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Abstract  

Chitosan is a naturally-derived polymer, sourced from the chitin present in crustacean 

shells and insect exoskeletons. It is a highly diverse molecule, with heavy metal 

adsorption, antibacterial and pH-based swelling properties. However, these properties 

may be hindered by the lack of strength of a singular polymer structure. Chitosan has 

the ability to cross-link with other polymers or reagents to create interpenetrating 

polymer networks (IPNs) and blends to improve the mechanical strength or 

application mechanisms. These composites can be cast into films which have superior 

properties for the applications listed above. 

The first half of this PhD thesis sets out to describe the process of synthesising thin 

films made from combining chitosan with cross-linking reagents and other polymer 

networks. These materials comprise two siloxane networks Tetraethyl-orthosilicate 

(TEOS) and 3-aminopropyltriethoxysilane (APTES), glutaraldehyde (GA), and the 

polymer polyacrylamide (PAM). Aqueous acidic solutions of low molecular weight 

chitosan were made and combined with one of the four materials at different ratios to 

produce hydrogels that could then be cast into thin films. These chitosan-based films 

were characterised as to their molecular structures via FT-IR spectroscopy and their 

mechanical elasticity/plasticity via tensile strength tests.  

The method of casting the films was primarily drop-casting in a Petri dish and drying 

for 24 hours, but an alternative procedure that utilises a doctor blade slot-die head was 

also developed. This novel method was studied in-depth, and the findings were 

published. For this reason, the results of the slot-die casting studies are presented in 

their published form. Briefly, the slot-die casting technique produced high quality thin 

films of chitosan-based composites in under 2 hours. Further, there was no influence 

of the direction of travel of the films during deposition on their mechanical properties. 

This study served as a proof-of-concept that high volumes of chitosan-based films 

could be made quickly, cheaply, and reproducibly. 

The second half of this thesis explores the applications of the composite chitosan-

based films, by use of their adsorption, antimicrobial, and swelling abilities.  

The adsorption of radioactive technetium pertechnetate 99mTcO4
-
 ions via chelation 

from solution was evaluated and correlated based on the Langmuir and Freundlich 



X 

 

isotherms. It was found that the chitosan-glutaraldehyde films showed the best ability 

to adsorb 99mTcO4
-
 ions and that a Langmuir-type, monolayer-based adsorption 

process was most likely in operation. 

A preliminary study of the antimicrobial properties of the chitosan-based films was 

undertaken via Gram-negative and Gram-positive bacterial growth and attachment 

assays. The intent of the study was to test the antibacterial abilities of the films while 

also speculating as to the mechanism of said abilities. The chitosan-tetraethyl-

orthosilicate films were found to be the most effective against both types of bacterial 

growth and attachment. However, the chitosan-glutaraldehyde films showed little-to-

no antibacterial ability, suggesting the antibacterial mechanism may be affected by the 

cross-linking reagent. 

Finally, a prototype for a smart wound dressing device that incorporates a pH sensitive 

sensor for chronic wounds was designed and developed using the chitosan-based 

films. The device utilised chitosan’s natural swelling ability and colloidal photonic 

crystal technology to create an indicator that produced a visual colour change in 

response to fluctuating pH levels, which may occur in chronic wounds. The 

mechanism was based on the distortion of photonic crystal layers by the swelling of 

the chitosan-based films to give a distinct red to green colour change. This preliminary 

study shows the potential of chitosan /photonic crystal-based sensors for use in 

medical devices that do not require an external power source to operate.
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1. Introduction 

1.1 What is chitosan? Classification and properties 

Chitosan is a non-toxic, semicrystalline, [1] and biodegradable [2, 3] commercially 

available polysaccharide that is derived from the deacetylation of the naturally 

occurring compound chitin. Chitin, (poly (1-4)-N-acetyl-D-glucosamine)), is a 

material that occurs as ordered crystalline microfibrils and is one of the primary 

components of arthropod exoskeletons due to its relatively resilient and pliable nature. 

[1] It is one of the most abundant natural polysaccharides in the world, second only to 

cellulose. [4] Chitin is a hard, white solid that is hydrophobic, insoluble in most 

organic solvents, has a low toxicity and is inert in the gastrointestinal tract of 

mammals; it is biodegradable. These properties allow the material to be applied in 

many areas of food science such as the immobilisation of enzymes and whole cells for 

fruit juice and milk processing. [1, 5] It has also been utilised in medical and 

pharmaceutical fields in the form of films and fibres for wound dressing materials and 

controlled drug release. [6, 7] However, chitin may be limited in application due to its 

poor solubility and is often converted to its deacetylated derivative, chitosan. [1, 8] 

 

Figure 1.1: chemical structure of the chitin molecule showing the repeating N-acetyl-

glucosamine units that form long chains. 
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1.1.1 Properties of chitosan 

Chitosan is a polycation whose charge density depends on the degree of deacetylation 

and pH of the environment. Chitosan chains are able to interact electrostatically with 

negatively charged molecules such as nucleic acids [9] or polyphosphates. [10] These 

polycationic properties have paved the way for chitosan’s application in biomedical 

and pharmaceutical fields, [11] such as drug delivery systems and tissue engineering. 

