle reduction power was chosen as an ideal reducing agent for this 

task. In such process the following chemical reaction occurs: 

2Ag
+

C6H8O6 2Ag
0

C6H6O6 2H
++ + +
 

If the reaction is too fast, rapid formation of a large amount of metal nuclei will result in very 

small particles, which are difficult to separate. If the reaction rate is too slow, it is very 

difficult to prevent particles from aggregation (Shuyuan, 2005).  

In the ethylene glycol process, the alcohol served both as solvent and reducing agent 

for metal ions. However due to its slow reaction rate, the synthesis is often carried out under 

high temperature (90-160 C) to shorten the reaction time. On the other hand, if the reaction is 

performed in aqueous solution, a reducing agent such as hydrazine is needed to produce 

silver colloid. To enhance the reduction power of the hydrazine, additional alkaline agents 

such as NaOH or Na2CO3 are added in appropriate amounts. In the synthesis of silver 

nanoparticles, when sodium bicarbonate was added to the reaction medium, the silver ions 

would first combine with carbonate ion to form Ag2CO3. As the carbonate ion was 

hydrolyzed to produce some hydroxyl ions, it starts to reduce silver ions to silver metal. This 

reaction decreases the carbonate ion concentration and Ag2CO3 precipitate would then 

dissolve back to release more carbonate ions. As a result, the suspension would gradually 

gain a dark color, similar to when NaOH was added. Finally, when the reaction was 

complete, the solution would change to a color corresponding to the size of silver colloid (G. 

Carotenuto, 2000).  
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The precipitation process yields highly concentrated and stable dispersions of 

monodisperse silver particles in a simple manner, by reduction of concentrated aqueous 

solutions of silver nitrate with ascorbic acid in aqueous medium. Ascorbic acid has the ability 

to reduce Ag+ salts and so to precipitate metallic silver in acidic solution (I. Sondi D. g., 

2003). In contrast, most of the other common reducing agents, such as hydrazine and 

formaldehyde are effective only in solutions of neutral or basic pH and, therefore require a 

base to complete the reaction. 

 The reduction of Ag+ can proceed by the radical derived from an initiator, by its 

decomposition at elevated temperature or by ultraviolet irradiation. In the polyol process 

methoxy polyethylene glycol (CH3O(CH2CH2O)n acts as  a reducing agent. It generates free 

radicals upon ultraviolet irradiation, which then reduces the metal ions. The polyol also acts 

as a template for the metal particles. Thus, photolysis of water via an ultraviolet source (hv) 

leads to the formation of radicals which then take part in the subsequent steps (K. Mallick, 

2005): 

H2O(hv) H
. OH

.+
-CH2CH2OH(OH)

. -CH2CH
.
-OH + H2

-CH2CH
.
-OH(H)

. -CH2CH
.
-OH+ H2
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+

-CH2CH
.
-OH Ag

0 CH2CHO+ +
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4. Silver nanoparticles. 

Silver is a metallic chemical element with the chemical symbol (Ag) and atomic number-

47 and atomic mass-107.87. A soft transition metal it has the highest electrical conductivity 

of any element and the highest thermal conductivity (but less than the nonmetal diamond and 

superfluid helium II) of any metal. The metal occurs naturally in its pure form (native silver) 

as an alloy with gold and other metals and it might found in minerals such as argentite and 

chlorargyrite. Most silver is produced as a by-product of copper, gold, lead, and zinc refining 

(Foundation, 2012). It is widely known as a catalyst for oxidation of ethylene to ethylene 

oxide. Colloidal silver (also referred as electrical silver atoms) grasped the interest of many 

researchers due to its superior properties, such as good conductivity, chemical stability, 

catalytic properties, and antimicrobial activity.  

The most frequent method applied for the preparation of silver nanoparticles (Ag-NPs) is 

the chemical reduction method. Reduction of silver salts can occur in water or organic 

solvents. Borohydride salts, citrates, ascorbate and elemental hydrogen are commonly used in 

reduction of silver ions. Initially, the reduction of (Ag+) ions leads to the formation of silver 

atom (Ag0), which is followed by agglomeration into silver atom clusters which eventually 

leads to the formation of colloidal silver with particle diameters in the nanoscale range. 

When the diameter of the particles is below the electron mean free bath, this gives rise to the 

intense absorption in the visible near UV due to the coherent oscillation of the free electrons 

from one surface of the particle to the other which is called the surface plasmon resonance 

(SPR). The solution would have an intense peak at 380-400 nm range in the UV-absorption 

spectrum (Cao YW, 2002).   
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The optical properties of a metallic nanoparticle depend mainly on its surface plasmon 

resonance. The plasmon resonant peaks and line widths are sensitive to the size, the shape of 

the nanoparticles, the metallic species, and the surrounding medium (B. Chio, 2007). When 

two nanoparticles are brought into proximity, their plasmons couple in a distance-dependent 

manner. Therefore the optical properties are determined by those of the individual particles 

and by the electrodynamic interaction between them. Y. Badr and M. Mahmoud (Mahmoud, 

2005) recorded the absorption spectrum of silver nanoparticle of different sizes. They found a 

remarkable red-shift in the peak position as the size increases. The peaks shifted from 402 

nm to 406 nm and 423nm as the particle size increased from 3 nm to 8 nm and 20 nm 

respectively. Y. Xia et al. (Y. Xia, 2005) reviewed the optical properties of silver 

nanoparticles and the relation between SPR peak position and the morphology of the metal 

nanostructure and they focused mainly on the case of silver. Nanoshperes of silver exhibited 

one symmetric extinction peak centered at 430 nm. However, cubic nanoparticles displayed 

three SPR peaks located at 350, 400, and 470 nm respectively and the extinction spectra of 

triangular nanoplates displayed three peaks at 335, 470, and 690 nm respectively. In general, 

the number of SPR peaks increased as the symmetry of the particles decreased. 
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Figure 9: Shapes (right images) and UV-Visible spectra of triangular, cubic, and spherical silver NPs. (Y. Xia, 2005) 
 

 
 
3.1.Silver NPs and green synthesis. 

3.1.1. Polysaccharide method. 

In this method, silver NPs are prepared using water as a solvent and polysaccharides 

as a capping agent, or in some cases, reducing agent and capping agent. Scott Wallen et al. 

(P. Raveendran, 2003) used starch as a reducing as well as capping agent in the preparation 

of silver nanoparticles. Starch was introduced as an environmentally safe material and hence, 

starch-protected nanoparticles can be readily integrated into systems relevant for 

pharmaceutical and biomedical applications. In an attempt to make the process more green, 

the authors used D-glucose as an reducing agent. The reduction of silver ions to silver atoms 

was confirmed initially by using the UV-absorbance spectroscopy. A relatively broad peak 
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was obtained with λmax around 419 nm, which suggests the production of wide range of 

particle sizes. The nanoparticles were produced under mild heating and continuous stirring 

for 20 hr.  

The anionic property of heparin facilitates the preparation of silver nanoparticles 

using this polysaccharide as reducing and stabilizing agent. The abundance of sulfonate 

groups in heparin leads to solution enrichment of Ag+ ions thus facilitating the formation of 

silver nanoparticles. Huang and Yang (Yang H. H., 2004) investigated the role of heparin as 

reducing and protecting agent during the preparation of silver nanoparticles. A plasmon 

absorbance of the silver nanoparticles was observed at 401nm. The plasmon band is 

symmetric, which indicates that the solution does not contain many aggregated particles. 

When the concentration of AgNO3 is increased, the intensity of the absorption band 

increases, and the plasmon absorption shifts to (532 nm). When the concentration of AgNO3 

is fixed, and the concentration of heparin is increased, the intensity of the absorption band 

goes up again, and the plasmon absorption shifts to a longer wavelength (451 nm). Both the 

increases in absorption intensity and the shifts in plasmon absorption indicate the size of 

silver nanoparticles formed varies with the concentration of heparin and AgNO3. 

Chitosan, a natural biocompatible polymer, was extensively investigated as a 

protecting polymer during the preparation of several metallic nanoparticles. Due to the 

antimicrobial properties offered by the presence of the amino group in its skeleton, chitosan 

based silver nanoparticles can exert synergistic effects against a wide range of microbes. D. 

Wei et al. (D. Wei, 2009) successfully prepared silver nanoparticles just by adding silver 

nitrate solution to chitosan solution and letting it standing for 12 hours at 95 οC. Although the 



 

42 

resulting colloid had a significant antimicrobial activity against E. coli and S. aureus, the 

method is only suitable for lower silver salt concentrations and not readily applicable for an 

economical larger scale production.  

Using atomic force microscopy (AFM) M. Potara et al. (M. Potara, 2011) clearly 

proved the synergistic antibacterial activity of chitosan-silver nanocomposites on S. aureus. 

The authors proposed a new route for preparation of silver nanoparticles which proceeds by 

two steps. In the first step, silver particles called seeds were prepared by reduction of silver 

nitrate with sodium borohydride. In the second step, aqueous solutions of seeds, ascorbic 

acid, and chitosan were pre-combined. To this mixture AgNO3 solution was immediately 

added drop wise with continuous magnetic stirring for several hours to allow the growth of 

the particles.  Finally they came to a conclusion that both chitosan and silver nanoparticles 

are participating in the final efficiency of the prepared composite.  

3.1.2. Other methods.  

There are other methods described as green routes for nanoparticles preparation 

including: 1) Tollens method (Yadong Yin, 2002); in which Tollens reagent [Ag (NH3)2
+] is 

reduced by an aldehyde. Polysaccharides can be utilized to play the role of the reducing agent 

through its aldehydes’ free terminals. 2) Irradiation method; here a variety of irradiation 

methods can be applied. For example, laser (S. Eustis, 2005) and microwave irradiation (Z. 

Shao-Peng, 2009). Using this method there is no reducing agent required, because the 

ionizing irradiation can reduce the silver ions. 3) Biological method; extracts from bio-

organisms may act both as reducing and capping agents. For example, the extract of 

unicellular green algae Chlorella vulgaris was used to produce silver nanoparticles at room 
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temperature. 4) Polyoxometalate method (A. Troupis, 2002); POM is a polyatomic anion that 

consists of three or more transition metal oxyanions linked together by shared oxygen atoms 

in a relatively closed 3-dimensional framework. For example, phosphotungestate anion 

[PW12O40]3-consists of a framework of 12 octahedral tungsten oxyanion surrounding a central 

phosphate group. Such types of compounds are soluble in water and have the capability of 

undergoing stepwise, multielectron redox reactions without disturbing their structure. In this 

method POM can be used as reducing, photo-catalytic, and stabilizing agent in synthesizing 

silver NPs. 5) Electrochemical method (L. Rodriguez, 2000); this method is based on the 

dissolution of a metallic anode in an aprotic solvent. By changing the current density, it is 

possible to obtain different silver particle sizes. It is worthy to refer, here, to a comprehensive 

review that appeared in the literature in 2009 by Virender Sharma et al. (V. Sharma, 2009), 

discussing the green synthesis of silver nanoparticles and its antimicrobial applications. 

 

3.2.  Antimicrobial Activities. 

  Sliver and its compounds are well known since ancient times for their antimicrobial 

activity. They are regularly used in clinical wound dressings to treat burn wounds. The 

bactericidal effect of silver containing products is well known; however, the mechanism is 

not fully understood. Micromolar levels of Ag+ ions have been reported to uncouple 

respiratory electron transport from oxidative phosphorylation, inhibit respiratory chain 

enzyme, or interfere with microbial membrane permeability to protons and phosphate. 

Moreover, higher concentrations of Ag+ ions have been shown to interact with cytoplasmic 

components and nucleic acids (W. Schreurs, 1982). In the case of Ag-NPs a study done by 
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Sondi et al. (using scanning electron microscopic) revealed that the majority of nano-silver 

was localized in the membranes of treated bacteria while some penetrated into the cells (I. 

Sondi a. B.-S., 2004).  

It has been established in the literature that the translocation of envelope protein 

precursors across the inner membrane (cytoplasmic) and their subsequent conversion to 

mature forms, require a functional plasma membrane having a membrane potential. Agents 

that dissipate the membrane potential are known to induce an accumulation of envelop 

protein precursors in the cytoplasm. Furthermore, the translocation of the envelop protein 

precursors also requires ATP (adenosine triphosphate, the source of energy inside the cell) 

(N>A. Rodionova, 1995). Observing the accumulation of envelope protein precursors in the 

nano-Ag treated cells provides clue to elucidate a possible mechanism of action of Ag-NPs. 

Chi-Ming Che et al. (C. Lok, 2005) through their proteomic studies; rationalized the above 

hypothesis by studying the accumulation of these protein precursors in nano-silver treated 

cells as well as the ATP levels in the cell. The authors came to a conclusion that the 

accumulation of these protein precursors in the treated cells is mediated by membrane 

destabilization and deenergization properties of silver nanoparticles. Bacteria were killed 

within minutes possibly due to immediate dissipation of the proton motive force which 

results in massive proton leakage through the membrane. The phenomenon caused 

deenergization of the membrane and consequently cell death. Moreover, their data revealed 

silver nanoparticles and Ag+ ions are sharing a similar membrane-targeting mechanism of 

action and the effective concentrations of nano-Ag and Ag+ are at nanomolar and micromolar 
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levels, respectively. This indicated the superior antimicrobial properties of silver 

nanoparticles (C. Lok, 2005). 

 The effect of size and shape of silver nanoparticles on the antimicrobial profile have 

been reported in the literature. In one study, the Ag nanoparticles obtained in the reduction of 

the Ag(NH3)2+ complex cations by four different saccharides with narrow size distributions, 

were tested against gram positive and gram negative bacteria (al. V. S., 2006).  Sharma and 

his co-workers found a relation between the particle size of the produced silver and its 

antibacterial efficacy. The average sizes of the particles were 44, 50, 25, and 35 nm, prepared 

by using glucose, galactose, maltose and lactose respectively. The 25 nm-sized silver 

particles synthesized via reduction by maltose showed the highest activity, comparable even 

with ionic silver for most of the tested strains. The lowest antibacterial effect was observed 

for galactose, which is related not only to the large particle size (50nm) but also to the rapid 

formation of aggregates after sample preparation (al. V. S., 2006).  

 Does the antibacterial activity of silver nanoparticles depend on the shape of the 

nanoparticle? This interesting question has been proposed and answered in detail by Pal et al. 

(S. Pal, 2007). Silver nanoparticles of different shapes (spherical and truncated triangular and 

mixture nanoparticles) were prepared by a two-step method (seeding and growth). The 

particles had the same mechanism of action towards Escherichia coli. Meaning they kills the 

bacteria through altering the outer membrane permeability. However, the inhibition results 

were not the same. Truncated triangular silver nanoplates with a {111} lattice plane as the 

basal plane displayed the strongest biocidal action, compared to spherical and rod-shaped 

nanoparticles and with Ag+ ions. The differences in the observed trends in E. coli inhibition 
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can be explained in terms of the percent active facets, present in nanoparticles of different 

shapes. The XRD pattern (Fig. 11) shows that the top basal plane of a truncated triangular 

nanoplates is a {111} surface. Spherical silver nanoparticles predominantly have {100} 

facets along with small percentage of {111} facets, while in case of the rod-like silver 

nanoparticles  side surfaces are bound by {100} and the ends by {111} facets. It has been 

reported by El-Sayed et al. (C. Burda, 2005) that the reactivity of silver is favored by high-

atom-density facets such as {111}. Morones et al. (J. Morones, 2005) proved the faceting of 

the particles as well as the direct interaction of the {111} facets with the bacterial surface. 

Thus, a high reactivity of the truncated triangular nanoplates, as found in this study, in 

comparison to other particles that contain fewer than {111} facets, like spherical or rod-

shaped particles, was expected. 
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Figure 10: EFTEM images (right side) of silver nanoparticles (A) spherical, (B) Different shapes, (C) Purified rod-shaped 
and OPML-XRD pattern (left side) of truncated triangular silver nanoparticles. 

 
 
3.3. Implications of metallic nanomaterial on health and Human. 

Silver nanoparticles are found in an increasing number of consumer products such as 

food packaging, odor resistant textiles, and medical devices including wound dressings. 

Concerns have been raised that silver nanoparticles can exert an unacceptable toxicity risk to 

human health and the environment. In general, metallic nanoparticles may have different 

effects on human health if compared with the bulk materials. Most of the synthesized 

nanoparticles are small enough to access skin, lungs, and brain. Continuous exposure to 

metal-containing nanoparticles by human lung epithelial cells could generate reactive oxygen 

species, which can lead to oxidative stress and cellular damage (V. Sharma, 2009). Ashrani et 

al. (PV., 2008) reported on the toxic effects of Ag NPs on zebrafish. The zebrafish was 
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selected, due to its fast development and transparent body structure. The results showed a 

deposition of particles on organs and severe developmental effects.  

Silver nanoparticles were also reported to be toxic to mammalian cells in-vitro. 

Hussain et al. (Hussain, 2005) found that silver nanoparticles were highly toxic to BRL 3A 

rat liver cells. Mitochondrial function (an indicator of energy available to the cells) decreased 

and lactic hydrogenase (LDH) function increased significantly in cells exposed to silver 

nanoparticles at 5–50 μg/ml. The LDH function is commonly used to indicate cell death and 

the release of cytoplasm components. Other metal oxides such as aluminum oxide, and 

titanium dioxide had no measurable effect at these doses. In addition, silver nanoparticles 

could have toxicity towards mammalian germline stem cells. A study done by Braydich-

Stolle et al. (Braydich-Stolle & Hussain, 2005) investigating the cytotoxicity of silver 

nanoparticles in mammalian germline stem cells, showed that silver NPs were more toxic 

than other metal oxides. The nanoparticles significantly reduced mitochondrial function and 

interfered with cell metabolism and eventually lead to cell leakage. Furthermore, the 

significant toxicity of silver nanoparticles to mammalian germline stem cells indicates the 

potential of these particles to interfere in general with the male reproductive system. 

 

4. Biodegradable polymeric nanoparticles. 

As noted above, polysaccharides as biodegradable polymers have been utilized in the 

formation of metallic nanoparticles. Most of these polymers have been employed as reducing 

agent, for the metal salts, and capping agent, for the formed particles, in the same time. In 

addition, there has been considerable interest in developing biodegradable polymeric 
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nanoparticles (NPs) as effective drug delivery devices over the past few decades. Such 

devices are alternatives to liposome technology, in order to overcome the problems related to 

the stability of these vesicles in biological fluids and during storage. The drug targeting 

nanoparticles offer the advantage of enhancement of the cellular uptake which reduces any 

undesired toxic side effects of the free drugs. With their easy accessibility in the body, 

nanoparticles can be transported via the circulation to different body sites, which supports the 

systemic treatments. Nanoparticles can be prepared from a variety of materials such as 

protein, polysaccharides and synthetic polymers. The choice of polymer depends on several 

factors including: (i) surface charge and permeability of the nanoparticle; (ii) size and 

morphology of the nanoparticles; (iii) degree of biodegradability, biocompatibility and 

cytotoxicity; (iv) the desired profile of drug loading and release (J., 1994) (Sushamitha 

Sundar, 2010).  

The therapeutic potential of these biodegradable colloidal systems was investigated 

for many applications. There is a serious limitation for using most of the available 

bionanoparticles to administrate hydrophilic molecules such as peptides, proteins and nucleic 

acids which are known to have great potential in therapeutics. This limitation is mainly 

because the polymers forming these nanoparticles are mostly hydrophobic, whereas proteins, 

peptides and nucleic acids are hydrophilic. This leads to difficulties for the drug to efficiently 

be encapsulated and protected against enzymatic degradation. Therefore, the preparation of 

nanoparticles using more hydrophilic and naturally occurring materials has been explored 

(Rajaonarivony M., 1993). In addition to the general advantages of nanoparticles, biopolymer 

nanoparticles in particular offer several advantages, which include the ease of their 
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preparation from well-understood biodegradable polymers and their high stability in 

biological fluids and during storage.  

Nanoparticles made of biodegradable polymers like proteins and polysaccharides can 

act as efficient drug delivery vehicles for sustained, controlled and targeted release, aiming to 

improve the therapeutic effects and also to reduce the side effects of the formulated drugs. 

Chitosan for instance, is an excellent biopolymer for preparation of microparticles and 

nanoparticles owing to its excellent biocompatibility and biodegradability. Moreover, the 

amino group offers a high charge density to the molecule and readily form salts with acids. 

Chitosan dissolves in various acids and can spontaneously complex with polyions, including 

DNA, and form gels. Ionic gelation of chitosan with Tripolyphosphate is a highly cited 

method for the preparation of chitosan nanoparticles (Calvo P, 1997).  

 

4.1.  Fabrication methodologies of biopolymeric NPs. 

Different methods have been used to prepare biopolymeric nanoparticles. Selection of 

the proper method depends on several factors such as a) thermal and chemical stability of the 

active agent, drug for instance, b) the desired particles size, c) reproducibility of the release 

kinetic profiles, d) residual toxicity in the final product, and its stability.   

4.1.1. Emulsification. 

This method can be described as the dissolution of hydrophobic substances in an 

organic solvent which is further emulsified with an aqueous solution at very high shear. This 

results in the formation of very small droplets (50–100 nm). Nano-emulsion formation is 

based on the spontaneous emulsification that occurs on mixing an immiscible organic phase 
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and an aqueous phase. The organic phase is a homogeneous solution of oil, lipophilic 

surfactant and water-miscible solvent, whereas the aqueous phase consists of hydrophilic 

surfactant and water. After emulsification, the organic solvent is removed by evaporation, 

yielding stable dispersions of solid nanoparticles. The major drawback of this method is the 

need to add organic solvent and then to remove it, and the potential toxicity of the organic 

solvent residuals (Gao Z., 1995).  

Addition of cross-linking agent to the emulsion was used to enhance the hardness of 

the nanoparticles. Kumbar S.G. et al., (S.G. Kumbar, 2002) used an emulsion cross-linking 

method to prepare chitosan microspheres to encapsulate sodium diclofinac using three cross-

linking agents: glutaraldhyde, sulfuric acid, and heat treatment. This method utilized the 

reactive functional amine group of chitosan to cross-link with aldehyde groups of the cross-

linking agent. Among the three cross-linkers used, glutaraldhyde cross-linked particles 

showed the slowest release rates while a quick release was observed by the heat cross-linked 

particles. The size of the particles can be controlled by controlling the extent of cross-linking 

and exposure time. Denkbas et al. (E.B. Denkbas, 1998) used a mixture of mineral 

oil/petroleum ether in the ratio of 60/40 (v/v) as the external medium to prepare chitosan 

nanoparticles using glutaraldhyde as a cross-linking agent and Tween-80 as an emulsifier. 

Smaller nanoshperes with a narrow size distribution were produced when the 

chitosan/solvent ratio was lower. 
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4.1.2. Desolvation. 

This method involves slow addition of a desolvation factor, such as natural salts or 

alcohol, to the protein solution. The desolvation factor changes the tertiary structure of the 

protein. On reaching the critical level of desolvation, protein aggregates will be formed and 

by crosslinking with a chemical substance (e.g. glutaraldhyde), will result in the formation of 

nanoparticles (Sushamitha Sundar, 2010). Coester et al. (Coester C, 2006) developed a slight 

modification for the desolvation process in their work for preparation of gelatin NPs. In a 

two-step process, the low molecular weight gelatin fractions present in the supernatant are 

removed by decanting, and in the second step, high molecular weight fractions present in the 

sediment are redissolved and then desolvated again at pH 2.5. The resulting particles can then 

be easily purified by centrifugation and redispersion.   