[12, 13] Moreover, the positive charge gives chitosan good mucoadhesive properties, 

[14] haemostatic properties that make it a good material for wound dressings, [15, 16] 

and antibacterial properties that limit the risk of infection. [16] In general, chitosan 

produced from chitin that is sourced from fungi present a narrow molecular weight 

distribution compared to chitosan produced from crustacean shells, and a non-animal 

source is considered to be safer for biomedical applications. [17, 18] 

Chitin and chitosan are of commercial interest due to their high percentage of nitrogen 

compared to synthetically substituted cellulose. Unlike starch and cellulose, the 

chitosan macromolecule consists of such repeating units of 2-acetamido-2- deoxy-β-

D-glucopyranose and 2-amino-2-deoxy- β-D-glucopyranose. These fragments 

connect each other across the β(1→4)-glucoside bonds. That is, chitosan is a 

poly(amino saccharide). [19] 

 

Figure 1.2: 2-acetamido-2- deoxy-β-D-glucopyranose unit (left) and 2-amino-2-

deoxy- β-D-glucopyranose unit (right) 

Few biological polymers have such a high content of primary amines and hydroxyl 

groups which can be used for chemical modification. Chemical modifications of chitin 

are generally difficult owing to the lack of solubility, so with regard to developing 

advanced functions, chitosan is the primary focus. [20] Figure 1.3 shows the growing 

interest in chitosan research compared to chitin, taken from the SCOPUS database.  
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Figure 1.3 Scopus data graph of publications that mention (a) chitosan and (b) chitin. 

The trend in chitin and chitosan research is clear, though much of the research may 

overlap, it is the superior properties of chitosan which makes it a diverse molecule for 

research in many fields of study. 

The chemical and physical properties of chitosan depend on a number of factors, 

deacetylation degree, molecular weight, viscosity, and solubility. These factors and 

their methods of characterisation are discussed in the following sections. 

 

 

(a

) 

(b

) 
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1.1.2 Determination of degree of deacetylation 

If chitin undergoes deacetylation in the presence of basic hydroxides it forms chitosan. 

Chitosan is produced on an industrial level by chemical or enzymatic deacetylation of 

chitin using sodium hydroxide or lysozyme and chitin deacetylase respectively. [21] 

The overall outline of the chemical synthesis of chitosan from chitin is described as 

follows: chitin is depolymerised in the presence of a strong base to produce monomeric 

N-acetyl-glucosamine units. These units are then deacetylated by the same strong base 

to produce monomeric D-glucosamine units. The subsequent polymerisation of these 

two-unit types lead to the formation of polymeric chitosan. The ratio of N-acetyl-

glucosamine units and the D-glucosamine units is known as the deacetylation degree 

(DD). 

Some reports in the literature refer to the percentage of N-acetylated-glucosamine 

units as the degree of acetylation, with the designation DA. When expressed as a 

percentage relative to DD this parameter becomes DD = 100 – DA (%). [22] For the 

purposes of clarity, this thesis will only refer to the degree of deacetylation (DD) in 

the chitin/chitosan chains. That is, the DD is the percentage of the active -NH2 units 

that allow chitosan specifically to have superior and diverse properties over chitin.  

 

Figure 1.4: Chemical structure of the chitosan molecule showing randomly 

distributed D-glucosamine and N-acetyl-glucosamine units. 
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The deacetylation degree (DD) is an important parameter that determines the 

percentage of free amine groups present and the distinction between chitosan or chitin. 

[23] The presence of amino groups in chitosan gives the polymer many advantageous 

properties over chitin. The D-glucosamine residues may be protonated, providing 

solubility in acidic aqueous solutions [24] and selective complexation with protein 

macromolecules. [25]  

Table 1.1 and table 1.2 summarises several commonly used analytical methods to 

determine the DD in chitin and chitosan samples. Although the list is not exhaustive, 

it is intended to be an overview of the techniques used, so as to aid in choosing the 

best method to suit specific requirements. The preferred method is often influenced by 

the solubility of the sample or availability of instruments or equipment. Therefore, the 

methods have been divided into two categories, namely those that are ideal for samples 

in solution or solid states. As such, due to the poor solubility of chitin, the methods 

that analyse solid samples are best suited. For typical analytical purposes of soluble 

chitosan, measuring the N-acetyl-glucosamine units by first derivative UV methods 

gives very good results. [26, 27] FT-IR spectroscopy however remains to be the most 

reliable method for solid samples of both chitin and chitosan. [28-30] 

Insoluble samples: 

Method Analytical conditions Description 

FT-IR 

spectroscopy 

Powder samples are mixed with 

dry KBr, thin films can be cast 

Assigning bands from 

references calibrated with 

NMR, UV spectroscopy and 

potentiometry methods [28-30] 

Elemental 

analysis 
Powder analysed directly 

Calculated from the Carbon 

Nitrogen ratio [31] 

Thermal 

analysis 
Powder analysed directly 

Based on enthalpy of 

degradation of sample [32] 

HPLC Sample hydrolysed with H2SO4 
Based on the measure of freed 

acetyl groups [33] 

Table 1.1: Various characterisation methods for determining the degree of 

deacetylation in chitin and chitosan for insoluble samples 
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Soluble samples: 

Method Analytical conditions Description 

1H NMR 

spectroscopy 

Depolymerised chitosan 

samples dissolved in D2O 

at 90 °C 

DD is calculated from the relative 

area of H-1 resonances of N-

acetylglucosamine and/or D-

glucosamine in combination with 

N-acetyl group resonances to the 

total area of resonances [34] 

UV 

spectroscopy 

Chitosan dissolved in 

acetic acid 

First derivative of absorbance is 

recorded at point of null 

contribution of acetic acid (λ ~ 200 

nm) [26, 27] 

Potentiometry Chitosan dissolved in HCl 

Titration with NaOH to measure 

the HCl needed to protonate NH2 

groups [35] 

Enzymatic 

method 

Chitosan dissolved in 

acetic acid and incubated 

with β-D-glucosaminidase, 

β-N-acetylhexosaminidase 

and chitosanase 

Freed D-glucosamine and N-acetyl-

glucosamine monosaccharides are 

measured via colorimetric HPLC 

methods [36] 

Table 1.2: Various characterisation methods for determining the degree of 

deacetylation in chitin and chitosan for soluble samples 

 

A deacetylation degree of ≥40% defines chitosan [37] and plays a significant role in 

determining the possible applications due to the influences on the physical and 

chemical properties. These influences include the tensile strength of films [38] and the 

ability to chelate metal ions. [39] The DD determines the fraction of active amino 

groups that will be available for protonation or interactions with metal ions. Infra-red 

spectroscopy and NMR analysis are the most common methods to evaluate the 

deacetylation degree. [40] 
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1.1.3 Determination of molecular weight 

The molecular weight and distribution of that weight influences the chemical, 

biological, and physical properties of chitosan such as: (i) mechanical properties of 

films and hydrogels, (ii) membrane pore size, [41] (iii) antimicrobial activity, [16] and 

particle size and drug release effectiveness. [42] Therefore, the molecular mass 

directly affects how chitosan is used in the pharmaceutical, food, and biomedical 

industries. Chitosan molecular weight can be classified into three categories, low 

molecular weight (LMW) at <50 kDa, medium molecular weight (MMW) at 50-250 

kDa and high molecular weight (HMW) at >250 kDa. Several reports have noted that 

LMW chitosan shows enhanced properties such as antibacterial, [43] mucoadhesive 

[44] and antitumor properties. [45] 

The typical methods used for determining the molecular weight of chitosan are the 

same as used for any polymer. Commonly used methods include static light scattering, 

viscometry, and gel permeation chromatography, these are briefly discussed in the 

following subsections. 

1.1.3.1 Static light scattering 

Static light scattering (SLS) directly determines the polymers weight-average 

molecular weight without the need of calibration. [46] Although it is an absolute 

method that can determine important information about the polymer, including the 

conformation, interaction with environment and chain stiffness, the use of SLS is 

limited due to the requirement of fully soluble polymers, expensive equipment and 

strict experimental conditions. [47] The principle of this method uses the relationship 

between the molecular weight of a molecule and the intensity of the light scattered by 

it, described by the Rayleigh theory. This theory says that larger molecules scatter 

more light than smaller ones, and the intensity of light is proportional to the molecular 

weight of the molecule.  

A polymer that is dissolved in a solution becomes a colloidal suspension, where the 

material is evenly dispersed throughout the solvent. [48] Light scattering takes place 

when the colloidal molecules absorb incident light of a certain frequency and emits 

light of the same frequency in all directions. Under atmospheric pressure and low, 

constant temperature, this type of light scattering is known as static light scattering. 