4.1.3. Coacervation. 

Coacervation employs mixing of the aqueous protein solution with an organic solvent 

such as acetone or ethanol to yield tiny coacervates. These coacervates are limited by the 

addition of the crosslinking agent. The difference of the coacervation and desolvation 

methods is the various parameters which affect the fabrication process to give a desired 

property to the nanoparticles. These parameters include initial protein concentration, 

temperature, pH, cross linker concentration, agitation speed, and molar ratio of protein 

/organic solvent and organic solvent adding rate (Jahanshahi M., 2008). In a piece of research 

done by Mao and his co-workers (H.Q. Mao, 2001) they prepared chitosan-DNA 

nanoparticles using the complex coacervation technique. Important parameters such as 

concentrations of DNA, chitosan, sodium sulfate, temperature, pH of the buffer and 
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molecular weights of chitosan and DNA have been investigated. At the amino to phosphate 

group ratio between 3 and 8 and chitosan concentration of 100 microgram/ml, the particle 

size was optimized to 100-250 nm with a narrow size distribution. Surface charge of these 

particles was slightly positive at a pH lower than 6.5 and nearly neutral at pH 7.  

4.1.4. Electro-hydrodynamic atomization. 

A rather new method was used by Xie et al. (X. Jingwei K. l., 2006) who obtained 

nanoparticles by Electro-hydrodynamic atomization (EHDA) of a PLGA solution in 

acetonitrile. The basis of this method was first described by Sir Rayleigh who described the 

possibility to disperse a fluid as small electrically charged droplets under the influence of an 

electrostatic field. Because of the droplet electrostatic charge, a maximum charge is 

displayed on the surface of the particles when the Coulomb fission could occur. Coulomb 

fission is a process in which a charged droplet deforms and emits a charged jet after the 

solvent evaporates. EHDA has different applications: electrospray ionization in mass 

spectroscopy, thin films deposition by electrospray, pharmaceutical production and 

polymeric particle fabrication for drug encapsulation. Producing relatively monodisperse 

particles is possible using this method but at high production rates of the nanoparticles, their 

size could increase. It is worthy to note, that the biological activity of the electrosprayed 

protein-based nanoparticles is not affected by the process conditions (Sushamitha Sundar, 

2010). Ganza-Gonzalez et al. (Ganza-Gonzalez, 1999)have demonstrated that the spray-

drying technique is fast, simple and reliable to obtain microspheres. Microspheres were 

prepared by spray drying aqueous chitosan dispersions containing metoclopramide 
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hydrochloride, and using different amounts of formaldehyde as a cross-linker. These spheres 

released the drug for more than 8 h, independent of the pH of the medium.  

4.1.5. Using supercritical fluid technology. 

A supercritical fluid is any substance at a temperature and pressure above its critical 

point, where distinct liquid and gas phases do not exist. It can effuse through solids like a 

gas, and dissolve materials like a liquid. In addition, close to the critical point, small changes 

in pressure or temperature result in large changes in density, allowing many properties of a 

supercritical fluid to be "fine-tuned". Supercritical fluids are suitable as a substitute for 

organic solvents in a range of industrial and laboratory processes. Carbon dioxide and water 

are the most commonly used supercritical fluids, being used for decaffeination and power 

generation, respectively. Using supercritical fluids is an attractive method to prepare 

polymeric nanoparticles with desired physicochemical properties to facilitate the targeted 

drug delivery. This technology introduces an environmentally safer solution and good 

alternative for the conventional solvents (Kumaresh S. Soppimath, 2001). 

 There are two common methods that use supercritical fluid technology in preparation 

of biopolymeric nanoparticles (T.W. Randloph, 1993). The first method is called the Rapid 

Expansion Supercritical Solution method (RESS). In this method the solute of interest is 

solubilized in a supercritical fluid and the solution is expanded in a nozzle. Thus, the solvent 

power of the supercritical fluid dramatically decreases and the solute eventually precipitates. 

This precipitate is pure and has no solvent residuals. RESS is very popular and famous for 

the preparation of biodegradable drug-loaded polymers like PLA. A uniform distribution of 

drug inside the polymer matrix can be achieved by this method for low molecular mass 
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polymers (< 10000). However, the RESS method cannot be used for higher molecular mass 

polymers due to their limited solubility in supercritical fluids. Because of this major 

drawback, RESS application for most natural polymers is limited. The supercritical anti-

solvent method (SAS) is the second most widely used application of supercritical fluid 

technology (S. Mawson, 1994). In this method the precipitation vessel is charged with the 

supercritical fluid containing the solute of interest in an organic non-solvent. At high 

pressure, enough anti-solvent will enter into the liquid phase so that the solvent power will be 

lowered and the solute will precipitate. After precipitation, when the final operating pressure 

is reached, the anti-solvent flows through the vessel so as to strip the residual solvent. When 

the solvent content has been reduced to the desired level, the vessel is depressurized and the 

solid product is collected. In a modified version of the SAS technique (T.W. Randloph, 

1993), the solid of interest is first dissolved in a suitable solvent and this solution is rapidly 

introduced into the supercritical fluid through a narrow nozzle. The supercritical fluid 

completely extracts the solvent, causing the supercritical fluid insoluble solid to precipitate as 

fine particles. This method called gas anti-solvent technique (GAS) and has been used to 

produce microparticles as well as nanoparticles. 

4.1.6. Polymerization method 

Polymeric nanoparticles can be also prepared by polymerization of monomers. 

Couvreur et al. reported the production of 200 nm Poly(alkylcyanoacrylates) a nanoparticles, 

tissue adhesive, are obtained by anionic polymerization mechanism  (P. Couvreur, 1979).  

Here, cyanoacrylic monomers were added to an aqueous solution of a surface active agent 

(polymerization medium) under vigorous mechanical stirring to polymerize as 
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alkylcyanoacrylates at ambient temperature. The nanoparticle suspension is then purified by 

ultracentrifugation or by resuspending the particles in an isotonic surfactant free medium. 

The mechanism of the polymerization proceeds as described in the following scheme 

(Kumaresh S. Soppimath, 2001): 

 

 

 

 

 

 

 

 

This polymerization process follows the anionic mechanism as it is initiated in the presence 

of nucleophilic initiators such as OH-, CH3O- and CH3COO-, leading to the formation of NPs 

of low molecular weight due to rapid polymerization process. These NPs degraded very fast 

and so to produce higher molecular weight fragments, the polymerization must be carried out 

in an acidic medium (pH 1 – 3). During the polymerization process, various stabilizers, 

Dextran for instance, are added in addition to some surfactants like polysorbate. Particle size 

and molecular mass of the nanoparticles depend on the type and concentration of the 

stabilizer and/or surfactant used, as well as the concentration of the monomer and the stirring 

speed. The major drawback of this method is that the production of NPs is not possible at a 

pH above 3, probably due to the aggregation and stepwise molecular mass increase at higher 
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pH. This low pH value might increase the cytotoxicity of the final NPs. Chemical 

modification and derivatisation could introduce a bridge to circumvent this problem (P. 

Breton, 1998). 

4.1.7. Emulsion-droplet coalescence method. 

This method was developed by Tokumistu et al. (H. Tokumitsu H. I., 1999) which 

utilize the principles of both emulsion cross-linking and precipitation. In this method, 

precipitation is induced by allowing coalescence of the polymer droplets with NaOH 

droplets. First, a stable emulsion containing an aqueous solution of the polymer, chitosan for 

instance, along with drug, is produced in liquid paraffin oil and then another stable emulsion 

containing a polymer solution in aqueous NaOH is produced the same way. When both 

emulsions are mixed under high-speed stirring, droplets of each emulsion would collide 

randomly and coalesce, thereby precipitating polymer to give small size particles. The above 

mentioned authors used this method to prepare Gadopentetic acid-loaded chitosan 

nanoparticles for gadolinium neutron capture therapy. Interestingly, they found that particle 

size depends on the degree of the deacetylation of chitosan, the size increased as the DD 

percentage decreases.  Particles produced using 100% deacetylated chitosan had mean 

particle size of 425 nm with 45% (w/w) drug loading. 

4.1.8. Ionic gelation: nanoparticles prepared form hydrophilic polymers. 

Different methods have been adopted to prepare NPs from the hydrophilic polymers 

like alginate, chitosan, albumin and gelatin. Calvo and coworkers (P. Calvo C. R.-L.-J., 

1997) have reported a method to prepare hydrophilic chitosan NPs through ionic gelation. 

This method was built up depending on the possibility of complexation between oppositely 
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charged macromolecules under mild conditions. Tripolyphosphate (TPP) is a polyanion, 

which can interact with the amino group of the cationic chitosan by electrostatic forces. This 

method uses the reversible physical cross-linking by electrostatic interaction, instead of 

chemical cross-linking, to avoid the possible toxicity of reagents and other undesirable 

effects. Insulin-loaded chitosan nanoparticles have been prepared by mixing insulin with TPP 

solution and then adding this to chitosan solution under continuous stirring (R. Fernandez-

Urrusuno, 1999). Chitosan/TPP concentration was adjusted to a ratio of 6:1. The 

nanoparticles were in the size range of 300-400 nm with a positive surface charge ranging 

from +25 to +54 mV. 

4.1.9. Irradiation method. 

Ionizing radiation is radiation composed of particles that individually can liberate an 

electron from an atom or molecule. In the case of organic compounds or certain other small 

molecules, this ionization produces free radicals, which are atoms or molecules containing 

unpaired electrons. The ability of an electromagnetic wave (photons) to ionize an atom or 

molecule depends on its frequency, which determines the energy of its associated particle, 

the photon. Radiation on the short-wavelength end of the electromagnetic spectrum—high-

frequency ultraviolet, X-rays, and gamma rays—is ionizing, due to its composition of high-

energy photons. Lower-energy radiation, such as visible light, infrared, microwaves, and 

radio waves, are not ionizing (Wikimedia Foundation, 2012).  

Ionizing radiation is well known as a popular tool in reducing the molecular weight of 

biopolymers, such as chitosan, and it may serve as an efficient tool for controlling nanoscale 

materials. W. Pasanphan et al. (W. Pansanphan, 2010) investigated the preparation of 
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chitosan nanoparticle by simply exposing chitosan to ɣ-rays in different physical forms and 

different routes of preparation. Chitosan was prepared as three forms: (i) flake (Chi-flake), 

(ii) colloidal (Chi-colloid), and (iii) acidic aqueous solution (Chi-acid). They found that both 

radiation dose and physical formulation of chitosan influenced not only particle shape but 

also particle size as well as size distribution. The ɣ-ray irradiation gave chitosan 

nanoparticles with very narrow size distribution. Radiation seems to influence the particle 

size over an extended radiation dose period the higher the radiation dose, the smaller the 

particle size. Additionally, the irradiation of chitosan in Chi-colloid seems to bring the 

particle size down to lower than that in Chi-flake. The particle sizes are down to less than 

100 nm, i.e. 72 nm, when using ɣ-ray dose as low as 5 kGy. The particle size decreased by 

70% when Chi- colloid was exposed to a ɣ-ray dose of 10 kGy and the particle size achieved 

was around 50 nm. Whereas the particle size decreased by only 30% when Chi-flake was 

exposed to an equal radiation dose. To achieve the particle size down to 50 nm in the case of 

Chi-flake, the ɣ-ray dose should be increased to 40–100 kGy. Based on the results obtained, 

the authors suspect that Chi-colloid would serve as the best route under mild ɣ-ray irradiation 

condition, to prepare chitosan nanoparticles. 

 

5. Chitosan basic characteristics and nanoparticles. 

5.1. Basic characteristics of chitosan. 

Chitosan is a polysaccharide, similar in structure to cellulose, both are made by linear β- 

(1,4)-linked glucopyranose. However, an important difference to cellulose is that chitosan is 

composed of amino-2-deoxy-β-D-glucopyranose. The primary amine groups render special 
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properties that make this polysaccharide very unique in different applications. Compared to 

many other natural polymers, chitosan can develop positive charges which in turn enhance its 

mucoadhesive properties. Therefore, it is used extensively in drug delivery applications. 

Native chitosan is obtained from the deacetylation of chitin, a naturally occurring and 

biocompatible polysaccharide found in marine crustaceans. However, applications of chitin 

are limited compared to CS because chitin though structurally similar to cellulose, is much 

more chemically inert. The acetamide group of chitin can be removed to uncover the amino 

group by treatment with concentrated alkali solution. Chitin and chitosan represent long-

chain polymers having molecular masses up to several million Daltons. Chitosan is relatively 

reactive and can be produced in various forms such as powder, paste, film, fiber, etc. (O. flet, 

1998).  

Chitosan contains free amino groups but, is insoluble in water. In acidic pH, the amino 

group can undergo protonation, thus making it soluble. The solubility of chitosan depends 

upon the distribution of free amino and N-acetyl groups. Usually 1–3% aqueous acetic acid 

solutions are quite enough to solubilize the polymer. Chitosan is biocompatible with living 

tissues since it does not cause allergic reactions and rejection. It breaks down slowly to 

amino sugars which are considered harmless products. These, amino sugars, and their 

oligomers are completely absorbed by the human body (Sharma T. C., 1990). Chitosan 

degrades under the action of enzymes such as lysozyme; it is nontoxic and easily removable 

from the body without causing associated side reactions. In addition, chitosan is well known 

to exhibit high antibacterial activity. Exploring the bacteriostatic and bactericidal behavior of 

chitosan and its derivatives has been a very active area of research during the last two 
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decades. The presence of the free amino group, -NH2, in the backbone of the chemical 

structure of chitosan promotes its efficacy against different strains of bacteria and fungi. 

Moreover, chitosan has the tendency to absorb toxic heavy metals like, cadmium, lead, etc. 

Furthermore, it has good adhesion, coagulation ability.  

Chitosan has many advantages, particularly for developing nanoparticles. These include: 

1) its ability to control the release of active agents, 2) it avoids the use of hazardous organic 

solvents while fabricating particles, since it is soluble in aqueous acidic solution, 3) it is a 

linear polyamine containing a number of free amine groups that are readily available for 

crosslinking, 4) its cationic nature allows for ionic crosslinking with multivalent anions, and 

5) it has mucoadhesive character, which increases residual time at the site of absorption, and 

so on. Due to all the above-mentioned properties, chitosan; in addition to the antibacterial 

applications, is extensively used in mucoadhesive formulations, improving the dissolution 

rate of low solubility drugs, drug targeting and enhancement of peptide absorption (S. 

Agnihorti, 2004).  

5.2. Antimicrobial activity of chitosan nanoparticles. 

Several mechanisms for antimicrobial action of chitosan have been proposed. The 

most reliable ones are as follows: 1) Chitosan could chelate with trace elements or essential 

nutrients so as to inhibit the growth of bacteria (Roller, 1999). 2) It could adhere and interact 

with anionic groups on the cell surface and form polyelectrolyte complexes with the external 

cellular membrane of the bacteria, thereby forming an impermeable layer around the cell, 

which prevents the transport of essential solutes into the cell (Muzzarelli, et al., 1990). 3) 
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Chitosan could bind with the microbial DNA, in turn interfering with mRNA and protein 

synthesis, which clearly requires entry of the chitosan into the cell. 

Chitosan nanoparticles exhibit higher antibacterial activity than bulk chitosan on 

account of the special character of the nanoparticles. Building on the above mentioned 

postulations, the negatively charged surface of the bacterial cell is the main target site of the 

polycation. Therefore, the polycationic chitosan nanoparticles with higher surface charge 

density interact with the bacteria to a greater degree than chitosan itself. In addition, chitosan 

nanoparticles provide higher affinity with bacteria cells because of the quantum-size effect. 

Because of the larger surface area of chitosan nanoparticles, it could be tightly adsorbed to 

the surface of the bacterial cells so as to disrupt the membrane, which would lead to the 

leakage of the intercellular components, thus killing the bacteria cells. The previously stated 

conclusion has been confirmed by the work of many research groups.  

Lefeng Qi et. al. (Lifeng Qi, 2004), were in support of the postulation that suggests 

the antibacterial activity of chitosan nanoparticles proceeds via membrane disruption and 

leakage of cellular protein, so as to kill the bacteria cells. Using AFM microscopy they 

investigated the antibacterial process of chitosan nanoparticles as well as copper-loaded 

nanoparticles. Nanoparticles with mean diameter of 40nm and 257nm with a narrow size 

distribution (polydispersity index<1) were successfully prepared by ionic gelation of chitosan 

with Tripolyphosphate (TPP). Zeta potential of copper-loaded particles was higher, 96 mV, 

than that of the native chitosan, 51 mV, which in turn is reflected in the activity against S. 

choleraesuis. Copper-loaded nanoparticles, though a larger size, exhibit uch higher 

antibacterial activity than bulk chitosan or doxycycline, reference antibiotic, and slightly 
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higher than chitosan nanoparticles without copper. This high activity was attributed to the 

increased surface charge due to the adsorption of copper ions on the surface of chitosan 

nanoparticles.  

 

 

 

 

 

 

 

 

Figure 11: Atomic force micrograph (AFM) of S. Choleraesuis cells after treatment with chitosan nanoparticles 
suspension for different times. A) Nontreated cells; B) treated cells for 30  min; C) treated cells for 1 h; D) treated 
cells for 2 h. E) treated cells for 3 hr. (Lifeng Qi, 2004). 

 
In a parallel work done by Wen-Li Du et al., (Wen-Li Du, 2008) a similar conclusion 

has been reached. The authors focused on fighting E. Coli K88 using chitosan nanoparticles 

and copper-loaded chitosan nanoparticles. The minimum inhibition concentration (MIC) and 

minimum bacterial concentration (MBC) of chitosan nanoparticles loaded copper ions 

against E. Coli K88 were 9 and 12 microgram/ml, which were about 28 times and 42 times 

lower than those of copper ions, respectively. And the MIC and MBC of chitosan 

nanoparticles loaded copper ions were 13 times and 15 times lower than those of chitosan 

nanoparticles.  
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The molecular weight (MW) as well as the degree of deactylation (DD) of the parent 

chitosan may have a role to play in its antimicrobial activity as a nanoparticle. A very recent 

study by Luis E. Chavez et. al. (L. Chavez de paz, 2011) investigated the penetrative 

antimicrobial effect of chitosan nanoparticles prepared from different MW and DD chitosan 

batches on 24-h-old biofilms of S. mutans. This type of bacteria can form an oral film on 

tooth surfaces and cause some dangerous diseases such as caries, gum inflammation and 

degradation of periodontal tissues (periodontitis). Chitosan nanoparticles were created by ion 

gelation with polycationic sodium triphosphate (TPP). A slight modification was adapted in 

order to be able to dissolve chitosan at neutral pH. Interestingly, they found that the low 

molecular weight chitosan showed the highest antibacterial activity at various depths of the 

biofilm formed by S. mutans (> 95% of total cell damaged). The authors observed a clear 

tendency between the molecular weight of chitosan and the effect on membrane integrity of 

S. mutans with the lower-molecular-weight chitosans showing the highest effect and with 

progressively decreased effect on membrane integrity for higher molecular weights. They 

suggested that it is possible for the lower-molecular-weight nanoparticles to have a 

systematically reduced number of TPP molecules available per molecule and may thus be 

more susceptible to disaggregation in the biofilm. Once homogenously distributed across the 

biofilms, chitosan nanoparticles can directly interact with bacterial cells. Moreover, the 

results indicated that the difference in the levels of DD did not seem to affect the 

antimicrobial activity of the chitosan nanoparticles. It is worthy to notice here; these results 

differ from results obtained in other studies that found a positive correlation between DD and 

antimicrobial effect of chitosan at lower pH (A. Nasti N. Z., 2009). The authors attributed the 
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lack of influence of the DD to the fact that free amino groups are mostly unprotonated at pH 

7, which consequently limits its antibacterial activity.  

Chitosan as an antimicrobial agent can be integrated into textiles substrates to make 

these rot proof, mildew stain proof and to prevent perspiration odor resulting from microbial 

growth on textiles. Recently, Yang et. al. (Yang, Wang, & Hung, 2010) studied the 

application of chitosan nanoparticles for wool fabric finishing where they showed the effect 

of molecular weight on the chitosan nanoparticles size and zeta potential and the effect of 

chitosan nanoparticles concentration on shrink-proof and antibacterial properties of the wool 

fabric. 

In a recent powerful piece of research Mangala Joshi et. al. (S. Wazed Ali, 2011) 

applied chitosan nanoparticles and silver loaded chitosan nanoparticles to acquire 

antimicrobial activity for bioactive polyester that is used in a wide range of medical textile 

applications. The preparation conditions were adjusted to produce chitosan nanoparticles 

from solution of pH 6.0 (pKa value 6.5) and chitosan TPP weight ratio of 5:1 at temperature 

of 25 C. These conditions were shown, by the same group (Ali, 2010), to produce the 

optimum antibacterial efficacy. The size and morphology of the prepared nanoparticles have 

been tested by Dynamic Light Scattering system (DLS) and Transmission Electron 

Microscope (TEM) technique. The average size of both chitosan nanoparticles and chitosan 

nanoparticles-loaded silver were 115 nm and 165 nm respectively, using the DLS method. 

However, the average size was found to be smaller for chitosan nanoparticles and chitosan 

nanoparticles-loaded silver, 50-120 nm and 100-150 nm, using TEM method. They explained 

these results by the fact that the measurement condition used in the two techniques were 
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different in the two cases. In DLS the particles are dispersed in an aqueous media and are in a 

swollen conditions and this hydrodynamic diameter is measured. On the other hand, the 

particles are in a dried state on the TEM grids. Therefore, their structure is not swollen 

resulting in a lower particle sizes. The MIC of the prepared particles was evaluated for the 

solid powders rather than the solutions. It was a smart point from the authors, because in fact, 

the antibacterial agents ultimately will be present in the solid dry form on the polymer or 

textile substrate after application and drying. MIC is determined as the lowest concentration 

of agent inhibiting the visible growth (more than 90% activity) of microorganism on the agar 

plate. The data revealed that silver loaded chitosan nanoparticles exhibit a synergistic effect 

against S. aureus bacteria at very low concentration (0.001% w/v), because at that 

concentration neither chitosan nanoparticles nor silver ions works effectively against the 

species tested. Lastly, the antibacterial activity of chitosan, chitosan nanoparticles and silver 

loaded chitosan nanoparticles treated polyester fabric was tested using a parallel streak 

(AATCC-147) method against S. aureus. The silver loaded chitosan nanoparticles treated 

fabric showed a very clear zone of inhibition around the sample. This was attributed to the 

synergistic effect of silver and chitosan nanoparticles and a sustained release of silver ion 

with time.  

Yan-Hau Lu et al. (Yan-Hua Lu, 2010) have treated Antheraea pernyi silk with 

chitosan nanoparticles. The nanoparticles were prepared by ionic gelation method. However, 

the authors followed their own route of preparing the treatment bath. In brief, chitosan was 

dissolved first in butane tetracarboxylic acid (BTCA), which is a cross-linker, in the presence 

of sodium hypophosphite (SHP), catalyst, and Span-80 surfactant. Once a clear solution is 
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reached a carefully selected concentration of TPP was added drop wise at 40 C under stirring 

to obtain chitosan nanoparticles.  The size distribution of the prepared chitosan nanoparticles 

were measured in aqueous solution via HPPS particle size analyzer and in dry state using 

TEM technique. Different results were obtained from both techniques. Unlike the results 

explained above by Mangala Joshi et. al. (S. Wazed Ali, 2011), they found that the average 

size of the prepared chitosan nanoparticles in aqueous solution was smaller, 20.8 nm, than 

that obtained by TEM, 83.6 nm. Both authors used the same reasons with different 

arguments. Yan-Hau Lu et al. attributed the increment of the particle size obtained from 

TEM to the fact that secondary chitosan nanoparticles can aggregate and form larger ones 

with water vaporization while preparing the sample. On the other hand, particles measured 

via HPPS particle size analyzer was used in aqueous solution and were well dispersed. In 

addition, during the preparation process of nanoparticles, the emulsion phenomenon was 

observed when the solution of chitosan was aged more than 2hrs. This is because the 

nanoparticle itself has a characteristic surface energy and tends to aggregate spontaneously, 

which resulted in a system of chitosan nanoparticles that was not stable. This seems to be a 

more satisfactory conclusion. The bacterial reductions of A. Pernyi silk fabric treated with 

nanochitosan against S. aureus were more than 90% even after 20 launderings. Moreover, 

this treatment also improved the breaking strength and wrinkle-resistance properties of the 

finished fabrics. 

In recent years, a number of surface functionalization techniques have been 

developed to confer substrates with antibacterial properties, for example, covalent attachment 

of polycationic groups (Cen L, 2004) and deposition of multilayered polyelectrolyte film 
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filled with silver ions. However, the use of such techniques is confined to preformed 

substrates and is not suitable for other ones such as bone cement, used in joint replacement, 

since the cement is mixed into a doughy mass just prior to insertion into a prepared cavity. Z. 

Shi et al. (Zhilong Shi, 2006) explored a strategy based on the incorporation of chitosan (CS) 

into bone cement. To increase the antibacterial activity and solubility of CS, quaternary 

ammonium CS derivatives (QCS) have been prepared and their antibacterial activities were 

shown to increase with increasing chain length of the alkyl substituent.  This in vitro study 

has demonstrated that the incorporation of nanoparticles of CS and quaternary ammonium 

CS derivative in bone cements can provide effective antibacterial action against S. aureus 

and S. epidermidis. The nanoparticles provide a high surface charge density for interacting 

with and disrupting bacterial cell membranes. Since the nanoparticles can be uniformly 

mixed with the bone cement, the mechanical properties of the bone cement are not 

significantly compromised. The in vitro cytotoxicity assay showed that there is no significant 

difference in cytotoxicity between the chitosan NP, quaternary chitosan NP and the non-toxic 

control.  

5.3. Characteristics of drug controlled release and targeting. 

Many drugs have problems of poor stability, water insolubility, low selectivity, high 

toxicity, side effects, and so on. Efficient drug carriers play a significant role in resolving 

these problems. Chitosan nanoparticles are considered one of the best drug carriers with wide 

development potential. Nanoparticles of chitosan have the advantage of slow/controlled drug 

release, which improves drug solubility and stability, enhances efficacy, and reduces toxicity. 

Because of their small size, they are capable of passing through biological barriers in vivo 
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(such as the blood–brain barrier) and delivering drugs to the lesion site to enhance efficacy. 

Drugs carried by chitosan nanoparticles can be released through degradation and corrosion of 

chitosan, providing a sustained-release effect. Because of varied degradation rates for 

chitosans of different molecular weight and deacetylation degree, different types of 

nanoparticles can be used to regulate drug-release rate (XG, 2002).  

The positive charges that are present in the backbone of chitosan have selective 

adsorption and neutralizing effects on the tumor cell surface. As a drug carrier, chitosan 

nanoparticles have a targeting function to the liver, spleen, lung, and colon (park JH, 2010). 

Modified, Ethylene glycole chitosan, nanoparticles had a prolonged circulating time in the 

blood with high tumor-cell selectivity. Doxorubicin–chitosan polymeric micelles had 

excellent drug-loading properties, were suitable for targeting the liver and spleen, and 

significantly reduced drug toxicity to the heart and kidney. 

 

5.4. Chitosan nanoparticles as a carrier of gene and protein drugs. 

As a gene carrier, the conventional virus has the disadvantages of low transfection rate 

and cell toxicity, and even may cause serious immune responses. The chitosan nanoparticle 

has been considered as an excellent biocompatible and biodegradable non-virus gene carrier. 

Gene silencing mediated by double-stranded small interfering RNA (siRNA) has been widely 

investigated as a potential therapeutic approach for diseases caused by genetic defects (D.R. 

Sorensen, 2003). Small interfering RNA (siRNA) consisting of 21–23 nucleotides can 

regulate gene expression in mammalian cells through RNA interfering (RNAi). As the 

administration of siRNA could bypass nonspecific inhibition of protein synthesis induced by 
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long double stranded RNA, it has therefore been employed as a novel tool in blocking the 

expression of genes. However, its application is restricted by rapid degradation and poor cell 

absorption. Drug loading of chitosan nanoparticles prepared by ionic gelation by Katas and 

Alpar (Alpar, 2006) reached 100%, protecting and siRNA from nuclease degradation. Like 

gene drugs, protein drugs can be degraded easily by enzymes in-vivo and have poor 

permeability and stability as well as a short half-life. However, chitosan can efficiently 

protect protein and promote the contact between drug and bio-membrane, thereby improving 

bioavailability. H. Zhang et al. (H. Zhang, 2010) investigated the potential of low molecular 

wight water soluble chitosan as a carrier in the preparation of protein-loaded nanoparticles. 

Bovine serum albumin (BSA) was applied as a model drug. The particles were prepared by 

ionic gelation method and the range of size was between 100 and 400 nm. The preliminary 

protein release test of BSA nanoparticles in-vitro proves that they have a sustained release 

form.  

5.5. Modification of chitosan nanoparticles, active targeting. 

Active targeting can be obtained for chitosan nanoparticles through chemical 

modification, so as to make the nanoparticle identify the organ accurately and to enhance the 

internalization of drug loaded carriers into the target cell. Receptor mediated drug targeting is 

a promising approach to active targeted drug delivery. Receptor systems can not only bind 

specific ligands, but can also internalize them within membrane-bond vesicles or endosomes. 

Once a ligand binds the receptor, the ligand–receptor complex is rapidly internalized and the 

receptor recycles back to the surface (Ciechanover, 1983).  



 

71 

A. Lin et al. (Aihua Lin, 2008) modified chitosan nanoparticles by glycyrrhizic acid to 

strengthen liver-targeting delivery of drug loaded carriers through the mediation of 

glycyrrhizic acid. This is because there were binding sites of glycyrrhizic acid on the surface 

of liver parenchyma. The results of model drug loading and release experiments indicate that 

this system seems to be a very promising vehicle for encapsulation of ionizable drugs under 

acidic or neutral conditions. Flow Cytometry (FCM) and Confocal Laser Microscopy (CLM) 

studies show that modified chitosan NPs are preferentially accumulated in the hepatocytes 

and the process is mostly mediated by a ligand-receptor interaction. J. H. Kim et al. (al. J.-H. 

K., 2008) used hydrophobic cholanic acid to modify glycol chitosan and prepare 

nanoparticles through self-assembly. The nanoparticles were in the size range between 300-

500 nm. By using non-invasive and live animal imaging technology, the authors confirmed 

that the tumor targeting ability of Cisplatin-loaded glycol chitosan (CDDP-HGC) 

nanoparticles is closely related to the prolonged circulation and enhanced permeability and 

retention effect of nano-sized drug carriers in tumor-bearing mice. The selectively localized 

CDDP-HGC nanoparticles in the tumor tissue showed higher antitumor efficacy and lower 

toxicity compared to free CDDP, as shown by changes in tumor volumes, body weights, and 

survival rates. In another piece of research done by Min et al. (K. Min, 2008) the 

hydrophobic 5 β- cholanic acid was chemically bonded to the skeleton of hydrophilic glycol 

chitosan (HGC) to prepare nanoparticles. Camptothecine encapsulated into the nanoparticles 

easily, with drug-loading of more than 80%, using a dialysis method. This effectively 

protected the drug from hydrolysis under a physiological environment, producing CPT-HGC 
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nanoparticles with a significant antitumor effect and high targeting to MDA-MB231 human 

breast cancer cells. 

5.6. In vivo metabolic process of chitosan nanoparticles. 

Nanoparticles are often recognized as foreign matter in-vivo and absorb by antibodies 

generated in the human body. Plasma protein, lipoprotein, immune protein, and complement 

C protein in plasma are also adsorbed on nanoparticles, accelerating the reorganization of the 

reticuloendothelial system. Nanoparticles are also entrapped by macrophages and cleared 

from the body’s circulation (Mei ZN, 2002). The bridge between nanoparticles and 

macrophage is formed because of plasma protein adsorbed on the nanoparticle surface. The 

surface charge determines the ability of nanoparticles to absorb plasma protein, thereby 

influencing the removal rate of nanoparticles by macrophage. Nanoparticles with polarity and 

high surface potential as well as hydrophilic nanoparticles are engulfed less and have a 

longer circulating time in the blood stream. Drug-loaded chitosan nanoparticles are 

decomposed into free chitosan and drug in-vivo. Chitosan is mainly degraded producing 

water and carbon dioxide under catalysis of lysozyme and bacterial enzyme in the colon. The 

chitosan absorbed into blood is cleared by the kidney and the rest is discharged through 

excrement without adverse effects. Degree of deacetylation as well as molecular weight also 

influences degradation rate and degree of chitosan in-vivo (Yang YM, 2007). 

6. Characterization and investigation of Biopolymeric nanoparticles. 

In general, nanoparticles are characterized by their size, morphology and surface 

charge, using such advanced microscopic techniques as scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). The 
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average particle diameter and their size distribution affect the physical stability and their 

overall shape. Moreover, the surface charge of the nanoparticles affects the physical stability 

and redispersibility of the polymer dispersion, as well as their in vivo performance. 

6.1. Particle size and morphology. 

Drug release and drug targeting are the most important applications of polymer 

nanoparticles. On a mass basis, smaller particles offer larger surface area and as a result, 

most of the drug loaded onto them will be exposed to the particle surface leading to fast drug 

release. On the contrary, drugs diffuse slowly inside larger particles. As a disadvantage, 

smaller particles tend to aggregate during storage and transportation of the nanoparticle 

dispersion. Therefore, there is a compromise between a small size and maximum stability of 

nanoparticles. There are several tools for determining nanoparticle size. Photon-correlation 

spectroscopy (PCS) or dynamic light scattering (DLS) are widely used to determine the size 

of Brownian nanoparticles in colloidal suspensions in the nano and submicron ranges. 

Shining monochromatic light (laser) onto a solution of spherical particles in Brownian 

motion causes a Doppler shift as the light scatters from the moving particle, changing the 

wavelength of the incoming light. This change can be related to the size of the particle. It is 

possible to extract the size distribution and give a description of the particle’s motion in the 

medium, by measuring the diffusion coefficient of the particle and using the autocorrelation 

function (R. B. B., 1975).  

A slight modification to photon-correlation spectroscopy has resulted in the 

development of a new technique, nanoparticle tracking analysis (NTA). It is used to 

determine the size distribution profile of small particles in a liquid suspension. The technique 
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is used in conjunction with an ultra-microscope which allows small particles in liquid 

suspension to be visualized while moving under Brownian motion. An ultra-microscope is a 

system of illumination for viewing tiny particles with diameter below or near the wave length 

of the light (around 500 nm). The ultra-microscope system is based on light scattering, not 

light reflection. A computer program is then used to track the particles’ movements and 

subsequently estimate their hydrodynamic radius.  

The size and morphology of nanoparticles exert a profound influence on the physical 

and chemical properties that determine their interaction with the biological systems. There 

are certain techniques to analyze the morphology of nanoparticles. Scanning electron 

microscope (SEM) is the most powerful technique used to investigate the morphology of 

nanoparticles. For SEM characterization, the nanoparticles solution should be first converted 

into a dry powder, which is then mounted on a sample holder followed by coating with a 

conductive metal, such as gold or palladium, using a sputter coater. The sample is then 

scanned with a focused fine beam of electrons. The surface characteristics of the sample are 

obtained from the secondary electrons emitted from the sample surface. The nanoparticles 

must be able to withstand vacuum, and the electron beam can damage the polymer.  

In contrast, the Transmission Electron Microscope (TEM) operates on a different 

principle than SEM, yet it often yields the same type of data. The sample preparation for 

TEM is more complicated because of its requirement to be ultra-thin for the electron 

transmittance. The nanoparticles dispersion is deposited onto support grids or films. To make 

nanoparticles withstand the instrument vacuum and facilitate handling, they are fixed using 

either a negative staining material, such as phosphotungstic acid, uranyl acetate etc., or by 

http://en.wikipedia.org/wiki/Light_scattering
http://en.wikipedia.org/wiki/Reflection_(physics)
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plastic embedding. To expose the sample to liquid nitrogen temperatures after embedding in 

vitreous ice is an effective alternative method. The surface characteristics of the sample are 

obtained when a beam of electrons is transmitted through an ultra-thin sample, interacting 

with the sample as it passes through (Sushamitha Sundar, 2010). 

Atomic force microscopy (AFM) is another tool used to characterize a variety of 

surfaces, including those of nanoparticles, at the atomic level and it is one of the primary 

forms of scanning probe microscopes. The advantage of AFM is its ability to image non-

conducting samples without any specific treatment, thus allowing imaging of delicate 

biological and polymeric nanostructures. AFM requires minimal sample preparation and can 

be performed in ambient conditions. Scanning with a sharp probe across its surface and then 

monitoring and compiling the tip-sample interactions provide the images of the sample 

surface (R. B. C., 1996). 

6.2. Particle stability. 
Colloidal stability is analyzed by determining the zeta potential of nanoparticles. 

From a theoretical viewpoint, zeta potential is the electric potential in the interfacial double 

layer (DL) at the location of the slipping plane versus a point in the bulk fluid away from the 

interface. In other words, zeta potential is the potential difference between the dispersion 

medium and the stationary layer of fluid attached to the dispersed particle. This potential is 

an indirect measure of the surface charge. Surface charges prevent the agglomeration of 

nanoparticles polymer dispersions because of strong electrostatic repulsion, thereby 

enhancing the stability of the nanoparticles. It corresponds to the potential difference 

between the outer Helmholtz plane and the surface of shear. Laser Doppler anemometry is a 

http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Double_layer_(interfacial)
http://en.wikipedia.org/wiki/Double_layer_(interfacial)
http://en.wikipedia.org/wiki/Slipping_plane
http://en.wikipedia.org/wiki/Dispersion_medium
http://en.wikipedia.org/wiki/Dispersion_medium
http://en.wikipedia.org/wiki/Dispersed_particle
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technique used to measure the zeta potential. It is based on the evaluation of the velocity of 

particles by the shift caused in the interference fringe, which is produced by the intersection 

of two laser beams. The electrophoresis mobility is then transformed into a zeta potential. 

Most colloidal particles have negative zeta potential values ranging from about −100 to −5 

mV. The zeta potential can also provide information regarding the nature of the material 

encapsulated within nanocapsules or coated onto their surfaces (Y., 2006). 

6.3. Particle Structure. 
Analysis of the structural changes of polymer nanoparticles is imperative to understand 

the nature of modifications taking place in terms of conformation, folding, chemical bonding, 

etc, during the synthesis of nanoparticles. X-ray diffraction (XRD) is one of the techniques 

used for this purpose. It used to investigating the structure of crystalline materials, from 

atomic arrangement to crystallite size and imperfections. XRD also analyzes the phase 

composition, crystallite size and shape, lattice distortions and faulting, compositional 

variations, orientation and in-situ structure development of the nanoparticles. Usually, the 

XRD pattern is obtained by illuminating the sample with an x-rays source (Copper K_ line) 

with wavelength of 1.54Å and scanning the diffraction within a certain range of the angle 2θ. 

Fourier transform infrared spectroscopy (FTIR) is another technique to supplement 

XRD. The advantage of FTIR over crystallographic techniques is its capability to provide 

information about the structural details of polymers in solution with greater spatial and 

temporal resolution. The basic principle is that the chemical bonds and groups of bonds 

vibrate at characteristic frequencies. A molecule that is exposed to infrared rays absorbs 

infrared energy at frequencies which are characteristic to that molecule. FTIR analysis is 
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carried out by illuminating the sample with a modulated IR beam. The sample transmittance 

and reflectance of the infrared rays at different frequencies is translated into an IR absorption 

plot, which is then analyzed and matched with known signatures of identified materials in the 

FTIR library (R. B. C., 2009). 

6.4. Cellular uptake and cytotoxicity.  

For polymer nanoparticles to be used as drug carriers or targeted nano-vehicles, it is 

important to assess their cellular uptake and cytotoxicity, both in-vitro and in-vivo. Cellular 

uptake of nanoparticles is determined by tagging the nanoparticles with fluorescent tags, such 

as a fluorescence isothiocyanate (FITC), followed by incubating these fluorescence-tagged 

nanoparticles with cells and visualization under confocal laser scanning microscope. 

Analysis based on the mitochondrial activity is a common method to evaluate toxicity of the 

biomaterials. It is usually performed by incubating nanoparticles with cells and carrying out a  

3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. The underlying 

principle is the reduction of the yellow tetrazolium to the purple formazan in living cells (P., 

2000) by the addition of a solubilization solution (usually either dimethyl sulfoxide, an 

acidified ethanol solution, or solution of detergent sodium dodecyl sulphate in diluted 

hydrochloric acid) to dissolve the insoluble purple formazan product into a colored solution. 

Then the absorbance of this colored solution is quantified at a certain wavelength (depending 

on the used solvent) using a spectrophotometer. These reductions takes place only when 

reductase enzymes are active, and therefore, conversion is often used as a measure of viable 

cells. 
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6.5. Drug loading and Drug Release. 

In addition to the cellular uptake and cytotoxicity, bio-nanoparticles may be evaluated for 

their property of drug loading and drug release. The drug loading of the nanoparticles is 

generally defined as the amount of drug bound per mass of polymer. It is usually moles of 

drug per mg polymer or mg drug per mg polymer and could also be given as a weight 

percentage relative to the polymer. The technique used for this analysis is UV spectroscopy 

or high performance liquid chromatography (HPLC) after ultracentrifugation, ultra filtration, 

gel filtration, or centrifugal ultrafiltration. The encapsulation efficiency refers to the ratio of 

the amount of encapsulated/absorbed drug to the total (theoretical) amount of drug used, with 

regard to the final drug delivery system of the dispersion of nanoparticles. Quantification is 

performed with the UV spectroscopy or HPLC. Drug release assays are also similar to the 

drug loading assay, which is assessed for a period of time to analyze the mechanism of drug 

release (Sushamitha Sundar, 2010). 

7. Conclusion. 

A brief summary to the basics and fundamental physics behind the Nano-scale materials 

was introduced. Up-to-date methods of preparation and investigation of metallic as well as 

polymeric nanoparticles were explored. Rapid and nontoxic synthetic methods using 

polysaccharides have shown a great potential in Ag NPs synthesis. More details were 

provided about the antimicrobial properties of silver nanoparticles and the different proposed 

mechanisms of action. However, the synthesis of nanostructures of Ag in high yield and in 

wide range of shapes using green methods are still challenging tasks and need more effort to 

explore. In addition, the techniques to monitor and measure transport of the nanoparticles in-
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vivo should be improved to be able to observe the nanoparticles interactions. This will 

determine the effect of Ag NPs on the living organisms and reveal their environmental 

consequences.  

Unlike the metallic nanoparticles, polymeric nanoparticles are more environmentally 

safe and have been used widely in the biomedical field. Nanoparticles can be developed from 

a variety of polymeric materials such as synthetic polymers, protein and polysaccharides. As 

it was clear above, biopolymeric nanoparticles hold enormous applications as vehicle for 

administration of drugs and vaccines.  Bioactive molecules within the nanoparticles can 

target specific sites and deliver at those desired locations. As a biocompatible, biodegradable, 

and nontoxic natural polymer chitosan have attracted increasing attention. This has prompted 

accelerated research activities on chitosan micro and nanoparticles as drug delivery vehicle. 

Chitosan has been used too, as a drug carrier, to deliver some protein drugs orally such as 

insulin. Its utilization in gene inhibition treatment has become a hot topic of research. 

However, several challenges remain for further development of chitosan-based nanoparticles: 

1) the preparation strategies of chitosan nanoparticles need to be enhanced for obtaining 

evenly and stable nanoparticles; 2) poor solubility of unmodified chitosan nanoparticles 

which can encapsulate only the hydrophilic drugs; 3) majority of studies carried out so far are 

only in in-vitro conditions. Exploring new methods or using new compounds to precipitate 

chitosan based nanoparticles could be a promising solution to the first problem. In addition, 

hydrophobization of chitosan by grafting alkyl chains or fatty acids to its backbone could be 

a visible solution to address the second problem.  
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In conclusion, the published literature indicates that in the near future, metallic 

nanoparticles as well as biopolymeric particulate systems will have more commercial status 

in the market. Silver nanoparticles as an antimicrobial agent and chitosan as a drug delivery 

vehicle will have the potential for wider application. 
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CHAPTER 3 

Antimicrobial wound dressing nanofiber mats from multicomponent (chitosan/silver-
NPs/polyvinyl alcohol) systems 

 
 

1. Introduction. 

Nanomaterials and nanostructures may provide solutions to technological and 

environmental problems in the fields of water treatment, energy conversion, catalysis, and 

medicine (Dahl, 2007) (Hutchison, 2008). The increased demand of nanoscale products must 

be accompanied by green synthesis methods. Green chemistry and green chemical processes 

are being integrated with recent developments in science and industry in attempts to reduce 

the generation of hazardous waste (Anstas, 1998). Related principles aim at minimizing the 

use of unsafe products and maximizing process efficiency while using environmentally safe 

solvents and nontoxic chemicals. 

Compared to macroscopic or bulk materials the size, surface area and morphology of 

nanoparticles (NPs) endow them with unique physical and chemical properties (Kamyar, 

2010). New applications of NPs and nanomaterials are emerging rapidly; for example, silver 

NPs have attracted extensive research as antimicrobial, antibacterial medical textiles and 

wound dressing materials (Hebeish A. E.-N.-D.-R., 2011) (Rujitanaroj, 2008) (Sharma V. Y., 

2009) (Choi, 2008). It is generally documented that Ag NPs may attach to the cell wall, thus 

disturbing its permeability and inter-membrane exchange. The NPs may also penetrate inside 

the cell causing damage by interacting with phosphorus- and sulfur-containing biomolecules 

including DNA and proteins. Another possible mechanism is the release of silver ions from 
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the NPs (Sambhy, 2006). Generally, silver does not adversely affect viable mammalian cells 

and cannot be easily resisted by microbes. Hence, silver has been incorporated into different 

materials in various forms and used in burn dressings to protect against microbial 

contamination (Brett, 2006).  