[49, 50] 
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1.1.3.2 Viscometry  

The simplicity of viscosimetry makes it is the most widely used technique for 

determining the molecular weight of chitosan, despite its disadvantage of not being 

absolute. It relies on the correlation between the values of molecular weight and 

intrinsic viscosity, determined by an absolute method for fractions of a particular 

polymer, as shown in the Mark-Houwink-Sakurada equation (Eqn. 1.1): [51] 

[𝜂] = 𝐾𝑀𝜐
𝛼

         Eqn. 1.1 

Where Mυ is the viscosimetric-average molecular weight and K and α are constants 

that depend on the nature of the polymer, temperature, and solvent. The DD and 

polydispersion must be known for the calibration, as chitosan has a tendency to form 

aggregates. [52] 

1.1.3.3 Gel permeation chromatography 

Size exclusion chromatography and gel permeation chromatography can determine 

not only the molecular weight of a polymer but its polydispersity, i.e., the degree of 

non-uniformity of the polymer chain. The polymer is dissolved in a suitable solvent 

and eluted through a column made of organic and inorganic material grafted on an 

inorganic surface such as silica (stationary phase). Solvents may include acetic acid, 

sodium acetate or ammonium acetate buffer. [53] With the addition of a refractive 

index detector to a high-performance size exclusion liquid chromatography system, it 

is possible to determine the amount of polymer eluted at any given retention time or 

volume. Smaller molecular weight polymer chains have a higher attraction toward the 

column materials than larger ones. Because of this, higher molecular weight polymers 

have lower retention times that smaller ones. However, this system must be calibrated 

in terms of expected retention volume of a polymer fraction of a known molecular 

weight in order to calculate the known molecular weight. Since there are no standards 

for chitosan, to construct a calibration curve, pullulan polysaccharide standards of 

narrow molecular weight distribution are used. [54] 
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1.1.4 Viscosity 

One of the most unique properties of chitosan is its polycationic nature. When 

dissolved in an acidic solution (pKa = 6.0) it forms a viscous solution. The viscosity 

is affected by the molecular weight, degree of deacetylation, concentration, 

temperature, and pH of the solution. At the molecular level, the viscosity is a direct 

measure of the volume of polymer molecules in the chain, which as mentioned above, 

can be used in the Mark-Houwink-Sakurada equation (Eqn. 1.2) to determine the 

average molecular weight. The intrinsic viscosity can be calculated from the following 

equation: 

[𝜂] =
(𝜂−𝜂𝑠)

(𝜂𝑠𝐶)
        Eqn. 1.2 

Where η is the solution viscosity in dLg-1, ηs is the reference solvent viscosity and C 

is the solution concentration. [55] Generally, the viscosity and flow of chitosan 

solution increases with increasing DD due to the elongated conformation and more 

flexible chain structure. When the DD is decreased, the molecule may take a spiral 

shape due to the low charge density in the polymeric chain. In aqueous solutions 

chitosan is stabilised by intra- and intermolecular hydrogen bonds between the amino 

and hydroxyl groups. Therefore, less deacetylated chitosan has a lower density of 

hydrogen bonds and produces a less viscous solution. [56] 

Intrinsic viscosity 

[η] (dLg-1) 

Molecular weight 

(Da) 

9.40 654,127 

4.72 285,231 

2.55 135,839 

1.50 71,676 

0.54 20,698 

Table 1.3: Intrinsic viscosity and average molecular weight of different chitosan 

samples. [57] 
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1.1.5 Solubility 

Chitin has a three-dimensional crystal matrix consisting of strong hydrogen bonds 

between acetyl, hydroxyl, and amine functional groups. Pure chitin contains about 

90% N-acetyl groups in its chain which contribute to intra- and intermolecular bonds, 

making chitin highly aggregated. Therefore it is mostly insoluble in many regular 

solvents such as water, mild acid/basic solutions and organic solvents. [58] The first 

study on chitin solubility was done by Austin, who tested chitin in different organic 

solvents such as dichloroacetic and trichloroacetic acids, alcohols and lithium chloride 

/ dimethylacetamide mixtures. [59] Following this initial research, many other studies 

were conducted with the same intention of finding a suitable solvent for chitin. These 

solvents included N-methyl-2-pyrrolidone, [60] phosphoric acid, [61] lithium 

thiocyanate, [62] and hexafluoro-isopropyl alcohol. [1, 63] Although the dissolution 

of chitin was possible with these solvents, many of them were highly toxic, mutagenic, 

corrosive, or scarcely degradable. The choice of an appropriate solvent for chitin is 

important for lab scale research and industrial practices. 

With the removal of at least 40% of the acetyl groups on chitin, the polymer becomes 

more soluble in the form of chitosan. The active amino groups in chitosan contribute 

the most to the polysaccharide’s solubility. They may react with aldehyde or ketone 

groups, or take part in short-range primary and secondary electrostatic interactions or 

hydrogen bonding to affect the overall solubility. [58] The factors that affect the 

solubility and aggregation of chitosan are (i) solution pH, (ii) molecular weight, and 

(iii) number of N-acetyl-glucosamine units, all of which will be briefly discussed. 

1.1.5.1 Solution pH 

The level of aggregation for chitosan can be strongly influenced by the solvent pH. 