Most of the synthetic methods of Ag NPs reported to date rely on the use of organic 

solvents and toxic reducing agents that are highly reactive and pose potential environmental 

and biological risks, including hydrazine (Sakai, 2009), N,N-dimethylformamide (Pastoriza-

Santos, 2002) and sodium borohydride (Van Hyning, 2001). Furthermore, the use of organic 

polymers as templates is considered as one of the most powerful and effective alternatives to 

synthesize Ag NPs (Boˇzani´ c, 2011) (Konwarh, 2011). In addition to producing stable and 

well dispersed NPs with controlled size, shape and distribution, organic polymer also 

combine their intrinsic properties with those of the metal NPs. Earlier reports have dealt with 

biopolymers like chitosan (Huang, 2004), heparin (Yanli, 2008) and soluble starch 

(Vigneshwaran N. N., 2006) as reducing and stabilizing agents for preparation of Ag NPs. 

Chitosan, a polysaccharide derived from naturally occurring chitin, displays unique 

polycationic, chelating, and film-forming properties due to the presence of active amino and 

hydroxyl groups. Chitosan is a well-known biopolymer that possesses antibacterial activity 

against Gram-negative and Gram positive bacteria, which has been exploited in a number of 

studies (Rabea E. I., 2003). However, its mechanism of action against bacteria is still only 

partially understood. Some hypotheses indicate that polycationic chitosan could interact with 

anionic groups on the cell surface thereby causing an increase in membrane permeability and 

probably disrupting and subsequently facilitating leakage of cellular proteins. Another 
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mechanism suggested involves the formation of chitosan chelates with trace elements or 

essential nutrients resulting in the inhibition of the activity of enzymes (Rabea E. I., 2003) 

(Lim S. a., 2004). To date, chitosan has been reported to aid in the synthesis of metal 

nanoparticles, mainly gold and silver NPs (Dongwei Weia, 2009). However, to our 

knowledge only few studies have considered the use of chitosan–metal nanocomposites as 

antibacterial wound dressing material (Zhuanga, 2010) (Hang A. T., 2010).  

Electrospun fiber mats have been reported to have great potential as wound dressings 

(Pillai C. K., 2009) (Zhou, 2006). Electrospinning is a process used to fabricate fibers using 

an electrically charged jet of diverse materials, including polymers with diameters ranging 

from several micrometers to several hundreds of nanometers. Because electrospun (e-spun) 

nanofibers have high porosity and a very small pore size, they have a larger specific surface 

area than that of cast films (Jia Y. T., 2007). Few reports have considered the combination of 

different mechanisms of antimicrobial action by designing hybrid materials. In particular, 

effective antimicrobial wound dressing nanocomposites based on chitosan nanofibers and Ag 

NPs (Hang A. T., 2010).  Most of the preparation methods rely either on in-situ reduction of 

Ag NPs during the electrospinning process (Hang A. T., 2010) or subsequent application of 

heat treatment to the nanomats (Rujitanaroj, 2008). In addition, these methods were suitable 

for low silver concentrations and not readily applicable for economical, larger scale 

production.  

The aim of the present work is to combine Ag-NPs, embedded in chitosan, with polyvinyl 

alcohol (PVA) to produce antimicrobial nanofiber mats for wound dressing via a green 

method consisting of two steps: 1) preparation of Ag NPs in high yields and highest possible 
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concentration of enveloping chitosan with a green reducing agent and, 2) electrospinning of 

the chitosan-Ag-NPs/PVA blend. In order to improve the spinnability of the system the as-

prepared colloidal solution of chitosan/Ag-NPs was blended with PVA in different blending 

ratios. Chemical cross-linking of the nanofibers was performed in order to maintain the 

integrity and morphology of the fibers and to control the release of the active ingredients 

from the mats. The fiber mats with the highest chitosan/Ag-NPs content were tested against 

E. coli, which is considered one of the most widespread wound burn infectious bacteria.  

 

2. Experimental. 

Chitosan, CS (Mv = 300 kDa and 85% degree of deacetylation) was obtained from 

VansonTR Company (USA). Polyvinyl alcohol, silver nitrate (AgNO3), glucose, glacial acetic 

acid and glutaraldhyde solution (25%) were all laboratory grade reagents and purchased from 

Fisher Scientific (USA). Double distilled water was used in all experiments.  

2.1. Chitosan-based Ag NPs.      

Ag NPs were prepared by means of simple chemical reduction of silver nitrate with 

glucose and chitosan as a reducing and protecting polymer.  In a three-necked flask, 100mL 

of chitosan solution (0.5-3%) dissolved in aqueous acetic acid (2%) was placed and a 

condenser was connected to one neck of the flask. The reaction was heated to the desired 

temperature (ranging from 25 ͦ to 95 ͦ C) regulated with an oil bath. A given weight (0.045g – 

0.72g) of the metal precursor silver nitrate (AgNO3) was dissolved in a minimum amount of 

distilled water (2mL). The silver salt solution was added to the chitosan solution either one 

time, using a 10mL plastic syringe, or drop-wise at a constant rate, using an automatic 
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syringe. The solution was left for 5 minutes under continuous stirring (magnetic stirrer) to 

ensure uniform distribution of the metal precursor in the polymer solution. The concentration 

of the reducing agent, glucose, was calculated on the basis of molar ratio to the metal 

precursor concentration (1:0 – 1:10). The desired amount of glucose was dissolved in 3mL 

distilled water and then dispensed to the reaction medium drop wise at a constant rate of 

1.5mL/h over 2 h time with via automatic syringe pump. The reaction was kept under stirring 

during given times (3 – 12h). Following, the reaction vessel was left to cool down to room 

temperature. Chitosan Ag-NPs were placed in the refrigerator to stop any further silver 

reduction.  Three different procedures were used: (1) single addition of metal precursor 

(AgNO3) to the chitosan solution using a 10 mL syringe and addition over the course of 2h 

time of the reducing agent (glucose) using the automatic syringe pump; (2) reverse sequence, 

i.e., metal precursor dispensed over 2h time, and the reducing agent added to the chitosan 

solution at the beginning of the reaction and, (3) one time addition whereby all the materials 

were mixed at once and left to react till the end of the reaction time. Factors affecting the 

reduction efficiency and nanoparticle stability as well as shape and size are discussed in the 

text. 

The ionic conductivity of PVA/CS-Ag-NPs and PVA/CS blend solutions was 

determined using a conductivity meter (Orion 162) under ambient atmosphere. The viscosity 

of each solution was measured using StressTech HR. viscometer at 25°C. 
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2.2. Electrospinning of PVA/CS and PVA/CS/AgNPs.        

 Ag-NPs prepared after the optimum chitosan-based preparation condition were used 

to electrospin nanofiber mats.  Aqueous PVA solution (8 wt%) was mixed with chitosan-

based Ag NPs at various weight ratios (PVA/CS Ag NPs): 100/0, 95/5, 90/10, 85/15, 80/20, 

70/30, 60/40, and 50/50.  PVA/CS samples were prepared at the same blending ratios for the 

purpose of assessment of the effect of Ag NPs addition on spinnability and antimicrobial 

activity. 

In a typical electrospinning process, each of the as-prepared solutions was loaded to 

10-mL plastic syringe, the open end of which was attached to a blunt 22-gauge stainless steel 

hypodermic needle, which was used as nozzle. A GlassMan (WK series) high voltage source 

was used to charge the solution by attaching the emitted electrode of positive polarity to the 

nozzle, and the grounding one to the collector. The rate of spinning was 3µL/min.  The 

samples were collected on aluminum sheet wrapped around a rotatory collector of diameter 

(68 cm) for 48 h. An electrical potential of 25 kV was applied across a distance of 20 cm 

between the tip of the needle and the outer surface of the collector. 

2.4.Cross-linking of fiber mats.        

Cross-linking of fiber mats of both PVA/CS and PVA/CS containing Ag NPs was carried out 

using glutaraldehyde (GA). The fiber mats (10cm × 30cm) were attached to steel frames with 

paper binder clips and placed into a sealed chamber saturated with the vapor of 40 mL of GA 

solution. The nanofiber mats were exposed to GA vapor for given periods of time (30, 60, 

and 120 minutes) and then heat-treated in an oven at 70 °C under vacuum for 24 h to enhance 

the cross-linking reaction and to remove the unreacted GA.  
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2.5. Ag-NP detection and morphology analyses.       

UV-Vis measurements were performed to confirm Ag NPs formation. Varian UV-Vis 

spectrophotometer operating in the absorbance mode was used. During the test the volume of 

the chitosan/silver-NPs was kept constant. FTIR was used to investigate the reduction effect 

of the chitosan. The chitosan-Ag NPs colloidal solution was freeze dried and then directly 

analyzed in a Nicolet FTIR spectrometer. All spectra were collected with a 2 cm-1 

wavenumber resolution after 64 continuous scans. Atomic Absorption Spectroscope (AAS) 

was used to measure the actual quantity of silver present in the chitosan-Ag NPs sample and 

to assess the release characteristics of as-loaded silver. 

The morphology of the nanoparticles was examined using Transmission Electron Microscopy 

(TEM). A drop of aqueous chitosan/silver-NPs suspension was deposited on carbon-coated 

electron microscope grids and then allowed to dry in oven under vacuum for 24 hours to 

ensure complete dryness of the sample. The grids were observed with a Hitachi HF2000 

TEM operated at an accelerating voltage of 80 kV. The instrument was equipped with an 

energy-dispersive spectrum (EDS) to confirm the presence of silver metal.  In addition, TEM 

was used to confirm the presence of the Ag NPs in the electrospun nanofibers. Small amount 

of the nanofibers were collected on the copper grid during the electrospinning process. The 

morphology of the nanofibers in the electrospun mats was checked using field emission 

scanning electron microscopy (FE-SEM) using a JEOL 6400F microscope operated with an 

accelerating voltage of 5 kV and a working distance of 20 mm. A small portion of the 

nanofiber mat was fixed on conductive carbon tape and mounted on the support and then 

sputtered with an approximately 6 nm layer of gold/palladium (Au/Pd). The diameter and 
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diameter distribution of the fibers in the mats were determined by using the Image J Tool for 

Windows version 3.0 with sample sizes of at least 50 fibers per SEM micrograph. Statistical 

analysis was performed using Microsoft Excel, one-way analysis of variance (ANOVA).  

 

2.6. Loading and release capacity of fiber mats loaded with Ag NPs.  

The amount of silver present in original suspension of chitosan/silver-NPs was quantified by 

taking 5 mL of the sample and dissolved in 10mL of 50% nitric acid (HNO3) then the volume 

was adjusted to 100 mL using double distilled water as a releasing medium. The 

concentration of silver was measured by Atomic Absorption Spectroscopy (AAS) and the 

results were reported as average values (n=3). The release characteristics of silver from the 

PVA/CS-Ag NPs fiber mats with 60/40 blend ratio were assessed. The specimens cut from 

the fiber mats samples (circular disc with 2.8 cm diameter) were immersed in 50mL water at 

the skin physiological temperature of 32 °C at a given immersion periods between 0 and 7 

days. The releasing medium was quantified for the amount of the released silver, using AAS. 

Each measurement was carried out in triplicate and the cumulative amount of released silver 

determined.  The cumulative release profiles of silver were expressed as unit weight of the 

samples cross-linked during different GA treatment times (30, 60 and 120 min).  
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2.6.1.   Antibacterial activity 

The antibacterial activity of the fiber mats against Escherichia coli (E. coli) gram 

negative bacteria, which is commonly found on burn wounds, was measured by using the 

viable cell counting method. Briefly, about 100 µl E. coli  was cultivated in 100 mL of a 

nutrient broth solution, to give a bacterial concentration of about 7×1011 CFU/mL. After this, 

1mL of the bacteria/nutrient solution was added to 9 mL of sterilized nutrient broth solution 

(0.8%). Several decimal dilutions were performed until the bacterial concentration increased 

from 7×103 to 7×107 CFU/mL. Two different bacteria concentrations were selected for use, 

7×105 and 7×107 CFU/mL. PVA/CS and PVA/CS/Ag-NPs systems with blend ratios of 

90/10, 80/20, and 60/40 were used in the antibacterial tests. The weight and size of the fiber 

mats of PVA/CS or PVA/CS/Ag-NPs were 100mg as disks of 2.8cm diameter. To perform 

the antibacterial testing, the respective fiber mats were put into 10 mL of the bacteria/nutrient 

solution incubated in a shaker at 37 °C for 12 hr. After the exposure of the bacteria to fiber 

mats, 100µL of the bacterial solution was taken out and quickly spread on a plate containing 

nutrient agar. Plates containing bacteria were incubated at 37 ◦C for 24hr, and then the 

numbers of the surviving colonies were counted. These results were compared to the number 

of bacteria colonies of the untreated control that had not been exposed to the fiber mats. 
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3. Results and Discussion. 

3.1. Preparation of chitosan-based Ag-NPs. 

It is expected that the effect of natural polymers in the preparation of colloidal Ag-

NPs is governed by a number of factors such as water solubility, degree of polymerization 

and reduction power. The reaction mechanism for the synthesis of Ag-NPs and their 

stabilization has been discussed previously (Goia, 2004) (Hebeish A. A.-R.-M.-H., 2010). 

For example, linear and dendritic polymers have been successfully used for NP synthesis. 

Polyhydroxylated macromolecules present interesting dynamic supramolecular associations 

facilitated by inter and intra-molecular hydrogen bonding resulting in capsules, which can act 

as templates for nanoparticles growth. With this in mind, medium molecular weight chitosan 

was chosen in the present study.  

We noted that the reaction temperature, reduction time, silver salt and chitosan 

concentration, glucose/AgNO3 molar ratio, and sequence of addition were some of the factors 

affecting the reduction efficiency and stability as well as the shape and size of Ag NPs. Such 

factors along with the involved mechanisms were investigated in order to optimize the 

chitosan/glucose/AgNO3 system formulation and to achieve a green route for the fabrication 

of antibacterial fiber mats.  

3.1.1. Formation of Ag NPs and interactions with chitosan 

When AgNO3 is mixed with chitosan solution, Ag+ ions could bind to chitosan 

probably via electrostatic (i.e. ion-dipole) interactions, because the electron-rich oxygen 

atoms of the hydroxyl and glucosidic groups of chitosan are expected to interact with 
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electropositive transition metal cations. Such interactions cause a change of the color of the 

chitosan colloidal solution upon the addition of AgNO3, from a clear pale yellow to a milky 

white. Subsequently silver ions oxidize the hydroxyl groups of chitosan to carbonyl groups 

and as a result the silver ions are reduced to elemental silver. In addition, the added glucose 

supports the reduction power of chitosan by offering more active sites for oxidation through 

its free aldehydic groups. Similar observations were reported previously for starch 

(Vigneshwaran N. N., 2006), hydroxypropyl cellulose (Abdel-Halim, 2011), and 

carboxymethyl cellulose (Hebeish A. A.-R.-M.-H., 2010). 

The specific interaction of chitosan with the surface of the metal was followed by 

FTIR measurements on films of pure chitosan and chitosan–Ag NPs. Figure (12) shows two 

representative FTIR spectra which contain the main vibrational bands of chitosan.  Although 

there is a possibility of overlapping between the N-H and O-H stretching vibrations, the 

strong broad band at 3300-3500 cm-1 is characteristic of the N-H stretching vibration. The 

significant change in the shape of this band (3359.8cm-1) indicates that the N-H vibration was 

affected by the attachment of silver. The band at 1559.4 cm−1 assigned to the amino group in 

pure chitosan film shifted to a lower wavenumber 1510 cm−1 in the presence of Ag NPs. In 

addition, the characteristic bands at 1652.9 cm−1 (amide I band characteristic to C=O 

stretching of N-acetyl group) was shifted to lower wavenumber 1636.9 cm-1. However, bands 

at 1409 cm−1 (bending vibration of OH group), 1376 cm−1 (symmetric deformation vibration 

mode of CH3), and 1323 cm−1 (CH2 wagging vibration mode in primary alcohol) were not 

affected by the presence of the metal. This clearly identifies the involvement of primary 

amino and amide groups in the interaction with the metal; it is expected that the amino 



 

92 

groups acted as capping sites for the Ag NPs. Similar results were reported previously by 

others (Dongwei Weia, 2009) (Potara, 2011).  

 

 

Figure 12: FTIR spectra of: (A) pure chitosan, (B) a typical chitosan-silver nanoparticles. 
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3.1.2. Effect of reaction temperature and time 
 

Various temperatures were used during the preparation of Ag-NPs, and typical UV–

vis absorption spectra of the resulting solutions are shown in Fig. 13-a. The data indicate that 

up to 70 °C the Ag+ reduction efficiency was not significant and formation of Ag-NPs was 

very limited. Increasing the reaction temperature above, to 80-95 °C leads to significant 

enhancement in the characteristic surface plasmon resonance (SPR) band of Ag-NPs centered 

at about 420 nm, indicating the formation of Ag-NPs.  

Figure 13-b shows the UV–vis absorption spectra of Ag-NPs colloidal solutions 

prepared after different reaction times. It can be observed that (i) at the early stages of the 

reaction (after 3hr) the plasmon band is broaden and simple test for silver ion using NaCl 

solution indicates low conversion of silver ions to metallic Ag-NPs; (ii) extending the 

reaction time to up to 7h leads to significant enhancement of the plasmon intensity, 

indicating that large amounts of silver ions are reduced and formed clusters; (iii) further 

increase in the reaction time, up to 10hr, was accompanied by insignificant increase in the 

absorption intensity. Fig. 13-c shows the TEM micrographs and the particle size distribution 

histograms of Ag-NPs formed after 3hr and 7hr. The corresponding size distribution 

histograms indicated that the size of the Ag particles is in the 10–15nm and 25-30nm ranges, 

respectively. This in turn suggests that the formation of silver seeds during the first 3h of the 

reaction and then the growth step starts. 
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Figure 13: (a) UV-vis spectra of Ag-NPs prepared at different temperatures. Reaction conditions: chitosan conc. (1.5%); 
AgNO3 conc. (0.045g/100mL); Ag+/glucose molar ratio (1:10); reaction duration (7h); mode of addition (regular 
addition)]. (b) UV-vis spectra of Ag-NPs prepared at different reaction durations. Reaction conditions: Temperature (95 
C); chitosan conc. (1.5%); AgNO3 conc. (0.36g/100mL) ; Ag+/glucose molar ratio (1:4); mode of addition (regular 
addition)], (c) TEM micrographs and the particle size distribution histograms of Ag-NPs formed after 3hr and 7hr. 
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3.1.3. Effect of silver nitrate/reducing agent molar ratio, glucose and chitosan concentrations. 
 
  Figure 14-a shows the UV-vis spectra of Ag-NPs colloidal solutions prepared using 

different Ag+/glucose molar ratios (1:0 to 1:16 Ag+/glucose). The data indicate that the 

intensity of the maximum absorbance peak at 420nm increases as the Ag+/glucose ratio 

increases up to 1:4; further increases in the glucose concentration did not produce any 

significant upturn in the peak intensity. Fig. 14-b shows the TEM micrograph and the Ag- 

NPs formed (1:4 molar ratio condition). The corresponding size distribution histogram 

indicated that the size of the formed NPs is in the 25-30nm range. 

Fig. 14-c shows the UV–vis absorption spectra of Ag- NPs prepared using chitosan at 

different concentrations (0 to 3%, w/v, initial pH of 2.5, 95 ◦C, 7hr reaction time). The 

intensity of the surface plasmon resonance peak increases with the solution concentration of 

chitosan. In the absence of chitosan, no significant absorbance was observed which indicates 

that there was no substantial reduction occurred. When the concentration increased up to 

0.5% (w/v) a low intensity, bell shaped plasmon band at 424nm appeared, which is taken as 

indication of the formation of Ag0 nanoparticles. Further increase in chitosan concentration, 

above 0.5% (w/v) leads to characteristic increases in the peak absorbance intensity. Above 

such concentration, and regardless of the chitosan concentration used, similar plasmon bands 

are observed at 420nm wavelength. It is worthy to mention that the increase in the absorption 

intensity, by increasing the chitosan concentration up to 3% could be ascribed to increasing 

the reducing power and the enhancement in the stabilization efficiency of the formed Ag-

NPs.  
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It is also worthy to mention her, that when 3% (w/v) chitosan was applied, there is a 

limitation to increase the glucose concentration above 1:2 molar ratios. Any increment above 

that concentration would result in gel formation. This may be attributed to the network 

crosslinking between glucose and chitosan and Ag+ under high temperature and agitation. 

Fig. 14-d shows the TEM image and the particle size distribution histograms of Ag NPs 

formed using 1.5% and 3% chitosan (w/v). The corresponding size distribution histogram 

(not shown) indicated that the size of the formed Ag NPs was in the range of 25-30 nm for 

both concentrations. 



 

97 

 

Figure 14: (a) UV-vis spectra of Ag-NPs prepared at different Ag+/glucose. Reaction conditions: Temperature (95  ͦC); 
chitosan conc. (1.5%); AgNO3 conc. (0.36g/100mL); reaction duration (7hr); mode of addition (regular addition)]. (b) 
TEM micrograph and the particle size distribution histograms of Ag NPs formed under 1:4 molar ratio conditions. (c) UV-
vis spectra of Ag-NPs prepared at different chitosan concentrations. Reaction conditions: Temperature (95 °C); reaction 
duration (7hr); AgNO3 conc. (0.36g/100mL) ; Ag+/glucose molar ratio (1:4); mode of addition (regular addition)], (d) TEM 
micrograph and the particle size distribution histograms of Ag-NPs formed using 1.5% chitosan.  
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Silver ion complexation and reduction by polysaccharides is complex and involves 

more than one mechanism. For the synthesis of Ag-NPs, the generally accepted mechanism 

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

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

chitosan and glucose. Herein, glucose was used to support the reduction power of chitosan. 

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

ions present in the bulk solution. Subsequently, the atoms coalesce leading to the formation 

of metal clusters. The surface ions are again reduced and in this way the aggregation process 

does not cease until high values of nuclearity are attained, which results in larger particles. 

The process is stabilized by the interaction with the polymer so preventing further 

coalescence (Goia, 2004). 

3.1.4. Effect of order of addition  

 The metal precursor (silver nitrate) dissolved in 2mL deionized water then added to 

the reaction medium using automatic pump over 1h. In such case more silver NPs were 

produced in the nucleation step (first 3hr) due to the high concentration of the reducing agent, 

glucose, in the medium. So that it shows absorbance peak intensity larger than that produced 

from regular addition technique after 3hr. On the other hand, in the one-time addition 

technique, in which all the reagents mixed together at the beginning of the reaction, more 

silver NPs produced in the nucleation step (first 3hr) due to the presence of glucose and silver 

ions in high concentration (the whole amounts). More nuclei were formed in the nucleation 

step during the first 3hr and then growth takes place overtime. It was found that, Figure 15, 
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one time addition procedure produced the highest concentration of silver NPs after 7hr of 

reaction. A surface plasmon peak was observed at 422nm with highest absorbance intensity. 

 

 

Figure 15: UV-vis spectra of Ag-NPs prepared using different addition procedures. Reaction conditions: Temperature (95 
°C); chitosan concentration (1.5% w/v);reaction duration (3hr and 7hr); AgNO3 conc. (0.36g/100mL) ; Ag+/glucose molar 
ratio (1:4)]. 