Generally, chitosan is ionised at pH 6.0 and below, via the protonation of the amino 

groups. The exhibited positive surface charge helps to resist aggregation of the 

molecule due to coulombic repulsion forces, but when the DD value decreases, 

aggregation begins to take over. This is the mechanism behind the acid sensitive 

swelling behaviour of chitosan. [64] The pH value at which the net charge of the 

chitosan solution prevents aggregation is called the critical pH. [58] At a pH value 

higher than the critical pH, the number of deprotonated species in the solution rises, 

and aggregation changes to agglomeration due to hydrogen bonding between 

neutralised amino groups. [65] 
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1.1.5.2 Molecular weight 

Chitosan solubility increases with decreasing molecular weight, that is, the tendency 

towards aggregation decreases. [65, 66] The formation of aggregates is a process of a 

loss of entropy. Shorter molecular chains mean higher loses of entropy and reduced 

hydrogen bond interactions due to the decrease in number of associated amino groups. 

Consequently, the soluble-insoluble transition takes place at a higher pH, where the 

hydrogen bond interactions are enhanced and drive aggregation. When the molecular 

weight of chitosan decreases, aggregates cannot form, even when the amino groups 

are not charged, thus making it water-soluble. [66]  

1.1.5.3 Number of N-acetyl-glucosamine units 

The two monomer units that are present in chitin and chitosan are N-acetyl-

glucosamine and D-glucosamine, which exist in different fractions. As mentioned 

previously, the degree of deacetylation determines the ratio of acetyl and amino groups 

present in the polymer, thus defining it as chitin or chitosan. Naturally if the number 

of amino groups outweigh the number of acetyl groups, the polymer becomes 

hydrophilic, positively charged in acidic solution and more soluble as a result. [58] 

Therefore, chitosan becomes more soluble with decreasing N-acetyl-glucosamine 

groups and increasing D-glucosamine groups.  
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1.2 How chitosan is made 

Chitin was first isolated from mushrooms in the early 1800s, and a decade later was 

discovered in the shells of insects. [67] In 1859 chitosan was isolated by boiling chitin 

in potassium hydroxide solution to deacetylate it. [68] Today, chitosan is produced on 

an industrial scale using a range of chemical and biological methods. Chitin represents 

an essentially inexhaustible, permanently available source of chitosan, arthropods 

alone constitute the majority of that source. [69] The following section discusses the 

chemical and enzymatic methods of producing chitosan on an industrial scale. 

1.2.1 Industrial synthesis of chitosan 

A promising option for producing chitosan on a large scale is to use the abundance of 

waste lobster, crab and shrimp shells from fisheries. [70] Marine crustacean shells are 

the preferred source of chitin over fungi, algae and yeasts due to the high availability 

from the seafood industry. [71]  

The general process for the extraction of chitin from crustacean shells has two main 

steps: deproteinization with alkali treatments and demineralisation with acidic 

treatments. The order of these two steps can be interchangeable depending on the 

proposed use of the chitin or its source. [72] Figure 1.5 shows a basic scheme of the 

preparation of both chitin and chitosan via chemical methods. 
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Figure 1.5: scheme of chitin and chitosan preparation via chemical methods. [73] 

The processing conditions can significantly affect the molecular weight and DD of 

chitosan. The stronger the acid used for the demineralisation stage, the lower the 

molecular weight of the final product. [74] In the deproteinization stage however, the 

alkaline treatment has been shown to be less damaging to the structure of the final 

product. [23] 

Unfortunately, chemical methods of chitin and chitosan extraction and purification are 

very energy consuming and hazardous to the environment with high waste processing 

costs. [75] The deacetylation process requires large amounts of alkaline treatments 

and washes. [76] Prolonged exposure to the alkaline and acid treatments can cause 

depolymerisation of the polysaccharide. Additionally, alkali recovered proteins have 

a low biological value which limits their use in the animal feed industry. [72] To 

address these particular problems, biological and environmentally friendly alternatives 

have been proposed by use of proteases for the deproteinization steps in place of harsh 

alkaline treatments. Proteases have been used for deproteinization and 

demineralisation of crustacean shells [77] and lactic acid bacteria has been used as a 

fermentation agent for the extraction of chitin from crab shells. [78] Several 

commercial proteases have been assessed for crustacean shell protein extraction, and 

alcalase is the most effective of them all. [79-81] Although the deproteinization levels 
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are generally lower than those obtained through alkaline treatments, these ecologically 

friendly alternatives produce nutritionally valuable protein alongside chitin. [80] 

Figure 1.6 shows a brief scheme of the extraction of chitin and the synthesis of 

chitosan via environmentally friendly methods.  