 
 
3.1.5. Effect of silver nitrate concentration 

Several studies have been conducted on scaling up the process of fabrication of Ag 

NPs (Hebeish A. A.-R.-M.-H., 2010). Results of the foregoing section made it possible to 

prepare Ag NPs with concentration of ca. 4500 ppm. Interests in preparation of Ag-NPs 

solutions, which acquire higher concentrations of the nanosized silver particles are, therefore, 

stimulated. Thus a study was undertaken where silver nitrate (AgNO3) was incorporated at 
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different concentrations in the reaction medium. The UV–vis spectra of Ag-NPs resulting 

from incorporating different amounts of AgNO3 (0.045 – 0.72gm/100mL chitosan solution) 

and keeping chitosan concentration constant at 1.5% for all AgNO3 concentrations reveals 

that similar absorption spectra were obtained at wavelength 420nm and that the intensity of 

the absorption peak increased by increasing AgNO3 concentration in the reaction medium. It 

is concluded, that in order to obtain Ag- NPs colloidal solutions with concentrations higher 

than 4000 ppm (ca.), one should use a AgNO3: chitosan ratio of 0.72 g: 1.5 g per 100 mL 

solution.  

3.1.9. The optimum conditions for nanoparticles preparation 

The optimum conditions were selected to prepare highly concentrated Ag-NPs 

colloidal solutions, based on the natural capping agent chitosan: 95°C, 2% w/v chitosan 

concentration; 0.72gm (ca. 4500 ppm) AgNO3 concentration, 7hr reaction time; 1:4 

Ag+/glucose molar ratio and regular addition procedure. Figure 16-a represents the UV–vis 

spectra of Ag-NPs under these conditions. A high intensity absorbance band is observed at 

427nm (Abs. 4) indicating the formation of Ag-NPs in large concentrations. The exact 

concentration of the produced Ag NPs has been estimated using the Atomic Absorbance 

Spectroscopy (AAS) technique and discussed below. Fig. 16-b shows the TEM micrograph 

and the particle size distribution histograms of Ag NPs formed using the optimum conditions. 

The corresponding size distribution histogram clearly illustrates that the size of the formed 

particles seem to be identical and in the range of 20±5nm. Figure 16-c shows the EDS chart 

which confirms the presence of silver metal. 
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Figure 16: (a) UV-vis spectra of Ag NPs prepared under the optimum conditions. Reaction conditions: Temperature (95 
°C); reaction duration (7hr); AgNO3 conc. (0.72g/100mL) ; chitosan concentration (2% w/v); Ag+/glucose molar ratio 
(1:4); mode of addition (regular addition)], (b) TEM micrograph and the particle size distribution histograms of Ag-NPs. 
(c) EDS chart of the formed silver-NPs. 
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Several issues can be highlighted: 1) Reaction temperature is very critical for the 

reduction process and 95 °C is the optimum temperature for preparation of Ag-NPs; 2) as the 

concentration of the metal precursor increases the formation of nanoparticles increase until it 

reaches the agglomeration concentration; 3) chitosan has reducing power and its presence as 

capping agent helps to form and protect from coalescence Ag-NPs ; 4) the presence of the 

reducing agent (glucose) is critical to increase the efficiency of the reduction power of 

chitosan; 5) the reducing agent may help to initiate the reduction so that the nucleation 

process starts earlier; 6) the new formed silver nano-clusters might act as a catalyst for the 

reduction of the remaining silver ions; 7) as the concentration of the capping agent, chitosan, 

increases the reduction power upturns and the particle size distribution decreases due to 

particle stabilization; 8) one time addition of the reducing agent helps  the nucleation step to 

take place faster; 9) the ratio between chitosan : silver nitrate : glucose should remain in 

certain range in order to avoid gel formation. 

3.2. Electrospun fiber mats of PVA/CS and PVA/CS/Ag-NPs  

The best preparation conditions of chitosan-based Ag NPs were applied to produce 

nanofiber mats via electrospinning. Chitosan itself is difficulty fabricated by the 

electrospinning process using the regular solvents because of its polycationic nature in 

solution. To overcome this short coming of chitosan, many researchers have sought to 

improve its electrospinning ability by mixing chitosan with other polymers such as 

poly(vinyl pyrrolidone) (PVP) (Ignatova, 2006), poly(ethylene oxide) (PEO) (An, 2009), and 

poly(vinyl alcohol) (PVA) (Hang A. T., 2010). This latter polymer has been also extensively 

used by us to produce electrospun fiber mats with high mechanical integrity (Peresin M. S., 
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2010). Therefore, PVA was dissolved in distilled water at concentration of 8wt% then mixed 

with chitosan-based Ag-NPs at various volume ratios (PVA/CS-Ag NPs): 100/0, 95/5, 90/10, 

85/15, 80/20, 70/30, 60/40, and 50/50. The initial concentrations of PVA and chitosan were 

8% (w/v) and 2% (w/v), respectively. The final weight basis (in grams) of the two polymers 

(PVA/CS) in the blend solutions were as following: 8/0, 7.6/0.1, 7.2/0.2, 6.8/0.3, 6.4/0.4, 

5.6/0.6, 4.8/0.8, and 4/1. PVA/CS samples were prepared at the same blending ratios for the 

purpose of assessment of the effect of Ag-NPs addition on the fiber spinability and 

antimicrobial activity. 

The performance and morphology of the e-spun fiber mats were affected by many 

factors, including the physicochemical properties of the polymer solution and the 

electrospinning process parameters. The viscosity and ionic conductivity of polymer 

solutions are considered to be major parameters in electrospinning (Zhou, 2006) (Peresin M. 

S., 2010). In this study, measurements were performed on the viscosity and ionic 

conductivity of the PVA/CS as well as PVA/CS-Ag NPs blends at various concentrations of 

CS in the polymer solutions (Figure 4). It is found that the ionic conductivity of the polymer 

solutions increased with the CS content due to its–NH3 + groups that evolve from –NH2 in the 

acetic acid solution. In addition, the same trend was observed for the PVA/CS-Ag-NPs 

solutions, as shown in Fig. 17-a, but with higher conductivity values which may be attributed 

to the presence of silver-NPs and silver ions. 

Figure 17-b illustrates the effect of the chitosan (CS) and the presence of Ag-NPs in the 

solution viscosity in PVA/CS and PVA/CS-Ag-NPs systems. The increase in the viscosity of 

a polymer solution with an increase in the CS content is due to the high viscosity of the CS 
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and to the effect of the intermolecular interactions between the PVA and CS, such as 

hydrogen bonding in the solution state (Jia Y. T., 2007). However, the viscosity is decreased 

in the case of PVA/CS-Ag-NPs blends, which may be attributed to the preparation procedure: 

During the reduction of Ag+ ions in the preparation step chitosan may undergo degradation to 

certain extent due to the redox reaction and the heat treatment.  

 

 

Figure 17: (a) ionic conductivity of the PVA/CS and PVA/CS-Ag-NPs blend solutions. (b) the effect of the CS content and 
the presence of Ag-NPs in the polymer solution on the viscosity of polymer solutions of the PVA/CS [A]  and PVA/CS-Ag-
NPs [B] blend solutions. 
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Figure 18 shows FE-SEM micrographs, average diameter, and diameter distribution 

of the fiber mats made of the PVA/CS blend e-spun fibers at different weight ratios of PVA 

to CS. As shown in Figs. 18(a)–(f), defect-free fibers are observed in mats with PVA to CS 

weight ratio of up to 70/30. The e-spun fibers in the fiber mats beaded and became irregular 

in shape at PVA to CS weight ratios 60/40 and 50/50, as can be seen in Fig. 18(g)–(h). When 

the CS content in the PVA/CS blend was higher than 50 wt%, e-spun fibers could hardly be 

formed. These observations can be explained by the fact that when the concentration of the 

chitosan (a polycation) in the blend solution increases, the repulsive force between the 

cationic groups within the polymer’s backbone increases. Thus, the formation of continuous 

fibers is inhibited during the electrospinning process under a high electric field. 

Simultaneously, as the concentration of CS in the blend increases from 0 to 50 wt%, the 

average diameters of PVA/CS blend e-spun fibers decreases from 250nm to 89 nm, and the 

diameter distribution become slightly narrower. This is explained by the effect of CS which 

leads to the increased charge density on the surface of the ejected jet formed during 

electrospinning (Park, 2004). 
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Figure 18: FE-SEM micrographs, average diameter, and diameter distribution of the e-spun mats made of the PVA/CS 
blend e-spun fibers at different weight ratios: (a) Neat PVA 8/CS 0gm [100/0 (v/v)]; (b) PVA 7.6/ CS 0.1 gm [95/5 (v/v)]; 
(c) PVA 7.6/C S 0.1 gm [90/10 (v/v)]; (d) PVA 6.8/CS 0.3 gm [85/15 (v/v)]; (e) PVA  6.4/CS 0.4 gm [80/20 (v/v)]; (f ) PVA 
5.6/CS 0.6 gm [70/30 (v/v)]; (g) PVA 4.8/CS 0.8 gm [60/40 (v/v)]; and (h) PVA 4/CS 1 gm [50/50 (v/v)]. 
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Figure 19 shows FE-SEM micrographs of the fiber mats of the PVA/CS-Ag-NPs 

blends with different PVA to CS weight ratios, their average diameter and diameter 

distribution. Both samples, with and without Ag-NPs, presented the same behavior but the 

average diameter of the e-spun fibers in a PVA fiber mat containing Ag-NPs was found to be 

smaller than those with PVA/CS. The fiber diameter was in the range of 213nm to 75nm. 

Comparing Figs. 18 and 19, it can be observed that the diameters of the e-spun fibers of the 

fiber mats tend to decrease when the CS content in the polymer blend solutions increases. No 

beading was observed in the fiber mats of the PVA/CS-Ag NPs blends at PVA to CS-Ag NPs 

weight ratios of 95/5, 90/10, 85/15, and 80/20, as shown in Fig. 19 (a)–(d). Whereas, in the 

weight ratios of 70/30, 60/40, and 50/50 beading occurred and increased with the CS-Ag NPs 

ratio. The microstructure of these fiber mats was different from that of the PVA/CS mats 

shown in Fig. 18. Since the viscosity of the PVA/CS-Ag-NPs blend solutions were lower 

than that of PVA/CS blend solutions, the beads started to appear in the 70/30, 60/40, and 

50/50 blends. Hence, the presence of Ag-NPs in the PVA/CS solution improved the 

electrospinning ability of PVA/CS blend solutions in terms of fiber diameter. On the other 

hand, the fiber uniformity was affected by the method of preparation. However, fibers of 

60/40 PVA/CS-Ag-NPs has some beaded structures but still have good uniformity and 

contains high Ag-NPs loading. The presence of Ag-NPs in the matrices clearly improved its 

morphology and fiber spinability. 
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Figure 19: FE-SEM micrographs, average diameter, and diameter distribution of the e-spun mats made of the PVA/CS-
Ag-NPs blend e-spun fibers at different weight ratios: (a) Neat PVA 8/CS 0gm [100/0 (v/v)]; (b) PVA 7.6/ CS 0.1 gm [95/5 
(v/v)]; (c) PVA 7.6/C S 0.1 gm [90/10 (v/v)]; (d) PVA 6.8/CS 0.3 gm [85/15 (v/v)]; (e) PVA  6.4/CS 0.4 gm [80/20 (v/v)]; (f ) 
PVA 5.6/CS 0.6 gm [70/30 (v/v)]; (g) PVA 4.8/CS 0.8 gm [60/40 (v/v)]; and (h) PVA 4/CS 1 gm [50/50 (v/v)]. 
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Figure 20 shows the TEM micrographs of fibers of 60/40 PVA/CS-Ag NPs weight 

ratio. Fig. 20(a)-(d) represent an individual fiber contains Ag-NPs on the surface of the fiber. 

The nanofibers in the mats kept its morphology after cross-linked with glutaraldhyde as clear 

from figure 20(e) and (f). 
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Figure 20: TEM micrographs of e-spun fibers of 60/40 (v/v) PVA/CS-Ag NPs, (a-d) micrographs show individual PVA/CS-
Ag NPs fibers loaded with Ag-NPs; (e) PVA/CS-Ag NPs nanofiber mat top-view; and (f) cross-section of PVA/CS-Ag NPs 
nanofiber mat. 
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3.3. Silver loading and release from e-spun fiber mats. 
 

Fiber mats were cross-linked for 30, 60, and 120 min and the actual amount of silver 

that was present in the chitosan-Ag NPs sample was determined. The theoretical content of 

Ag-NPs in the original sample was calculated to be 0.4560 g/100mL chitosan solution 

(456000 ppm). To determine the amount of silver that was actually present in the sample and 

hence, the reduction efficiency, 5 mL of the sample dissolved in 10mL of 50% nitric acid 

(HNO3) then digested in the microwave for 2h followed by adjusting the volume to 100 mL 

using double distilled water as a releasing medium. The obtained silver-containing solution 

in such media was then determined for the actual content of silver-NPs (by means of AAS) to 

be 0.3142 g/100mL (i.e.3142 ppm). This accounted for very close to 70% of the initial, 

theoretical content of silver-NPs. The rest of the sample may be remained in the form of Ag+ 

or have been oxidized to silver oxide. 

The release characteristic of Ag+ ions from the 30, 60, and 120 min cross-linked fiber 

mats was investigated by the total immersion method in distilled water for a period of up to 7 

days. The cumulative amount of Ag+ ions released from these materials is reported in Figure 

21. The results were measured in part per million units (ppm) then divided by the actual 

weight of the specimen and was calculated in milligrams of silver / grams of sample. 

Obviously, the cumulative amount of Ag+ ions released from the samples occurred rapidly 

during the first 60min after immersion in the releasing medium, and then increased gradually 

thereafter. The cumulative amount of Ag+ ions released from the 30min cross-linked fiber 

mat was greater than the amount released from samples cross-linked for 60min and 120 min. 

This may be attributed to the fact that the degree of cross-linking is lower due to the short 
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exposure time to glutaraldhyde. This consequently leads to partial dissolution of polyvinyl 

alcohol from the nanofibers mats after a period of time then release more silver ions to the 

medium. The same proposed explanation is holds true for fiber mats cross-linked for 60min 

but to a lesser extent. Specimens cross-linked for 120min didn’t dissolve and retained its 

morphological structure for three weeks. This suggests that in this case the fiber mats 

released silver ions by swelling mechanisms.  

 

 

Figure 21: Cumulative release profiles of Ag+ ions from (a) 30min. cross-linked fiber mats; (b) 60min. cross-linked fiber 
mats; and (c) 120min. cross-linked fiber mats in distilled water for a period of time ranging from 0-7 days at the skin 
physiological temperature 32 °C. 
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3.4.Antibacterial performance 
 

The antibacterial activity of PVA/CS and PVA/CS/Ag NPs fiber mats against E. coli was 

tested by using the viable cell-counting method. The effects of the composite fiber mats on 

the growth of the recombinant bacteria E. coli are shown in Figure 22. Fig. (22a-b) shows the 

antibacterial activity of fiber mats obtained from various PVA/CS blends and exposed to 

different concentrations of bacteria. As shown in the plates, the number of bacteria colonies 

decreased by increasing the chitosan (CS) ratio in the fiber blend at concentrations of 7×105 

CFU/mL (Fig.22a). The same behavior was observed at bacterial concentration of 7×107 

CFU/mL (Fig.9b) but with lower efficiency. This suggests that fiber mats e-spun from 

PVA/CS blends of weight ratios of 90/10, 80/20, and 60/40 can stop to different extents the 

growth of E. coli for initial colony densities of at least up to  7×107 CFU/mL. Thus, the 

antibacterial activity of CS in the composite PVA/CS fibers is verified. 

More importantly, the antibacterial activity of the PVA/CS/Ag-NPs fiber mats was 

measured and compared to that of PVA/CS systems. Fig. (22c-d) illustrates the performance 

of fiber mats of PVA/CS-Ag-NPs with different PVA to CS weight ratios and different initial 

concentration of bacteria. Samples of E. coli with initial number concentration of 7×105 

CFU/mL (Fig.22c) and 7×107 (Fig.22d) CFU/mL were completely eradicated when exposed 

to fiber mats with PVA/CS blend ratios of 80/20 and 60/40. However, there were some 

bacterial colonies still observed after application of fibers with reduced CS loading (blend 

ratio 90/10), for both bacterial concentrations. It is clear that at the same concentrations of 

bacteria, the antibacterial ability of the composite PVA/CS-Ag-NPs fiber mats increased with 

Ag-NPs loading. This suggests that the PVA/CS-Ag-NPs fiber mats with 20 % or above CS 
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concentration had bactericidal effects while fiber mats with lower CS content had 

bacteriostatic effects on E. coli. This demonstrates the superior antibacterial activity of the 

Ag-NPs in the composite PVA/CS-Ag-NPs fiber mats. 

Two different mechanisms are proposed to be effective in the case of combination of 

chitosan and Ag NPs. The antibacterial activity of chitosan is based on the damaging 

interaction of the polycation (protonated amino groups) with the negatively charged surfaces 

of bacteria, resulting in loss of membrane permeability, cell leakage, and finally cell death 

(Hang A. T., 2010) (Ignatova, 2006). On the other hand, Ag nanoparticles have stronger 

antibacterial properties because Ag nanoparticles attach to the cell walls and disturb cell wall 

permeability and cellular respiration (Son W. Y., 2006) (An, 2009).  
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Figure 22: The antibacterial activity of the e-spun mats against E. coli. (a)PVA/CS [9/10, 80/20, and 60/40] weight 
blending ratios at 7×105 CFU/mL bacteria, (b) PVA/CS [9/10, 80/20, and 60/40] weight blending ratios at 7×107 CFU/mL 
bacteria, (c) PVA/CS-Ag-NPs [9/10, 80/20, and 60/40] weight blending ratios at 7×105 CFU/mL bacteria, and (d) 
PVA/CS-Ag-NPs [9/10, 80/20, and 60/40] weight blending ratios at 7×107 CFU/mL bacteria. 
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4. Conclusion. 

Silver nanoparticles, 20nm average diameter, were successfully prepared in high 

concentration (3142ppm) using green method. Chitosan was used as capping polymer and 

glucose was applied as reducing agent. Non-woven mats of PVA/CS blends and 

PVA/CS-Ag-NPs blends containing were successfully fabricated by the electrospinning 

method. PVA was partially miscible with CS and had good electrospinnability when 

blended with CS. The presence of Ag-NPs in the polymer blend solution of PVA and CS 

improved the electrospinnability of the blend. The formation of Ag-NPs on the surface of 

e-spun fibers was confirmed by obtaining TEM micrographs. The Ag-NPs in the 

PVA/CS-Ag-NPs blend solutions resulted in a reduction in the diameter of the e-spun 

fibers. The antibacterial experiment indicated that the e-spun mats of PVA/CS blends had 

good bactericidal activity against the gram-negative bacteria E. coli. However, e-spun 

mats of PVA/CS-Ag-NPs blends were better. The presence of Ag-NPs in PVA/CS blend 

solutions enhanced not only the electrospinning performance but also the antibacterial 

ability of the e-spun mats which advocates a good wound dressing material.  
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CHAPTER 4 

Antimicrobial Wound Dressing Electrospun Nanofibers from Novel Chitosan 

Iodoacetamide Derivative 

 

1. Introduction 

Wound healing is a particular biological process associated to the general 

phenomenon of growth and tissue regeneration. Wound healing develops through a series of 

mutually dependent and overlapping phases in which different cellular and matrix 

components act together to restore the integrity of damaged tissue and replacement of lost 

structures (Boateng, 2008). Rapid wound closures are usually affected with wound dressings 

to prevent wound contamination and excessive fluid loss through the open wounds. In the 

case of burn wounds, which are generally categorized as medium to high exudate wounds; 

appropriate dressings are available for fluid control. However, many dressings cannot 

effectively avert subsequent microbial invasion of the wounds. In fact, wound infection is an 

indicator of disturbed host–bacteria equilibrium in a traumatized tissue environment in favor 

of the bacteria. A wound infection not only has the possibility to produce a systemic 

response, which is sepsis, but is highly likely to inhibit numerous processes involved in the 

progression of normal wound healing. Simply, each process involved in healing is affected 

when bacteria multiply in a wound (Robson, 1997). Acquiring antibacterial properties to the 

wound dressing material should eliminate or at least minimize or control the bacterial 

invasion and consequent wound infection. Many studies have been reported on the use of 

some natural polymers, like chitosan, both as a wound-healing accelerator (Ueno H. M., 
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2001) (Santos, 2007) (Ueno H. M., 2001), and antimicrobial agent (Rabea E. B., 2003) 

(Shin-Yeu Ong, 2008) which aids in the prevention of wound infection.  

Chitosan (CS) is a polysaccharide, similar in structure to cellulose, both are made of 

linear β- (1,4)-linked glucopyranose. However, an important difference to cellulose is that 

chitosan is composed of amino-2-deoxy-β-D-glucopyranose. The primary amine groups 

render special properties that make this polysaccharide very unique in different applications. 

Compared to many other natural polymers, chitosan can develop positive charges which in 

turn enhance its mucoadhesive properties. Therefore, it is used extensively in drug delivery 

applications. Native chitosan is obtained from the deacetylation of chitin, a naturally 

occurring and biocompatible polysaccharide found in marine crustaceans. However, 

applications of chitin are limited compared to CS, because chitin though structurally similar 

to cellulose, is much more chemically inert. The acetamide group of chitin can be removed to 

uncover the amino group by treatment with concentrated alkali solution. Chitin and chitosan 

represent long-chain polymers having molecular masses up to several million Daltons. 

Chitosan is relatively reactive and can be produced in various forms such as powder, paste, 

film, fiber, etc. (O. flet, 1998). Chitosan contains free amino groups but, is insoluble in water. 

At an acidic pH, the amino group can undergo protonation, thus making it soluble. The 

solubility of chitosan depends upon the distribution of free amino and N-acetyl groups. 

Usually 1–3% aqueous acetic acid solutions are quite enough to solubilize the polymer. 

Chitosan is biocompatible with living tissues since it does not cause allergic reactions and 

rejection. It breaks down slowly to amino sugars which are considered harmless products. 
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These, amino sugars, and their oligomers are completely absorbed by the human body 

(Sharma T. C., 1990). 

Exploring the bacteriostatic and bactericidal behavior of chitosan and its derivatives 

has been a very active area of research during the last two decades (Hudson, 2003) (Rabea E. 

B., 2003) (Tsai, 1999) (Hong No, 2002). Several mechanisms for antimicrobial action of 

chitosan have been proposed. The most reliable ones are as follow: 1) Chitosan could chelate 

with trace elements or essential nutrients so as to inhibit the growth of bacteria (Roller, 

1999). 2) It could adhere and interact with anionic groups on the cell surface and form 

polyelectrolyte complexes with the external cellular membrane of the bacteria, thereby 

forming an impermeable layer around the cell, which prevents the transport of essential 

solutes into the cell (Muzzarelli, et al., 1990). 3) Chitosan could bind with the microbial 

DNA, in turn interfering with mRNA and protein synthesis, which clearly requires entry of 

the chitosan into the cell. 