 

Figure 1.6: Scheme of chitin and chitosan production using only eco-friendly 

methods. [73] 

 

The use of a strong base solution such as NaOH and high temperatures to convert 

chitin into chitosan can cause variability in the final product properties, decrease the 

quality and increase processing costs. [82]  

Fungal cell walls are an alternative source of chitin and chitosan, as well as acid 

polysaccharides. Chitosan is a constituent of the cell walls, so its production is coupled 

with growth of the fungus. One such fungus is Mucor rouxii which has been 

extensively studied over the years. [72, 83-86] Chatterjee et al. found that chitosan 

with more consistent physio-chemical properties can be obtained by altering the 

culture media and fermentation conditions. Among the three culture media, molasses 
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salt, potato dextrose broth and yeast extract peptone glucose, chitosan made from 

molasses salt was more crystalline and less polydispersed which indicates a higher 

quality polymer. [83] Aside from the reduced use of chemicals in its production, there 

are two advantages of fungal chitin and chitosan: lower heavy metal content and a 

lower molecular weight. [86]   

 

 

Figure 1.7: Chemical structure of chitin and the enzyme-based deacetylation reaction 

that forms the linear polysaccharide chitosan. [87] 
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1.3 Modifications of chitosan 

1.3.1 Interpenetrating Polymer Networks and polymer blends 

Interpenetrating Polymer Networks (IPNs) can be defined as a combination of two or 

more polymer networks that have been crosslinked or synthesised in the immediate 

presence of each other. IPNs are different from simple polymer blends in that they can 

swell, have no melting point and are not soluble in solvents. [88] The insolubility of 

IPNs is due to their cross-linked nature, which affects the entire morphology of the 

substance. They often take the form of a hydrogel which can then be solidified to form 

a film. 

A chemical cross-link is a bond that links one polymer chain to another to create a 

longer chain or a complex network. They are formed by chemical reactions initiated 

by heat, pressure, or pH change with the use of crosslinking agents. By cross-linking 

one polymer with another, the properties of the resulting polymer network will change 

to create a generally more robust product that is resistant to heat, pressure, extreme pH 

conditions and mechanical stress. 

IPNs may be synthesised by several different methods, the two main ones being: 

Sequential: A polymer network is made and a monomer, crosslinker and activator are 

swollen into the network in situ. The synthesis of one network leads to the synthesis 

of the other. 

Simultaneous: The monomers, activators and crosslinkers of all networks are mixed 

at the same time and the reaction takes place simultaneously. 
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Figure 1.8: Basic synthesis methods for IPNs. A: Sequential synthesis in which the 

synthesis of one polymer leads to the synthesis of another which is crosslinked into 

the network. B; Simultaneous synthesis in which all the components for the chosen 

polymers are mixed together in situ and are crosslinked at the same time. [89] 

Chitosan membranes can be cross-linked with reagents such as tetraethyl-orthosilicate 

(TEOS) to improve their mechanical properties and overall stability. [90] A chitosan 

– tetraethyl-orthosilicate (TEOS) IPN contains chitosan as an individual polymer 

chain and the monomer TEOS which forms a siloxane polymer chain from hydrolysis 

and subsequent condensation. The two chains crosslink to form a chitosan-TEOS 

interpenetrating polymer network (Chi-TEOS IPN). The synthesis of this particular 

IPN combination was first described by Park et al. [90]  
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1.3.2 History of IPNs 

The first known synthesis of an IPN was by Jonas Aylsworth, Thomas Edison's chief 

chemist, who in 1914 combined phenol-formaldehyde compositions with natural 

rubber and sulphur. [91] The phenol-formaldehyde was sourced from Edison himself 

as he was using the new phenol-formaldehyde resin. Edison was then working in West 

Orange, New Jersey and the inventor of phenol-formaldehyde resins, Leo Baekeland 

was working across the river in Yonkers, New York. By combining natural rubber and 

sulphur, Aylsworth made the world's first rubber-toughened plastic, decades before 

rubber-toughened styrenes were commercial. The patent [91], however, does not 

mention IPNs or polymer networks. This was six years prior to H. Staudinger's 

macromolecular hypothesis, the first statement that certain colloids had long chain 

structures.  

The next known discovery of IPNs was by Staudinger and Hutchinson as revealed in 

a patent with a 1941 application date. [92] In order to smooth the surfaces of 

transparent plastic sheeting, Staudinger and Hutchinson took sheets of cross-linked 

polystyrene and swelled them with the same monomer mix. After polymerization, they 

were stretched to reduce the surface imperfections of the original material. 

The next independent invention of IPNs was by Solt in 1955. [93] Solt made cationic-

anionic ion exchange resins with oppositely charged networks. The idea of both 

charges on the same particle was that the exchange efficiency would be improved if 

both charges were in juxtaposition, but still separated in space.  

The term "Interpenetrating Polymer Networks" was coined by Millar in 1960. [94] 

However, several teams found IPNs independently in the 1960s; Shibayama and 

Suzuki, [95]  Lipatov and Sergeeva [96] and Frisch et al. [97]Sperling and Friedman 

founded the field of IPNs, setting the pace for modern development. [98] 
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1.3.3 Applications of IPNs 

IPNs exhibit a range of interesting and varied properties, while they can be used in 

many applications such as biomedical research and sorptive materials, as described in 

the following sections: 

1.3.3.1 Biomedical research 

Various IPN hydrogels made from chitosan have been synthesised for their biomedical 

applications such as pH/temperature responsive drug delivery systems. Guo et al. have 

reported a method to obtain thermo and pH responsive chitosan based IPN hydrogels 

that control the release rate of a coenzyme as a function of temperature. [99, 100] 

Kim et al. prepared a semi-IPN composed of chitosan and poloxamer, a non-ionic 

copolymer composed of a central hydrophobic chain flanked by two hydrophilic 

chains. Their freeze-drying strategy allowed them to obtain sponge type hydrogels. 

These IPN composite hydrogels had water adsorption properties, interconnected pores 

and high mechanical strength which suggested to the authors that they could lead to 

their use as wound dressing material. [101] 

Cryogels are three dimensional macroporous gels prepared below the freezing point 

of the solvent. [101-106] They possess a capillary network through which a solvent 

can flow, a high mechanical strength and osmotic stability. Based on these properties, 

Kumar et al. developed cryogel IPNs to be used as flexible scaffolds for biomaterials. 

[102, 103] 

1.3.3.2 Sorptive materials 

Water pollution with heavy metal species is becoming a huge environmental problem 

due to wastewater from power plants containing heavy metal ions such as Technetium 

and Caesium. Alongside heavy metals, dyes also pose a threat to the environment with 

many products from plastic, textiles and paper industries containing non-

biodegradable and toxic effluents. Many conventional methods of removing these 

pollutants such as coagulation/flocculation, solvent extraction and chemical 

precipitation are not always effective. Adsorption is considered an effective and 

economical method of removing high concentrations of pollutant due to its reusability. 

[107, 108] Therefore, over the past decade there has been interest in finding sorbents 

with high adsorption capacities, fast adsorption/ desorption rates, and easy separation 

and regeneration. [109, 110] 
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To evaluate the sorption capacity for ionic species such as dyes and heavy metals, the 

behaviour of various IPNs need to be evaluated in batch mode. By determining the 

residual concentration of the ionic species, the adsorption capacity q, expressed by 

Eqn. 1.3, and the removal efficiency R%, expressed by Eqn. 1.4 can be calculated.  

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑊
   (mg/g)     Eqn. 1.3 

𝑅 =
(𝐶𝑜−𝐶𝑒)

𝐶𝑜
× 100  (%)     Eqn. 1.4 

Where Co and Ce are the initial and final concentrations, respectively, V is the volume 

of the aqueous phase (L), and W is the weight of the dried composite gel or IPN film 

(g). [99] 

The main factors which influence the sorption capacity on IPNs, and hydrogels are 

pH, sorbent dosage, temperature, and the initial concentration of solute. Interference 

with other ionic species should be also considered.  
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1.4 Applications of chitosan and chitosan-based films 

A large interest in chitosan has arisen due to the presence in its repeating units of 

hydroxyl and amino groups. The amino groups give chitosan unique chelating and 

electrostatic properties allowing it to readily complex with heavy metal ions. [111, 

112] The amino groups on the ring are available for protonation, which makes the 

compound acid sensitive. The chitosan structure can swell in acidic conditions. This 

phenomenon has been extensively researched with controlled drug-release systems in 

mind. [113] From a food industry perspective, chitosan has distinct fat-binding 

functionality by way of the fat molecules getting embedded in the long chains of the 

chitosan structure. [114] The antimicrobial activity of chitosan has also been studied 

extensively. One such example is the preparation of films to be used as packaging 

material for a variety of foods. [115] Table 1.4 describes some of the many potential 

applications for chitosan. This material has a number of beneficial properties that may 

be applied in biomedical and environmental fields, it is one of the most versatile 

macromolecules due to its amphiphilic structure. 

Potential 

Applications 
Principal Characteristics Refs 

Food and beverage 

Cross-linked chitosan is not digestible by 

humans, Preservative, Lipid binding, 

Antibacterial and anti-fungal coatings 

[116-119] 

Biopharmaceutics 

Healing and bacteriostatic, Immunologic, 

and anti-tumour properties, Haemostatic, 

and anticoagulant 

[120-124] 

Agriculture 

Time release of fertilizers in soil, Frost 

protection coating on seeds, Boost plant 

defence mechanisms and plant growth 

[125-128] 

Cosmetics 
Acne treatment, Oral care (toothpaste), Skin 

moisturizer, Hair maintenance 
[129-132] 

Water and waste 

treatment 

Removal of metal ions, Odour reduction, 

Flocculent for clarification of water 

[108, 133-

135] 

Table 1.4: Potential applications of chitosan, highlighting the main characteristics 

that would be relevant to each application. [1] 
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1.4.1 Chitosan in heavy metal sorption 