Applications of chitosan as biomaterial; for example in wound healing systems and 

antimicrobial agents, have been strictly limited because of its insolubility in neutral aqueous 

solutions and organic solvents. This insolubility results from its compact crystalline structure 

and deacetylation (Pillai C. S., 2009). To improve the solubility of chitosan and broaden its 

applications, various chitosan derivatives have been prepared by chemical modifications 

(Zhong, 2009) (Heras, 2001) (Sajomsang, 2009). These modifications were targeting the 

terminal active groups (-CH2OH and -NH2 groups) while kept the major skeleton, the 

original physicochemical and biochemical properties of chitosan unchanged and bring new 



 

124 

properties attributed to the characteristics of the introduced moieties (Gao, 2010) (Bing Han, 

2012).  

Electrospinning is an effective nanofabrication method for preparing micro and 

nanofibers (Dietzel, 2001). In such process, a polymer solution placed inside a syringe is 

driven out from a metal capillary that is coupled to a high voltage power supply. Nanofibers 

are collected in the form of a non-woven mat on a metal collector after solvent evaporation 

(Kenawy, 2003). With the high specific surface area and small pore size, non-woven mats 

can be used as filter materials, sensors, controlled release carriers, tissue scaffolds, and 

wound dressings (Li, 2004). Wound dressing from electrospun nanofibers in theory offers 

many advantages over conventional ones. With its enormous surface area and porous 

structure, the nanofiber mats could provide a pathway and draw fibroblasts to the derma 

layer, which can excrete important components, such as collagen and some cytokines (e.g. 

growth factors and angiogenic factors), to repair damaged tissue (Jyh-Ping Chena, 2008). 

The electrospun membrane is also important for cell attachment and proliferation in wound 

healing, which facilitate wound closure and reduce the possibilities of bacterial invasion. 

Antimicrobial wound dressing nanofibers from chitosan and modified chitosan 

derivatives have been an interest of many researchers due to its potentials antibacterial and 

wound healing potentials (Kim CH, 1997) (Milena Ignatova, 2007) (Nawalakhe, 2012) 

(Abdelgawad, 2013). Recently, thiolated chitosans have been prepared: conjugates as 

chitosan-thiobutylamidine (Guggi, 2004), chitosan-thioethylamidine (Kafedjiiski, 2006), 

chitosan-cysteine (Schmitz, 2008), and chitosan-thioglycolic acid (Kast C. E.-S., 2003). For 

the most part, the chitosan-thioglycolic conjugate has presented promising use for tissue 
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engineering due to the water solubility, controllable biodegradation and in situ gelling. In 

addition, the mucoadhesive properties (Saboktakin, 2011), bacteriostatic effects (Bing Han, 

2012), and cohesive properties were significantly enhanced due to the formation of disulfide 

bond (R-S-S-R) with cysteine residues in protein molecules (Constantine, 2003).  

The aim of this article is to introduce a novel and effective antibacterial wound 

dressing nanofibers based on chitosan iodo-acetamide by reacting chitosan with iodoacetic 

acid. Up to our knowledge no similar work has been done in the literature on such derivative. 

Chitosan iodo-acetamide derivative it expected to possess high antibacterial activity due to 

the presence of iodine group in its backbone. Iodine is considered to be a good leaving group 

due to its large size. Theoretically, iodo-acetamide derivative should react faster than thiol 

compounds with the cysteine residuals of the outer cellular membrane of the bacteria. The 

presence of the relatively large iodo-acetamide group leads to a breakdown of the hydrogen 

bonding on the amino group of chitosan which accordingly affects its solubility.  

 

2.Experimental  

2.1.Materials 

Low molecular weight chitosan (Mv = 30 kDa and 97% degree of deacetylation) and 

medium molecular weight chitosan (Mv = 84 kDa and 85% degree of deacetylation) were 

obtained from VansonTR Company (USA). Thioglycolic acid (TGA), Iodo acetic acid,         

1-ethyl-3(3-dimethylamminopropyl)carbondiimide hydrochloride (EDAC), and                      

N-hydroxysuccinimide (NHS) were of analytical grade and obtained from Sigma Aldrich 

(USA). Hydrochloric acid (HCl), Acetic acid (AA), Dimethylformamide (DMF), 
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glutaraldhyde solution (GA, 25%), and sodium chloride were obtained from Fisher 

Scientific (USA) and used without further purification. Polyvinyl alcohol (Mwt = 124,000 – 

186,000 and 89% hydrolyzed) was obtained from Aldrich Chemical Company (USA). 

Nutrient agar and LB broth necessary for the antibacterial testing were provided by Fluka 

(USA). Gram negative bacteria, E. Coli, was supplied as a gift from the Tissue Engineering 

Lab, North Carolina State University.  

2.2. Synthesis of Thiol-chitosan and Chitosan Iodoacetamide. 

Thiolated chitosan was prepared according to a recently published method by Zhu et al. 

(Xuan Zhu, 2012). This method includes two consecutive steps. The reaction mechanism is 

shown in Figure 23. Briefly, in the first step, 1 mL of TGA, 3,500 mg of EDAC·HCl and 

2,000 mg of NHS were added to a flask containing 2 mL DMF under constant stirring, 

overnight. After completion of the reaction, a reactive NHS-ester was produced. In the 

second step, 500 mg of chitosan (low molecular weight, 30 KDa) was hydrated in 4 mL of 1 

M HCl and dissolved by the addition of distilled water to obtain a 2.5% solution of chitosan 

hydrochloride. Subsequently, the reactive NHS-ester was added dropwise into the chitosan 

hydrochloride solution, with the pH maintained at 5 using 10 M NaOH. The mixture was 

incubated at room temperature under continuous stirring overnight. To isolate the thiolated 

chitosan, the polymer solutions were exhaustively dialyzed in tubing (molecular weight cut-

off 12 kDa; dialysis tubings, cellulose membrane), first against 5 mM HCl, three times 

against 5 mM HCl containing 1% NaCl, and three times against 1 mM HCl at 8 °C in the 

dark. The frozen aqueous polymer solutions of samples and controls were lyophilized then 
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stored at 4 °C for further use. We have prepared Iodo-chitosan by following the previous 

steps. 

2.3.Characterization of chitosan derivatives. 

The thiol-chitosan and iodo-chitosan solutions were freeze dried and then directly 

analyzed in a Nicolet FTIR spectrometer. All spectra were collected with a 2cm-1 

wavenumber resolution after 64 continuous scans. The derivatives were confirmed by the 

presence of the characteristic peaks of newly formed amide bonds.  1H-NMR spectra were 

recorded on 300 MHz NMR spectrometer (Varian Mercury 300) using CD3COOD/D2O 

solvent at room temperature. X-ray diffraction (XRD) patterns of the samples were carried 

out on X-ray diffractmeter  with area detector operating at 40 kV voltage and 50 mA current 

using Cu Ka radiation (θ = 0.154 nm). The scanning rate was 1 °/min and the scanning scope 

of 2θ was from 5° to 40° at room temperature.  

 

2.4. Solubility test 

The solubility of chitosan, thiol-chitosan, and chitosan Iodoacetamide derivatives in 

distilled water and organic solvents were qualitatively evaluated following the methodology 

in the literature (Ying, 2011). 5 mg chitosan or  chitosan derivative was mixed with 1 mL 

distilled water or organic solvents, and stirred for 5 h at room temperature, then filtered 

through filter paper. The increase of filter-paper weight indicated that the chitosan is in 

soluble in that tested solvent. 
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2.5. Electrospinning of Thiol-chitosan and chitosan Iodoacetamide. 

Polyvinyl alcohol solution (8% w/v) was blended with three different concentrations of 

medium molecular weight chitosan (1, 2, and 3%) to enhance both the electrospinning 

properties as well as the antimicrobial activity of the electrospun nanofiber mats. The 

blending ratio was established to be (60/40 v/v). The final weight bases were as following: 

for 1% chitosan [PVA 4.8gm/CS 0.4gm]; for 2% chitosan [PVA 4.8gm/CS 0.8gm]; for 3% 

chitosan [PVA 4.8gm/CS 1.2gm]. Solutions of Thiol-chitosan and Chitosan Iodoacetamide 

derivatives were prepared in distilled water (3%), and then added to the PVA/CS blends in 

different volumes (1, 2, and 3 mL /10 mL blend). These volumes are corresponding to the 

following weight bases, (0.03, 0.06, 0.09gm) respectively. Pure PVA/CS samples were 

prepared at the same blending ratios for the purpose of evaluation of the effect of thiol-

chitosan and chitosan Iodoacetamide addition on the fiber formation and antimicrobial 

activity properties. The ionic conductivity of PVA/CS/chitosan-derivatives and PVA/CS 

blend solutions was determined using a conductivity meter (Orion 162) under ambient 

atmosphere.  

In a typical electrospinning process, each of the as-prepared solutions was loaded to 10-

mL plastic syringe, the open end of which was attached to a blunt 22-gauge stainless steel 

hypodermic needle, which was used as a nozzle. A GlassMan (WK series) high voltage 

source was used to charge the solution by attaching the emitted electrode of positive polarity 

to the nozzle, and the grounding one to the collector. The rate of spinning was 3µL/min.  The 

samples were collected on aluminum sheet wrapped around a rotatory collector of diameter 
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(68 cm) for 48 h. An electrical potential of 35 kV was applied across a distance of 20 cm 

between the tip of the needle and the outer surface of the collector. 

 

2.6.Cross-linking of fiber mats.        

Cross-linking of fiber mats of both PVA/CS and PVA/CS containing thiol-chitosan or 

chitosan Iodoacetamide was carried out using glutaraldhyde (GA). The fiber mats (10cm × 

30cm) were attached to steel frames with paper binder clips and placed into a sealed chamber 

saturated with the vapor of 40 mL of GA solution. The nanofiber mats were exposed to GA 

vapor for 20 min and then kept in the desiccator under vacuum for 24 h to complete the 

cross-linking reaction and to remove the unreacted GA. 

 

2.7. Characterization of Nanofiber mats. 

The morphology of the nanofibers in the electrospun mats was checked using field 

emission scanning electron microscopy (FE-SEM) using a JEOL 6400F microscope operated 

with an accelerating voltage of 5 kV and a working distance of 20 mm. A small portion of 

the nanofiber mat was fixed on conductive carbon tape and mounted on the support and then 

sputtered with an approximately 6 nm layer of gold/palladium (Au/Pd). The diameter and 

diameter distribution of the fibers in the mats were determined by using the Image J Tool 

with sample sizes of 50 fibers per SEM micrograph.  
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2.8. Antibacterial assessment. 

2.8.1. The minimum inhibitory concentration (MIC) 

The minimum inhibitory concentration (MIC) of thiol-chitosan and chitosan 

Iodoacetamide derivatives was determined for E. coli. A preculture of the bacteria was grown 

overnight in LB broth at 37 °C under orbital agitation. The culture was diluted with fresh 

medium to 7×106 CFU/ml. Six test tubes, each contains 10 mL LB nutrient broth, with caps 

were sterilized and 100 µL of the bacterial solution was added to each tube. The tested 

polymers were dissolved in distilled water at a concentration of 0.030 g/ml. Different 

volumes of polymer solutions (0, 100, 200, 400, 800, and 1200 µL) were added to the tubes, 

in an order, and incubate at 37 °C under orbital agitation for 24 h. A known volume, 100µL, 

of the bacterial solution was taken out and platted to agar plat using the spiral automatic 

platter then incubated at 37 °C for 24 h. Plates were taken out of the incubator and survival 

bacterial colonies were observed.  

2.8.2. Bactericidal kinetic testing 

The bactericidal kinetics of Thiol-chitosan and chitosan Iodoacetamide was tested by 

adding 1200µL of 3% (w/v) of each polymer solution to a sterilized test tube contains 10 mL 

of LB nutrient broth and 100µL of bacterial solution with concentration 7×106 CFU/mL. The 

tubes were kept at 37 °C under orbital agitation for 24 h. A volume of 0.1 mL from each 

solution was taken out and quickly spread on a plate containing nutrient agar every hour. The 

plates containing bacteria were incubated at 37°C for 24 h and the bacterial colonies were 

counted. 
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2.8.3. Antibacterial activity of nanofiber mats. 

The antibacterial activity of cross-linked electrospun PVA/CS, PVA/CS/thiol-chitosan, 

and PVA/CS/chitosan Iodoacetamide mats against the Gram-negative E. coli was evaluated 

according to AATCC 100 method. Briefly, sufficient numbers of circular swatches, 5cm in 

diameter, from nanofiber mats were cut using a very sharp metal blade. A circular disk shape 

polypropylene filter membrane of the same size was used as control swatch. Samples were 

kept under a UV lamp for 2h to ensure complete sterilization of the test samples. Nanofiber 

swatches were placed in agar plates and a volume of 1mL of E. coli bacterial solution (7×106 

CFU/ml) was evenly inoculated on each swatch. The plates were incubated at 37 °C for 24h 

then transferred carefully to 50mL LB nutrient broth solution. The samples were shaked 

vigorously to ensure the removal of the bacteria from the surface of the nanofiber mats. 

Three serial dilutions were made from each sample then plated into agar plate, incubated at 

37°C for 24h, and then the surviving bacterial colonies counted. 
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3. Results and Discussion. 

3.1. Synthesis and characterization of Thiol-chitosan and chitosan Iodoacetamide. 

It was validated that the thiol-chitosan synthesized by the new method described 

above (Xuan Zhu, 2012) was more efficient than previous methods (Bernkop-Schnürch A. S., 

1999) in which chitosan, thioglycolic acid, coupling agent EDAC.HCl and NHS were mixed 

together in water in one step. In contrast to the one step reaction scheme, DMF was chosen as 

the reaction medium rather than water. In addition, the reaction was split into two steps. The 

reactive NHS-ester is to be prepared in the first step (Connolly, 2000), which thought to be 

not only stable but effective for the subsequent reaction. The second step was the coupling 

reaction between the reactive NHS-ester and the primary amino groups of chitosan polymer. 

These adaptations were considered to prevent the unstable O-acylisourea ester hydrolyzing in 

water. Thiol-chitosan appeared as a white-yellowish, odorless fibrous structure after 

lyophilization, and which was soluble in aqueous solution. The degree of thiol group 

substitution in the thiol-chitosan derivative was determined by elemental analysis for a dry 

sample and was found to be 3.4%. The Degree of Substitution (D.S) was calculated to be 

0.251, which means there are 40 glucosamine units for every 100 unit were reacted. 

We found that chitosan could also be modified using iodo acetic acid by the same 

synthetic approach as with thioglycolic acid. The above cited reaction conditions were 

applied to prepare chitosan Iodoacetamide derivative. Low molecular weight chitosan (30 

KDa) has been chosen for the reaction in order to facilitate both the suspension in DMF as 

well as the amidation reaction under the prescribed conditions. The product was pale orange 

in color, an odorless fibrous structure after lyophilization and was soluble in water. The 
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degree of substitution of Iodine in the chitosan Iodoacetamide derivative was determined by 

elemental analysis for a dry sample and was found to be 2.8%. The Degree of Substitution 

(D.S) was calculated to be 0.0735, which means there are 13.6 glucosamine units for every 

100 unit were reacted. The reaction mechanism is presented in Figure 23. 

 

 

 
Figure 23: Reaction scheme of thiol-chitosan and chitosan Iodoacetamide synthesis. The first step, reactive ester, and 
the second step, coupling, of the used method. 
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FT-IR spectra of chitosan, thiol-chitosan, and chitosan Iodoacetamide are shown in 

Figure 24(a-c). Because the amino groups in chitosan reacted with the carboxyl groups of 

thioglycolic acid and/or Iodoacetic acid, resulting in an amide bond, the characteristic two 

spike peak of the primary amino group at 3431 cm-1 disappeared. However, the additional 

peaks of the newly formed amide bond of thiol-chitosan and chitosan Iodoacetamide have 

been recognized. Figure 24-b, shows the IR spectra of thiol chitosan. Three characteristic 

peaks at 1249, 1631, and 2840  cm−1, corresponding to the vibration of the S-C bond, C=O 

double bonds of the amido bond and the H-S bond, respectively, while the peak at 2944 cm−1 

is attributed to stretching of the H2C-S bond (Anitha, 2011) were recognized. Similarly, in 

Figure 24-c, the IR spectra of chitosan Iodoacetamide shows the same peak features above 

with slight peak shifts. Peaks at 1251, 1702.4, and 2889.8 cm−1, corresponding to the 

vibration of the I-C bond, C=O double bonds of the amido bond and the H-C aliphatic bond, 

respectively, while the peak at 2938.1 cm−1 is attributed to stretching of the H2C-I bond were 

acknowledged. 
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Figure 2-a: FT-IR spectra of pure chitosan (low molecular weight). 

 

 

Figure 2-b: FT-IR spectra of Thiol-chitosan. 

 

 

Figure 24-a: FT-IR spectra of chitosan  

 

 

 

 

 

 

24-b: FT-IR spectra of chitosan Iodoacetamide 

 

 

 

 

 

 

24-c: FT-IR spectra of Thiol-chitosan  

Figure 24: IR chart of (a) Chitosan, (b) Chitosan Iodoacetamide, and (c) Chitosan thiol 
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Figure 25 (a-b) represents the 1H-NMR spectra of chitosan and chitosan 

Iodoacetamide. The small peak at 1.79 ppm, Figure 25-a, was attributed to the –CH3 of the 

N-actetyl glucosamine residue. The peak at 2.95 ppm existed because of the H2 of N-actetyl 

glucosamine, and the peaks from 3.46-364 ppm were assigned to H3, H4, H5 and H6 of the 

methane protons of N-actetyl glucosamine. The intense peak at 4.43 ppm was related with 

the H1 of N-actetyl glucosamine (Wu, 2005). In the spectra, Figure 3-b, of chitosan 

Iodoacetamide derivative, there still appeared some peaks similar to those of chitosan; 

however, there are some shifts in the peaks due to the introduced moiety. A new peak at 

0.91-0.96 ppm was observed, which was corresponding to the (CH2) of the Iodoacetic acid 

moiety. Peak for H2 were shifted from 2.95 to 3.11 ppm due to the deshielding effect of the 

recently formed amido group.  
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Figure 25: 1H-NMR spectra of (a) chitosan; (b) chitosan Iodoacetamide 
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a: 1H-NMR spectra of pure chitosan. 
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 b: 1H-NMR spectra of chitosan Iodoacetamide 
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The effect of inter-molecular and extra-molecular interaction on the crystallization 

structure of chitosan thiolated chitosan, and chitosan Iodoacetamide derivatives was studied 

by X-Ray Diffraction (XRD). Figure (26) shows the XRD patterns of chitosan, thiol-

chitosan, and chitosan Iodoacetamide. Three crystalline reflections located at 2θ=10.25o, 

19.8o and 20.55o were presented in the XRD pattern of chitosan, which was in agreement 

with previous report (Samuels, 1981). The strong reflection fell at 2θ = 19.8 o and the peak at 

2θ = 20.55 o indicated the high degree crystallinity of chitosan, which may be due to the  

inter-molecular and extra-molecular hydrogen bonding as seen in the earlier report by Zhang 

et. al. (Zhang, 2005). The XRD patterns of thiol chitosan and chitosan Iodoacetamide 

derivatives were significantly different from that of chitosan. The intensity of the peak at 

2θ=10.25o in pure chitosan decreased and shifted to 2θ =11.4 o and 2θ =11.9o for 

Iodoacetamide and thiol derivatives, respectively. The sharp reflection peak at 2θ =19.8 o for 

chitosan disappeared, while a broad reflection at about 2θ = 22.1o were presented for the two 

derivatives. This disappearance or shift and broadness of the crystalline peaks indicated the 

disruption of the ordered structure of the chitosan by chemical modification, and the chitosan 

derivatives became more amorphous. 
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Figure 26: XRD patterns of chitosan, thiol-chitosan, and chitosan Iodoacetamide. 
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3.2. The solubility evaluation 

  
Solubility of chitosan, thiol-chitosan, and chitosan Iodoacetamide derivatives in 

distilled water and organic solvents are shown in Table 1. It was clearly found that both 

chitosan and chitosan derivatives could not dissolve in chloroform and N, N’-

dimethylformamide. The chitosan was insoluble in distilled water while the chitosan 

derivatives showed favorable solubility in distilled water, which was attributed to the 

amorphous structure which resulted from the decreased hydrogen bonding due to generation 

of thiol and iodo substitution. 

 

Table 1: Solubility of chitosan derivatives in different solvents at 25 °C 

 
Solvent Thiol-chitosan Chitosan Iodoacetamide 

Water + + 

DMF - - 

Chloroform - - 
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3.3. Electrospinning of Thiol-chitosan and Iodo-chitosan. 
 

Obtaining chitosan nanofibers by electrospinning is not an easy task. Pure chitosan 

nanofibers with adequate quality have been obtained just by using high concentrations of 

both the polymer and acetic acid (Xinying Geng, 2005). Several factors such as the applied 

voltage, flow rate, polymer concentration, relative humidity and the viscosity of the solution 

(Krause, 2008) affect the fabrication and features of chitosan nanofibers. Therefore, in the 

current experimental work, all the electrospinning parameters have been fixed for the entire 

samples. To facilitate nanofiber formation, different blends of chitosan with other polymers 

such as poly(vinyl alcohol) (PVA), poly(ethylene oxide) (POE), polycaprolactone, and 

collagen, among others, have been used (Keyur Desai, 2008). Blending chitosan with such 

polymers helps to overcome bead defects in nanofibers, which are attributed to poor 

stretching of the filaments during the bending of the polymer solution jet. In addition, they 

also improve the mechanical, thermal and structural properties of the nanofiber mats (Sun, 

2011). Poly vinyl alcohol was the polymer of choice of the current work because of its 

interesting physical and chemical properties such as semicrystallinty, good chemical 

resistivity, good thermal stability, excellent biocompatibility, and inexpensiveness (Koski, 

2004). Moreover, PVA is a hydrogel polymer—a hydrophilic polymer that forms a three-

dimensional network structure—that is capable of absorbing a large quantity of water which 

makes the polymer a good candidate for wound dressing applications. In addition, it has the 

ability to form hydrogen bonds and cross-link with chitosan chains through its hydroxyl 

groups which increases the miscibility of the two polymers.  
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In the current work low molecular weight chitosan was used to prepare both thiol 

chitosan as well as chitosan Iodoacetamide derivatives due to reaction conditions which 

results in low viscosity solutions. Therefore, we had to increase the viscosity of these 

solutions by adding defined volumes of medium molecular weight chitosan. Increasing the 

ratio of chitosan in the blend is an advantage, because it leads to increasing the antimicrobial 

activity as well as the electrical conductivity of the polymer blend. However, Bokgi Son and 

his co-workers observed that during the electrospinning process, increasing the chitosan 

concentration results in not only fibers with greater antimicrobial activity, but also results in 

more viscous solutions that can make nanofiber formation difficult (Son B. Y., 2009). 

Therefore different blending ratios of the two polymers, i.e. PVA and CS, should be studied 

in order to reach the best conditions for fiber formation. 

Polyvinyl alcohol was dissolved in distilled water at a concentration of 8% (w/v) then 

blended with three different concentrations (1, 2, and 3%) of medium molecular weight 

chitosan in. Blending ratio of PVA/CS (60/40) was found to be an appropriate ratio 

according to previously established electrospinning conditions by our group (Abdelgawad, 

2013). Afterwards, chitosan Iodoacetamide (CIA) derivative was dissolved in distilled water 

of pH 7 at 3% (w/v) concentration then added to PVA/CS blends in three different volumes 

(1, 2, and 3mL). The final concentrations (weight basis in grams) of the different polymer 

blends were as following: 1) PVA 8/CS 0gm; 2) PVA 4.8/CS 0.4/CIA 0.03gm; 3) PVA 

4.8/CS 0.4/CIA 0.06gm; 4) PVA 4.8/CS 0.4/CIA 0.09gm; 5) PVA 4.8/CS 0.8/CIA 0.03gm; 

6) PVA 4.8/CS 0.8/CIA 0.06gm; 7) PVA 4.8/CS 0.8/CIA 0.09gm; 8) PVA 4.8/CS 1.2/CIA 
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0.03gm; 9) PVA 4.8/CS 1.2/CIA 0.06gm; 10) PVA 4.8/CS 1.2/CIA 0.09gm. The same 

formulations were established for Thiol-chitosan blends. 

The performance and morphology of the e-spun fiber mats were affected by many 

factors, including the physicochemical properties of the polymer solution and the 

electrospinning process parameters. The viscosity and ionic conductivity of polymer 

solutions are considered to be major parameters in electrospinning (Peresin M. H., 2010). In 

this study, measurements were performed on the viscosity and ionic conductivity of the 

different blend solutions and listed in Table (2). It was found that, the ionic conductivity of 

the polymer blend solutions increased with increasing the CS content due to its – 

NH3
+ groups that evolve from – NH2 in the acetic acid solution. The ionic conductivity of 

Iodoacetamide containing blends increases with increasing the volume of added 

Iodoacetamide derivative with values larger than that observed for PVA/CS alternates. The 

viscosity of the solution blends followed the same trend as the ionic conductivity. The 

increase in the viscosities of a polymer blend solutions with an increase in the CS content is 

due to the high viscosity of the CS and to the effect of the intermolecular interactions 

between the PVA and CS, such as hydrogen bonding in the solution state (Jia Y. T., 2007) 

On the other hand, lower ionic conductivity values were observed in case of the thiol-

chitosan derivative for the first three blends and then the values rise up tremendously. This 

may attributed to the sensitivity and instability of the thiol derivatives (Kast C. a., 2001) and 

the release of thiol groups in the solution under the measuring conditions. In addition, the 

viscosities of the solution blends were higher than that of PVA/CS/Iodoacetamide-

derivative.  
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    Iodoacetamide chit.          Thiol-chit. 

Table 2: Ionic conductivity and viscosity of PVA/CS, PVA/CS/thiol-chitosan, and PVA/CS/chitosan-Iodoacetamide 
blends. 

 
     

PVA+ CS* 1% + 0 mL derivative 205        -  

PVA + CS 2% + 0 mL derivative 290  -  

PVA + CS 3% + 0 mL derivative 425  -  

PVA +  CS 1% + 1mL derivative 288 285 695 731 

PVA +  CS 2% + 1mL derivative 355 290 745 763 

PVA +  CS 3% + 1mL derivative 470 286 915 934 

PVA +  CS 1%+ 2mL derivative 380 410 742 773 

   PVA +  CS 2% + 2mL derivative 390 420 790 820 

PVA +  CS 3% + 2mL derivative 496 437 932 973 

PVA +  CS 1% + 3mL derivative 392 527 805 863 

PVA +  CS 2% + 3mL derivative 440 550 852 897 

PVA + CS 3%  + 3mL derivative 539 562 970 1030 

**CSIA: chitosan Iodoacetamide      **TCS: Thiol-chitosan 

Figures (27, 28, and 29) show the FE-SEM micrographs of the nanofiber mats and the 

average diameter distribution of different solution blends from PVA/CS, PVA/CS/chitosan-

Iodoacetamide, and PVA/CS/thiol-chitosan, respectively. It is clear from Figure (27) that 

neat PVA fibers, image (i), are defect free nanofibers with fiber diameter distribution of 200-

250 nm. As chitosan content increases from 1% to 3% (w/v), samples (ii)-(iv), thinner fibers 

with fiber diameter distribution of 100-150 nm and very little beaded structures were 

observed. Variation in the morphology of the obtained nanofibers is expected because the 

success of the electrospinning process is strongly correlated to the properties of the solutions 

from which the nanofiber are prepared. These observations can be explained by the fact that 

Conductivity (µs/cm) 

    CSIA**                TCS*** 

Viscosity (mPas. Sec) 

    CSIA                TCS 

Polymer Solution Blends 
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when the concentration of the chitosan (a polycation) in the blend solution increases the 

conductivity which leads to the increased charge density on the surface of the ejected jet 

formed during electrospinning (Park, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

148 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Electrospun nanofiber from PVA and PVA/CS blends (60/40 ratio) using different concentrations of medium 
molecular weight chitosan. (i) Neat PVA nanofibers [PVA 8/CS 0gm]; (ii) [PVA 4.8/CS 0.4gm]; (iii) [PVA 4.8/CS 0.8gm]; (iv) 
PVA 4.8/CS 1.2gm]. Ratio of PVA to CS in all samples was kept at 60/40 (v/v). 

 
 

 

(i) (ii) 

(iii) (iv) 
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Figure 28, shows the effect of chitosan Iodoacetamide derivative addition to the 

above mentioned major polymer blends PVA/CS-1%, PVA/CS-2%, and PVA/CS-3% on the 

microstructure of the fibers. The trend of addition was as following; 1mL (0.03gm) of 

chitosan Iodoacetamide derivative was added to samples (i)-(iii), 2mL (0.06gm) to samples 

(iv)-(vi), and 3mL (0.09gm) for samples (vii)-(viii). It is obvious from the SEM micrographs 

that the addition of chitosan Iodoacetamide derivative to the polymer blended solutions 

causes some irregularity and beaded structures in the fibers. The inclination of the fiber 

properties and the appearance of beaded structures could be attributed to the high viscosity of 

the electrospinning solutions. As the percentage of CS increases, the bulk viscosity increases 

and consequently the ability of jet formation during electrospinning inhibited to a certain 

degree. Therefore, no fibers were produced from PVA/CS-3%/3mL Iodoacetamide derivative 

blend solution, under the current electrospinning conditions. In addition to the viscosity, 

chitosan and chitosan Iodoacetamide derivative are considered polyelectrolytes that are 

charged, therefore, strong repulsive forces between ionogenic groups within the backbone 

impede the formation of continuous fibers. The presence of iodine ions in the electrospinning 

solution would increase the ionic conductivity of the solution which leads to the production 

of smaller fiber diameters, 100-150nm, in spite of having higher solution viscosity.  The 

reason for this behavior is that the charge density in the ejected jet imposed higher elongation 

forces leading to thinner fiber formation, in agreement with previously published data (Rosic, 

2012).   
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Figure 28: Electrospun nanofiber from PVA/CS/Iodoacetamide (CIA) derivative blends using different concentrations of 
medium molecular weight chitosan and different volumes of CIA derivative. (i) PVA/CS-1%/1mL CIA [PVA 4.8/CS 0.4/CIA 
0.03gm]; (ii) PVA/CS 2%/1mL CIA [PVA 4.8/CS 0.8/CIA 0.03gm]; (iii) PVA/CS 3%/1mL CIA [PVA 4.8/CS 1.2/CIA 0.03gm], 
(iv) PVA/CS 1%/2mL CIA [PVA 4.8/CS 0.4/CIA 0.06gm]; (v) PVA/CS 2%/2mL CIA [PVA 4.8/CS 0.8/CIA 0.06gm]; (vi) PVA/CS 
3%/2mL CIA [PVA 4.8/CS 1.2/CIA 0.06gm]; (vii) PVA/CS 1%/3mL CIA [PVA 4.8/CS 0.4/CIA 0.09gm]; and (viii) PVA/CS 
2%/3mL CIA [PVA 4.8/CS 0.8/CIA 0.09gm]. 
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The microstructure of electrospun nanofibers of different formulations of 

PVA/CS/thiol-chitosan is illustrated in Figure (29). The trend of addition was the following; 

1mL of thiol-chitosan derivative was added to samples (i)-(iii), 2mL to samples (iv)-(vi), and 

3mL for sample (vii). It can be clearly seen that the degree of fiber uniformity is lower and 

the beaded structures is higher than the case of Iodoacetamide containing nanofibers. 

Irregular shaped fibers, for samples (i)-(iii), and nanofibers with a bead-on-string 

morphology were produced, for the rest of the samples, when compared with the blank 

PVA/CS nanofibers. Again, this is related to the viscosity of the electrospinning solutions. It 

is observed from Table (2) that the viscosity values of the thiol chitosan blended solutions 

were higher than the values of both PVA/CS and PVA/CS/chitosan Iodoacetamide. Only 

beads and no fibers were produced from PVA/CS-2% /3mL thiol-chitosan and PVA/CS-3% 

/3mL thiol-chitosan blend solutions, under the current electrospinning conditions. 

To conclude, nanofiber mats were produced from most of the applied polymer 

solution formulations. However, in some cases it was very hard to produce continuous fibers 

due to viscosity issues. PVA/CS/Iodoacetamide derivative blended solutions were able to 

produce better fibers, in terms of morphology and microstructure. Samples of blending ratio 

PVA/CS-3%/2mL chitosan-derivative were seen as best candidates to produce nanofiber 

mats for antibacterial evaluations. The samples that contained the highest concentrations of 

chitosan as well as chitosan derivative, thiol and Iodoacetamide derivatives, did exhibit 

reasonable nanofiber properties. 
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Figure 29: Electrospun nanofiber from PVA/CS/thiol-chitosan (TCS) derivative blends using different concentrations of 
medium molecular weight chitosan and different volumes of thiol chitosan derivative.  (i) PVA/CS-1%/1mL TCS [PVA 
4.8/CS 0.4/ TCS 0.03gm]; (ii) PVA/CS 2%/1mL TCS [PVA 4.8/CS 0.8/ TCS 0.03gm]; (iii) PVA/CS 3%/1mL TCS [PVA 4.8/CS 
1.2/ TCS 0.03gm], (iv) PVA/CS 1%/2mL TCS [PVA 4.8/CS 0.4/ TCS 0.06gm]; (v) PVA/CS 2%/2mL TCS [PVA 4.8/CS 0.8/ TCS 
0.06gm]; (vi) PVA/CS 3%/2mL TCS [PVA 4.8/CS 1.2/ TCS 0.06gm]; and (vii) PVA/CS 1%/3mL TCS [PVA 4.8/CS 0.4/ TCS 
0.09gm]. 
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3.2. Antibacterial assessment. 

The antibacterial activity of thiol-chitosan against gram negative bacteria, E. coli, was 

discussed in an earlier publication by Han et al. (Bing Han, 2012). However, there is no 

previous work concerning the antimicrobial activity of thiol-chitosan in the form of 

nanofibers. On the other hand, the antibacterial activity of chitosan Iodoacetamide derivative 

is introduced for the first time here in this publication. Therefore, the minimum inhibitory 

concentration and bactericidal kinetics were performed on thiol-chitosan and chitosan 

Iodoacetamide solutions, before blending with PVA/CS, for better understanding of the 

antibacterial activity of the two derivatives.   Afterwards, the antibacterial activity of 

PVA/CS/thiol-chitosan and PVA/CS/chitosan Iodoacetamide nanofiber mats were 

investigated according to AATCC-100 protocol.  

 

3.2.1. The minimum inhibitory concentration (MIC) 

A semi pilot experiment has been done to explore the minimum inhibitory 

concentration (MIC) of thiol-chitosan and chitosan Iodoacetamide, due to the lack of 

information in the literature, especially for the latter compound. MIC is the lowest 

concentration of an antimicrobial that will inhibit the visible growth of a microorganism after 

overnight incubation. The test showed that MIC of thiol-chitosan and chitosan Iodoacetamide 

against E. coli were 400 µg/ml and 800µg/ml, respectively. 
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3.2.2. Bactericidal kinetic testing 

The effect of thiol-chitosan and chitosan Iodoacetamide solutions on the growth of 

the recombinant bacteria E. coli over time are shown in Figure 30. It is clear from the Figure 

that Iodoacetamide derivative was able to inhibit the growth of the bacteria to large extent 

after the first 3h and completely kill the bacteria after 4h. On the other hand, a few colonies 

of E. coli were observed after 8h in case of Thiol-chitosan treatment. 

 It was reported (Bernkop-Schnürch A. K., 2003) that grafting thioglycolic acid on 

chitosan would increase the mucoadhesive properties as well as its antimicrobial activity 

(Bing Han, 2012) through the formation of a disulfide bond (R-S-R) with cysteine residues in 

proteins. In the same way, Iodoacetic acid was reported to react with mercaptol (-SH) 

residuals especially that of cysteine (Michaelis, 1934). Reaction of Iodoacetic acid with 

mercaptol (-SH) residuals were reported to be a rapid reaction, 15 min., when carried out at 

80 °C and more slower at the physiological temperature and pH (Dickens, 1933). Therefore, 

chitosan Iodoacetamide derivative is expected to behave similarly and react with the 

mercaptol residuals that are presented extensively on the outer cellular membranes of 

bacteria. The reaction may be explained as following: 

 

 



 

159 

 The ease of the replacement of the hydrogen atom of the mercaptol residual with the 

iodocompound may explain the observations of the above discussed kinetic studies. 

 

 

Figure 30: Bactericidal kinetics of chitosan Iodoacetamide, (1)-(5), and Thiol-chitosan, (5)-(10).  The initial bacterial 
concentration was 7×106 CFU/ml and 1200µL of chitosan Iodoacetamide or Thiol-chitosan was tested. 
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3.2.3. Antibacterial activity of nanofiber mats. 

The antibacterial activity of the e-spun nanofiber mats were evaluated using AATCC-100 

method. This particular method allows the direct contact of a known volume of the bacterial 

solution to the surface of the fiber mats, which ensures the accuracy of the results. Figure 31 

illustrates the performance of e-spun nanofiber mats of PVA/CS. PVA/CS/thiol-chitosan,   

and PVA/CS/chitosan Iodoacetamide. A volume of 1mL E. coli solution with initial 

concentration of (7×106 CFU/ml) was applied to each e-spun nanofiber mat to be tested. E. 

coli bacteria were almost eradicated when exposed to PVA/CS/chitosan Iodoacetamide e-

spun nanofiber mats, Figure 31-(4, 8, and 12), while very few colonies were observed in the 

first dilution plat, Figure 31-(4).  

However, some bacterial colonies were observed for the first and the second dilutions 

when PVA/CS/thiol-chitosan e-spun nanofiber mats were tested, Figure 31-(3, 7). Though, 

no colonies were detected for the third dilutions, Figure 31-(11). These results indicate the 

bactericidal activity of both PVA/CS/chitosan Iodoacetamide as well as PVA/CS/thiol-

chitosan e-spun nanofiber mats at bacterial concentration of (7×106 CFU/ml). On the other 

hand, large numbers of bacterial colonies were witnessed when PVA/CS, Figure 31-(2, 6, 

and 10) e-spun nanofiber mat was tested. Nevertheless, the latter sample still has a lower 

number of bacterial colonies than that observed for the blank sample, which is represented in 

Figure 31-(1, 5, and 9). These results suggested only bacteriostatic activity for PVA/CS e-

spun nanofiber mats. 
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Figure 31: Antibacterial activity of the e-spun mats against E. coli. Three different dilutions made for each tested sample and the initial 
bacterial solution concentration was (7×106 CFU/ml). Plates (1), (5), and (9) are for the blank polypropylene filter membrane. Plates (2), 
(6), and (10) are for PVA/CS e-spun mats. Plates (3), (7), and (11) are for PVA/CS/thiol-chitosan e-spun mats. Plates (4), (8), and (12) are 
for PVA/CS-Iodoacetamide e-spun mats. 
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Conclusion 

Chitosan Iodoacetamide derivative was successfully prepared by the reaction of 

Iodoacetic acid with chitosan through carbondiimide mediation. The chemical structure was 

verified by FT-IR and 1H NMR spectra. This chitosan derivative could be amorphous and 

water-soluble due to the disruption of the ordered structure of chitosan by chemical 

modification and this was confirmed by XRD patterns. Moreover, thiol-chitosan derivative 

was prepared for the sake of comparison. Electrospun nanofiber mats were obtained from 

PVA/CS, PVA/CS/thiol chitosan, and PVA/CS/chitosan Iodoacetamide blended solutions 

and the microstructure of each nanofiber mat was explored using SEM. PVA/CS/chitosan 

Iodoacetamide blended solutions showed superior morphological properties over that 

obtained from PVA/CS/thiol-chitosan. The antimicrobial activity of PVA/CS/chitosan 

Iodoacetamide and PVA/CS/thiol-chitosan e-spun mats were performed against gram 

negative bacteria E. coli. PVA/CS/chitosan Iodoacetamide showed bactericidal activity after 

only 4h of treatment, whereas, PVA/CS/thiol-chitosan after 24h. Favorable water-solubility 

and excellent antimicrobial activity suggested that chitosan Iodoacetamide derivative 

possessed great application potential for antimicrobial wound dressing applications. 
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CHAPTER 5 

Chitosan Nanoparticles: Systematic Optimization of the Preparative Process and 
Protein Delivery Properties 

 
1. Introduction 

Chitosan is a usefu biomaterial derived from deactylation of chitin (poly(β-1,4-N-

acetyl-D-glucose-2-amine)), which is one of the most abundant natural polysaccharides, 

found in the cell walls of microorganisms such as yeasts or other fungi, in the exoskeletons 

of crustaceans and insects. Physical and chemical properties of chitosan depend mainly on its 

molecular weight and degree of deactylation. Chitosan is recognized as a biocompatible, 

biodegradable, bioadhesive, and nontoxic material. (Sharma W. P., 2000). As a natural 

biocompatible polymer, chitosan has been extensively investigated in the pharmaceutical 

research and in industry for drug delivery and as biomedical material (Lim E. K., 2003). 

During the last two decades chitosan has been investigated as a hydrophilic material for 

nanoparticles because of its accepted mucoadhesivity and ability to enhance the penetration 

of large molecules across mucosal surface (Illum).  

Nanoparticles of chitosan hold marked mucoadhesive properties that have been 

related to the combination of the particle size and the particle superficial charge.  It has the 

ability to control the drug release rate, lengthen the duration of therapeutic effectiveness, and 

deliver the drug to precise sites in the body. Under acidic conditions, chitosan can be 

dissolved in water after amino protonation to confer high positive charge density. These 

positive charges qualify chitosan both to interact with polyanion to form complexes, then 



 

164 

gels as well as adhere to the mucosal membrane which improves the absorption of the drugs 

across cellular barriers.   

Peptides, proteins, gens and antigens have become the drugs of choice for treatment 

of various diseases as a result of their assured selectivity and their ability to provide effective 

and fascinating action (Otzen, 2005). However, they are poorly absorbed after oral 

administration because of their poor liability to enzymatic degradation and their low 

permeability across the intestinal epithelium. In addition, their rapid clearance from the blood 

stream and low permeability across some biological barriers such as the blood-brain barrier, 

limit its applications. Recently, the hydrophilic nanoparticles such as chitosan nanoparticles 

have received considerable attention to deliver such drugs by intravenous, oral, and mucosal 

administration (K. A. Janes, 2001a). 

Probably, the most standard way to produce chitosan nanoparticles is through 

ionotropic gelation, that is physical crosslinking, of chitosan with sodium Tripolyphosphate 

(TPP). TPP is a small ion with a triple negative charge throughout the physiologically 

acceptable pH range (Sharma W. P., 2000) (p. Calvo, 1997) (Alonso, 2003) . Non-toxicity 

and quick gelling ability of TPP are the important properties that make it a satisfactory cross-

linker for ionic gelation of chitosan (Q. Gan, 2007). It was reported that at concentrations 

below 2 mg/mL and 0.4 mg/mL respectively for TPP and chitosan, should be used, in order 

to avoid the formation of large aggregates. Chitosan/TPP mass ratios should not exceed 15–

20/1 (p. Calvo, 1997); larger chitosan/TPP ratios yielded particles with larger size (but 

obviously lower cross-linking density) and zeta potential (Janesand, 2003). Kumacheva et al. 

(Zhang H, 2004) have developed some of the initial studies (K. Desai, 2008) (F. Chen, 2007) 
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(M. Kafshgari, 2011), investigating the effect of chitosan fractional precipitation and 

deacetylation as means to increase its TPP-binding efficiency. Recently, Nasti et al., (A. 

Nasti N. Z., 2009) systematically optimized the preparative process of chitosan/TPP 

nanoparticles. The authors have used hyaluronic acid coating to have better control over the 

size and stability of the particles. However, the stability of size, surface charge, zeta 

potential, and drug loading efficiency of the nanoparticles are still challenging.  

The ultimate goal of this research is to obtain nanoparticles with 1) narrow size 

distribution below 500nm; 2) high and positive zeta potential to provide both electrostatic 

stabilization and possibility of binding negatively charged drugs; 3) stability of both size and 

zeta potential in water, in order to ensure long-term storage. Herein, we are building on and 

expanding the findings of Kumacheva and Nasti, while focusing on the different variables 

that may affect the preparation of chitosan nanoparticles. Principally, we are proposing the 

utilization of Hexametaphosphate (HMP) instead of Tripolyphosphate (TPP) as a cross-

linking agent. HMP molecule has six negative charges in the neutral and slightly basic 

medium which offers more binding sites readily available for interaction (Sanchez-Diaz, 

2010). We are assuming that increasing the availability of the binding sites in the HMP 

molecule would result in stronger ionic complexation with chitosan cationic charges. This 

would reflect positively on the particles stability and average size reduction.  A comparative 

study between chitosan/TPP and chitosan/HMP nanoparticles under different complexation 

conditions was conducted to investigate the effect of HMP on nanoparticles formation. 

Bovine Serum Albumin (BSA) was applied as a protein model drug to explore the drug 

loading efficiency of the nanoparticles. 
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2. Experimental 
 

2.1.Materials 
 

Chitosan (low molecular weight 28KDa) was obtained from Vanson® and the degree of 

deactylation was measured after 3rd deacetylation, pentasodium tripolyphosphate, 

hexametaphosphate, 1 N hydrochloric acid and, 1 N sodium hydroxide all were analytical 

grade and obtained from (Fisher Scientific). and Bovine Serum Albumin were obtained from 

Sigma Aldrich.    

 

2.2.Physicochemical characterization of the nanoparticles. 

Dynamic light scattering (DLS) and zeta potential measurements were performed on a 

Zetasizer Nanoseareis (SZ Malvern instrument) all samples were analyzed at angle of 172 ͦ 

and a temperature of 25 ͦ C. The morphology of the nanoparticles was examined using 

Transmission Electron Microscopy (TEM). A drop of aqueous chitosan NPs suspension was 

deposited on a carbon-coated electron microscope grid and then allowed to dry in oven under 

vacuum for 24 hours to ensure the complete dryness of the sample. The grids were observed 

with a Hitachi HF2000 TEM operated at an accelerating voltage of 80 kV. BSA 

Encapsulation Efficiency of chitosan nanoparticles were calculated using specific equation 

building on the data acquired by UV-Vis spectra of the BSA-loaded chitosan NPs using 

(Varian UV-Vis) spectrophotometer operating in the absorbance mode.  
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2.3. Preparative process. 

2.3.1. Deacetylation of chitosan 

The as received chitosan (200 g) was further deacetylated by stirring in 50% sodium 

hydroxide for 2 h at 100 °C in a glass reaction vessel purged with gaseous nitrogen. The 

reaction product was subsequently washed in distilled water until it exhibited a neutral pH; it 

was then air-dried for two days. The process was repeated two times under the same 

conditions to obtain chitosan with a high DD%. This product was also washed with distilled 

water until became neutral, and then, it was dried for 24 h at 50 °C in a convection oven.  

 

2.3.2. Determination of degree of deacetylation 

The DD% of chitosan can be measured by acid-base titration (El-Tahlaway, 2006). In 

this method, chitosan dissolved in a known excess of acid is titrated conductometrically with 

a standard NaOH solution. A known weight of chitosan (0.094 g) was transferred to a 150mL 

beaker and completely dissolved in 10 mL of 0.1N HCl, and then, 90 mL of distilled water 

and several drops of phenolphthalein as an indicator were added. The temperature was kept 

at 20°C with a water bath. In this solution, a conductivity probe (Orion conductivity cell, 

model 013030) was submerged, and the solution was stirred until the temperature became 

constant.  
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2.3.3. Preparation of chitosan nanoparticles 

A systematic study was conducted to study the behavior of Hexametaphosphate in the 

formation of chitosan nanoparticles. Chitosan was dissolved in 4.6 mM HCl at concentrations 

0.054%, 0.069%, 0.085%and 0.1%wt. The pH of the different solutions was adjusted to 3, 4, 

or 5 by the addition of appropriate volumes of NaOH 0.1M. Hexametaphosphate (HMP) 

solutions were prepared as 0.1% and 0.2%wt. in deionized water, correcting the pH to 5 with 

appropriate additions of HCl 0.1M. Tripolyphosphate (TPP) of the same concentrations was 

prepared for the purpose of comparison.  All solutions were filtered through a 0.22 μm pore 

size filter, in order to remove any macroscopic material feasibly present. The complexation 

between chitosan and the cross-linking material was then carried out at 25°C and under 

magnetic agitation (250rpm) for duration of 30 min then leaving the dispersion undisturbed 

for additional 16 h prior to any purification or analysis. The mixing method was based on 

variable chitosan concentration but constant volumes of solution. In such method, 2.786 g of 

chitosan solution was mixed with 214 mg of cross-linking agent, HMP or TPP, of pH 5. The 

final mass ratios between the two components are 7/1, 9/1, 11/1 or 13/1in case of 0.1% (wt.) 

cross-linker and 3.5/1, 4.5/1, 5.5/1, and 7.5/1 in case of 0.2% wt. cross-linker. Samples were 

tested after 16 hours and 30 days to explore the effect of different parameters on the particles 

stability and zeta potential. The optimum conditions for preparation of chitosan 

nanoparticle’s using TPP and HMP were identified. 
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2.3.4. Preparation of BSA-loaded nanoparticles 

The optimum conditions of nanoparticles preparation were obtained from the above 

study and then applied to prepare BSA-loaded nanoparticles. Bovine Serum Albumin (BSA) 

was used as a model protein drug. Chitosan BSA-loaded nanoparticles were formed by the 

addition of 1mL BSA solution to chitosan solution prior to the incorporation of the cross-

linker, HMP or TPP, solution. BSA initial concentration was fixed at 0.1% (w/v). The 

nanoparticles were characterized immediately after preparation. All experiments were 

performed in triplicates to reinsure accuracy.  

 

2.3.5. Determination of BSA Encapsulation Efficiency of nanoparticles 

To determine the encapsulation efficiency, chitosan/TPP and chitosan/HMP 

nanoparticles  were centrifuged at 10, 000 rpm and 4◦C for 30 minutes, and the amount of 

free BSA was determined in clear supernatant by UV spectrophotometry (Varian UV-Vis) at 

280nm using supernatant of nonloaded nanoparticles as basic correction. BSA encapsulation 

efficiency and loading capacity were calculated according to the equation indicated below: 
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3. Results and Discussion. 

 

3.1. Determination of degree of deacetylation 

The chitosan solution was titrated against 0.1N NaOH standard solution using a 10-mL 

buret. Conductivity readings were obtained within 3 - 5 seconds after each addition of NaOH. 

The data were polled as conductivity versus volume of NaOH added and explained in Figure 

(32).  

 

 

Figure 32: Conductometric titration curve for chitosan sample. 

 
The titration curve showed two deflection points. The number of moles of NaOH between 

the two deflection points was proportional to the number of moles of amino groups of 

chitosan samples. The calculation as follows:  
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where MNaOH is the molarity of the standard NaOH solution and V2-1 is the difference in 

volume between the two inflection points. DD% of the chitosan was found to be 98.3%. 

 

3.2. Preparation of chitosan/TPP and chitosan/HMP nanoparticles. 

The target of this experiment to prepare nanoparticles with high and positive zeta 

potential (for allowing effective adsorption of drugs), dimensions below 500nm, and long-

term stability of both size and charge. Herein, we have conducted a systematic study for the 

preparative process, monitoring the average value and disparity of size and zeta potential, as 

well as the stability of these values at 16 h and 21 days after complexation using Dynamic 

Light Scattering technique (DLS). Specifically, we have investigated the influence of the 

following variables: chitosan concentration; pH of chitosan solution; type of cross-linking 

agent (TPP or HMP); and concentration of the crosslinking agent (01 and 0.2 wt. %). 

The results of this study are presented in Figures (33)-(34). In a very acidic medium, at 

pH≤ 4, anionic charges on TPP and HMP decreases dramatically, which decrease its cross-

linking capability. While, at pH≥ 6 the decrease in chitosan charge lowers not only the 

intensity of the electrostatic interaction, but also its solubility in water, this results in 

formation of large aggregates.  To minimize the error and for better understanding, the pH of 

the TPP and HMP solutions were kept at 5, whereas, ranged from (pH 3-5) for chitosan 

solutions. Chitosan/TPP or chitosan/HMP mass ratio is a critical factor in the ionic cross-
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linking process. Since an excess of chitosan is necessary to provide positively charged 

particles, the ratio is inversely related to the crosslinking density of the material. When the 

concentration of the chitosan increases, the cross-linking density decreases and provided 

softer and unstable particles. However, at very low chitosan concentrations particles are more 

stable but with lower average surface charge, zeta potential. 

Figure (33)-(40) summarize the influence of the above mentioned variables on the 

particles size and zeta potential of chitosan nanoparticles. Chitosan concentration was plotted 

against average particle size (dav) and average zeta potential (Zav), at different pH values and 

different concentrations of, TPP and HMP.  Figure 33-(i-vi) shows the properties of the 

nanoparticles after 16 h of complexation. The following conclusions can be drawn: (a) 

chitosan nanoparticles exhibited smaller (dav) values at pH= 3 with average diameter 250-350 

nm, which probably due to the protonation of amino chitosan groups which allows more 

active sites for binding on the chitosan chains and consequent strong cross-linking with TPP 

and HMP.; (b) as the pH of the chitosan solution increases (dav) and (Zav) increase from (250-

350 nm) at pH3 to (350-450 nm) at pH 4 and from (38-42 mV) at pH 3 to (45-48 mV) at pH 

4 and 5. This may be explained by the formation some chitosan aggregates and the relative 

increment of cross-linking density due to increasing the ionic density of the cross-linking 

molecules; (c) at higher chitosan concentrations (0.085 and 0.1 wt. %) the (dav) values were 

more consistent than that of lower concentrations counterparts (0.054 and 0.069) and were in 

the range of (250-350nm) at different pHs (3, 4, and 5). This may be attributed to 

chitosan/TPP or chitosan/HMP mass ratio factor and the balance between the ionic changes 

resulting from cationic chitosan and anionic TPP or HMP; (d) higher concentrations of cross-
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linking agent (TPP or HMP) lead to increment of (dav) and decrement of (Zav). This may be 

attributed to the relatively higher anionic charges present in the complexation solution, which 

can cause sudden increase in the global pH and results in formation of larger aggregates; (e) 

HMP and TPP molecules have almost the same effect on (dav) at pH 4 and 5. However, at 

pH= 3, HMP produced particles with larger sizes (dav) than its TPP counterparts.  
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Figure 33: the effect of the pH of the complexation medium on average particle size (dav) and average zeta potential 
(Zav)of chitosan/TPP and chitosan/HMP nanoparticles using different concentrations of chitosan and cross-linking 

agents (TPP or HMP). 
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At pH 3 

 

 

 

 

 

 

 

At pH 4 
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At pH 5 
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Figures (34) and (35) show the particle size distribution and zeta potential distribution of 

chitosan nanoparticles measured after 16h of complexation using dynamic light scattering 

technique. Reaction conditions are included in the figures legend. 
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Figure 34: Particle size distribution of chitosan nanoparticles measured after 16h of complexation using dynamic light 
scattering technique at different pH values; (i) at pH 3; (ii) at pH 4; and (iii) at pH 5. 
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Figure 35: Zeta potential distribution of chitosan nanoparticles measured after 16h of complexation using dynamic light 
scattering technique at different pH values; (i) at pH 3; (ii) at pH 4; and (iii) at pH 5. 
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  Figure (36) shows the TEM micrographs of chitosan/TPP and chitosan/HMP 

nanoparticles after 16 h of complexation. At pH 3 the particle size were found to be (200-250 

nm), Figure (36)-(i), (ii), respectively. Nanoparticles prepared at pH 4 exhibited larger 

diameter (300-400 nm).The size was found to decrease again at pH 5, Figure (36)-(v), (vi), to 

be (250-300 nm). It is noteworthy that the trend of these results is consistent with that 

obtained from DLS evaluations; however, the values are not. This may be attributed to the 

fact that DLS and TEM have different measurement responses. 

The hydrodynamic diameter of the particles measured by light scattering is higher 

than the size estimated from microscopy practically because of the high swelling capacity of 

chitosan nanoparticles and drying of samples suspension. However, particles may aggregate 

and become bigger. 
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Figure 36: TEM micrographs of chitosan nanoparticles after 16h of complexation, and 0.1 wt.% cross-linker (of pH 5). (i) 
chitosan/TPP prepared at pH 3; (ii) chitosan/HMP prepared at pH 3; (iii) chitosan/TPP prepared at pH 4; (iv) 

chitosan/HMP prepared at pH 4; (v) chitosan/TPP prepared at pH 5; chitosan/HMP prepared at pH 5. 
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Chitosan nanoparticles were stored at 25 °C for 21 days then the physicochemical 

properties of the particles were investigated again by measuring the  average particle size 

(dav) and average zeta potential (Zav). Initially, samples prepared at low pH were excluded 

due to the unreliable results obtained by the DLS technique. The DLS software failed to 

analyze the measurement data due to poor sample quality. This may be due to the presence of 

some aggregate in the solution. The storage of such soft polymeric nanoparticles, like 

chitosan, in acidic solution for long period of time may result in chain disintegration, which 

accordingly leads to reduction of cross-linking strength. This effect was more obvious in the 

case of chitosan/HMP nanoparticles and was confirmed through TEM investigations Figure 

(39). HMP is a mixture of polymeric metaphosphates, which in acidic medium are 

hydrolyzed to sodium triphosphate and sodium orthophosphate. Each of these two 

phosphates has its own pK value, which differ from the parent molecule, HMP (Van Wazer, 

1958).  The chemical breakdown of HMP in acidic medium could also result in disrupting the 

initial ionic cross-liking between chitosan and HMP molecules and finally leads to particle 

disintegration.  

Figure (37) shows the effect of the pH of the complexation medium on average 

particle size (dav) and average zeta potential (Zav) of chitosan/TPP and chitosan/HMP 

nanoparticles using different concentrations of chitosan and cross-linking agents (TPP or 

HMP) at pH 4 and 5. At pH 4, Figure (38-i), (dav) was increased after 21 days of storage and 

particles ranged from (400-550nm). Again, particles prepared from chitosan concentration 

(0.1 wt. %) exhibited the lowest average size due to the effect of the chitosan/cross-linker 

mass ratio. Chitosan/HMP nanoparticles were found to be larger than chitosan/TPP 
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equivalents. The change in zeta potential remained in a narrow range, ± 5mV, below and 

above the initial values (45-48 mV) for all tested samples.  

At pH 5, Figure (37-iii), the average size of particles prepared from chitosan 

concentration (0.1 wt. %) was increased from 325nm and 340nm, at 16 h, to 336nm 356nm 

for after 21 days of complexation for chitosan/TPP and chitosan/HMP respectively. This is 

considered a marginal increment in the particle size and indicates the stability of the 

nanoparticles prepared at these specific conditions. The change in average zeta potential (Zav) 

was not significant and remained in a narrow range, ± 5mV, for these two particular samples. 

In addition, samples treated with higher concentrations of cross-linker, (0.2 wt.%) TPP and 

HMP, showed larger (dav) and (Zav), after 21 days of complexation, than its low 

concentrations, 0.1 wt.%, counterparts. 
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Figure 19: 

 
Figure 37: effect of the pH of the complexation medium on average particle size (dav) and average zeta potential (Zav)of 
chitosan/TPP and chitosan/HMP nanoparticles using different concentrations of chitosan and cross-linking agents (TPP 
or HMP). 
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Figure (38) shows the TEM micrographs of chitosan/TPP and chitosan/HMP after 21 

days of complexation at pH3. It is clear from the Figure that the particles have disintegrated 

and lost their spherical morphology; a gel-like structure was observed instead. This holds true 

for both TPP as well as HMP cross-linked nanoparticles.    

 
 

 

 

 

 

 

 

 

 

Figure 38: TEM micrographs of chitosan nanoparticles after 21 days of complexation and 0.1 wt.% cross-linker (of pH 5). 
(i) chitosan/TPP prepared at pH 3; (ii) chitosan/HMP prepared at pH 3.  

 
 

The effect of ultrasonication on the complexation of the nanoparticles was observed 

by studying the TEM micrographs. We believe that chitosan/TPP and/or chitosan/HMP 

cannot tolerate the ultrasonication during the complexation process. Unlike the metallic 

nanoparticles, polymeric nanoparticles produced via ionic cross-linking are very soft and the 

bonds between the ionic charges cannot resist the vibration energy produced via the 

ultrasonication. The application of the ultrasonic radiation resulted in disintegration, rather 

than preventing aggregation, of the particles. Chitosan/TPP and chitosan/HMP nanoparticles 

(i) (ii) 
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were prepared according to the optimum complexation conditions and the effect of 

ultrasonication was observed. Figure (39) shows TEM micrographs of chitosan/TPP with the 

application of ultrasound for 40minutes during the complexation process. It is clear that the 

particles deformed and couldn’t bear the ultrasound energy.   

 

 

 

 

 

 

 

 

 

Figure 39: TEM micrograph of chitosan/TPP nanoparticles at pH 3, after 16 h of complexation and 0.1 wt.% TPP (of pH 
5).  

 

In conclusion: (i) the pH of the complexation solution is considered a critical factor 

and it controls the density of global charges of the molecules and consequently the cross-

linking strength; (ii) HMP is chemically unstable under high acidic conditions, which affects 

its cross-linking properties; (iii) chitosan/cross-linker mass ratio, at higher pH values, is 

controlling the particle size, therefore, chitosan of 0.1wt.% concentration had a more 

consistent behavior and more stable particles over time; (iv) the performance of TPP was 

better than HMP at lower pH values, however, they show a very similar behavior at pH 5; (v) 

(i) (ii) 
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ultrasonication was proven to have damaging effect on the nanoparticles rather than aiding in 

preventing the aggregation; (vi) the optimum preparation conditions were found to be  

[chitosan (0.1wt%), at pH 5 + TPP or HMP (0.1wt%), at pH 5].  

 

3.3.  Encapsulation Efficiency of nanoparticles 

Bovine Serum Albumin (BSA) was used as a protein drug model and loaded on chitosan 

nanoparticles via ionic interaction. In water, the long hydrophilic chains of BSA may extend 

to the water, and some might be encapsulated among the positive hydrophilic chains of 

chitosan. This may suggest that the BSA was not only on the surface of the nanoparticles but 

also distributed in the outer hydrophilic layer. Therefore, the BSA carrying capacity of the 

nanoparticles could be termed as encapsulation efficiency (Hong-Linag Zhang, 2010).   

The optimum conditions of nanoparticles preparation were applied to prepare 

chitosan/TPP and chitosan HMP BSA-loaded nanoparticles. The particles were centrifuged 

and the amount of free BSA was determined in clear supernatant by UV spectrophotometry 

at 280nm using supernatant of nonloaded nanoparticles as basic correction. The absorbance 

of BSA solutions of known concentrations was measured and a calibration curve was created, 

Figure (40). The calibration curve was implemented to calculate the corresponding 

concentrations of the free BSA. It is clear from Figure (41) that the supernatant solution of 

chitosan/TPP BSA-loaded nanoparticles exhibited higher absorbency at 280nm than that of 

chitosan/HMP counterparts. This means that higher concentration BSA was left in the 

solution and less loading efficiency. This could be explained by the large particles size of 
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chitosan/HMP. The data revealed that the encapsulation efficiency of chitosan/HMP and 

chitosan/TPP were 96.3% and 91.87%, respectively.  

 

 

Figure 40: Calibration curve of known concentrations BSA solutions. 

 
 

 
 

Figure 41: Absorbance of free BSA in supernatant solutions of chitosan/TPP and chitosan/HMP nanoparticles. 
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The diameter of chitosan loaded BS nanoparticles was larger than, (dav) =480nm, that 

of pure chitosan, (dav) =350nm.  Figure (42) shows TEM micrographs of BSA loaded 

chitosan/TPP and chitosan/HMP nanoparticles. Chitosan/HMP nanoparticles were observed 

to be larger than that of TPP counterparts. The absorbance of BSA on the surface of 

nanoparticles did not alter the morphology of the particles to any extent, except the size.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42: TEM micrographs of (i) BSA-loaded chitosan/TPP; (ii) BSA-loaded chitosan/HMP nanoparticles. 
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Conclusion 
 

Hexametaphosphate (HMP) was involved in the ionic cross-linking of chitosan as an 

alternative to Tripolyphosphate (TPP). The efficiency of the HMP molecule was affected to a 

large extent by the complexation medium pH. Chitosan/TPP nanoparticles were smaller in 

average particle size; however, chitosan/HMP exhibited higher zeta potential values. The 

optimum complexation conditions for either TPP or HMP were established as pH 5. The 

nanoparticles were less stable under acidic conditions and showed better stability at pH5 for 

21 days. Chitosan concentration plays an important role in improving particles stability by 

increasing zeta potential; however, it adversely affects the particles size. The application of 

ultrasound during the complexation process was found to have a negative effect on the 

particles and cause disintegration. BSA loading capacity of chitosan/HMP was higher, 

96.3%, than that of TPP, 91.87%, equivalents due to larger average size.   
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CHAPTER 6 

Conclusions and Future Recommendations 
 

Wound dressing material of PVA/CS/Ag-NPs system was successfully prepared via 

electrospinning 

Silver nanoparticles, 20nm average diameter, were successfully prepared in high 

concentration (3142ppm) using green method. Chitosan was used as capping polymer and 

glucose was applied as reducing agent. Non-woven mats of PVA/CS blends and PVA/CS-

Ag-NPs blends containing were successfully fabricated by the electrospinning method. PVA 

was partially miscible with CS and had good electrospinnability when blended with CS. The 

presence of Ag-NPs in the polymer blend solution of PVA and CS improved the 

electrospinnability of the blend. The formation of Ag-NPs on the surface of e-spun fibers was 

confirmed by obtaining TEM micrographs. The Ag-NPs in the PVA/CS-Ag-NPs blend 

solutions resulted in a reduction in the diameter of the e-spun fibers. The antibacterial 

experiment indicated that the e-spun mats of PVA/CS blends had good bactericidal activity 

against the gram-negative bacteria E. coli. However, e-spun mats of PVA/CS-Ag-NPs blends 

were better. The presence of Ag-NPs in PVA/CS blend solutions enhanced not only the 

electrospinning performance but also the antibacterial ability of the e-spun mats which 

advocates a good wound dressing material.  

Recommendations: 

o Study the possibilities of controlling the shape of the particles  

o Applying another polymers (PEO or PLA) in the electrospinning process  
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Wound dressing material of PVA/CS/chitosan Iodoacetamide was successfully 

prepared via electrospinning 

Chitosan Iodoacetamide derivative was successfully prepared by the reaction of 

Iodoacetic acid with chitosan through carbondiimide mediation. The chemical structure was 

verified by FT-IR and 1H NMR spectra. This chitosan derivative could be amorphous and 

water-soluble due to the disruption of the ordered structure of chitosan by chemical 

modification and this was confirmed by XRD patterns. Moreover, thiol-chitosan derivative 

was prepared for the sake of comparison. Electrospun nanofiber mats were obtained from 

PVA/CS, PVA/CS/thiol chitosan, and PVA/CS/chitosan Iodoacetamide blended solutions 

and the microstructure of each nanofiber mat was explored using SEM. PVA/CS/chitosan 

Iodoacetamide blended solutions showed superior morphological properties over that 

obtained from PVA/CS/thiol-chitosan. The antimicrobial activity of PVA/CS/chitosan 

Iodoacetamide and PVA/CS/thiol-chitosan e-spun mats were performed against gram 

negative bacteria E. coli. PVA/CS/chitosan Iodoacetamide showed bactericidal activity after 

only 4h of treatment, whereas, PVA/CS/thiol-chitosan after 24h. Favorable water-solubility 

and excellent antimicrobial activity suggested that chitosan Iodoacetamide derivative 

possessed great application potential for antimicrobial wound dressing applications. 

Recommendations: 

o The antibacterial activity of the nanofiber mats overtime need to be studied  

o The use of chitosan of higher molecular weight to prepare CIA derivative 
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Chitosan nanoparticles was prepared using Hexametaphosphate (HMP) as ionic cross-

linker 

Hexametaphosphate (HMP) was involved in the ionic cross-linking of chitosan as an 

alternative to Tripolyphosphate (TPP). The efficiency of the HMP molecule was affected to a 

large extent by the complexation medium pH. Chitosan/TPP nanoparticles were smaller in 

average particle size; however, chitosan/HMP exhibited higher zeta potential values. The 

optimum complexation conditions for either TPP or HMP were established as pH 5. The 

nanoparticles were less stable under acidic conditions and showed better stability at pH5 for 

21 days. Chitosan concentration plays an important role in improving particles stability by 

increasing zeta potential; however, it adversely affects the particles size. The application of 

ultrasound during the complexation process was found to have a negative effect on the 

particles and cause disintegration. BSA loading capacity of chitosan/HMP was higher, 

96.3%, than that of TPP, 91.87%, equivalents due to larger average size.   

Recommendations: 

o Chemical modification of chitosan [6-amino-6-deoxy-chitosan] : water soluble 

compound 

o A study on the hydrolysis mechanism of HMP in acidic medium, by monitoring pK 

values, is needed 
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