Chitosan has received a lot of attention and interest for use in heavy metal removal 

due to its excellent metal binding properties and relatively low cost compared to other 

absorbent materials such as activated carbon. [136] The long chain of active primary 

amino groups, hydroxyl groups and overall flexibility means that chitosan is a perfect 

choice for metal ion complexation and sorption. [137-139] Generally metal sorption 

on chitosan or chitosan-based derivatives occurs through several interactions of 

coordination, chelation, ion exchange or electrostatic interactions. [137, 140] However 

the exact type of metal-polymer interactions depends on the metal ion, the pH, and the 

chemical nature of the polymer. In a single system, complexation, adsorption and 

precipitation can occur at the same time, such as the interaction between Pb(II) in 

solution and chitosan. [141, 142] The research carried out by Muzzarelli et al. in 1969 

described the synthesis and adsorption capacity of chitin and chitosan based chelating 

supports for the removal of metal ions from sea water. [143] Since then, numerous 

papers have been published discussing the use of chitosan as an effective sorbent for 

pollutants (either organic or inorganic) in wastewaters. The growing interest in this 

subject can be seen by following the published works on the “SCOPUS” database over 

several time periods (using the terms “chitosan” in combination with “adsorption” or 

“removal”).  

 

Figure 1.9: Number of publications with keywords “chitosan” and “adsorption” or 

“removal” in Scopus database. 
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The major advantage of chitosan is the ability to modify its chemical structure. This is 

done by either cross-linking reactions or grafting functional groups to form derivatives 

that have superior properties such as resistance to extreme conditions and enhanced 

adsorption capacities.  

The number of research articles published in recent years that discuss the use of 

chitosan-based adsorbents for metals and ions removal from aqueous solution is much 

greater than those for dye removal. This may be because metals and ions represent a 

larger range of pollutants that are more toxic, thus the need for such adsorbents is 

higher. The mechanism in which the metals and ions are adsorbed is chelation, which 

occurs readily to bind the pollutants. Chelation is defined as: “The formation or 

presence of bonds (or other attractive interactions) between two or more separate 

binding sites within the same ligand and a single central atom”. [144] Various papers 

that describe metal and ion adsorption onto modified chitosan are discussed below: 

Chitosan-modified multiwalled carbon nanotubes (MWCNT-CS) were utilized by 

Chen et al. to remove uranium VI from wastewater. [145] Uranium is a major 

component of nuclear waste that can significantly impact the environment. When 

paired with certain products such as phosphate or calcium, it can lead to radiological 

pollution or direct damage to biological organisms. [146, 147] The danger of 

radionucleotides to human health has led many countries such as China, Brazil, USA, 

and India to search for effective ways of removing uranium VI from wastewater. There 

is insufficient data regarding the carcinogenicity of uranium in humans and 

experimental animals. The guideline value for the chemical toxicity of uranium was 

derived using a TDI (tolerable daily intake) approach and WHO recommends that 

uranium VI concentration in drinking water should be below 15 µgL-1. [148] Chen et 

al. found that the MWCNT-CS sorption was dependant on pH and independent on 

ionic strength. The grafted chitosan improved the sorption capacity of the MWCNT-

CS to a maximum of 40mg g-1. [145] 
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Figure 1.10: Sorption isotherms of UO2 
2+ from solution on MWCNTs (non-

modified), and MWCNT-CS (modified) over 48 hours at room temperature at pH 5, 

taken from Chen et al. [145] The sorption isotherms are well fitted by the Langmuir 

model. The maximum sorption capacities of uranium VI calculated from the 

Langmuir model are ~17 mg/g for MWCNTs, and ~41 mg/g for MWCNT-CS. 

Arvand et al. recognised that chitosan powder swelled in an aqueous medium, so it 

was unsuitable for use in an adsorption column. They proposed that the adsorption 

capacity of chitosan can be enhanced by spreading it on physical supports, increasing 

the availability of the active metal binding sites on the molecule. A modified product 

was made from chitosan, 3,4-dimethyloxybenzaldehyde (DMB) and bentonite and 

used as an absorbent for the removal of cadmium II ions from water. [149] The 

synthesis of this new product was confirmed by FT-IR and SEM before and after the 

adsorbent testing. During the pH experiments an increase in metal uptake was 

observed with increasing pH levels up to nine. Cadmium started to precipitate from 

the solution at pH levels higher than seven, so the optimum value selected was 6.5. 

After running the Langmuir Isotherm model for the experiment, the maximum 

adsorption at monolayer coverage for the chitosan/DMB/bentonite product was found 

to be 217.4 mg g-1. [149] 
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A magnetically-modified chitosan resin was prepared by Elwakeel et al. by cross-

linking chitosan with glutaraldehyde in the presence of magnetite and chemically 

reacting with tetraethylenepentamine (TEPA). [150] This amine bearing chitosan 

modification showed a higher affinity to the uptake of UO2+ ions from aqueous 

solution than unmodified chitosan. The sorption isotherm was modelled by the 

Langmuir equation and the maximum sorption capacity reached 1.67 mmol g-1. The 

advantage to preparing this kind of material for sorption is that the methods are 

scalable and cheap. Magnetic resins can be easily collected from aqueous solutions by 

use of an external magnetic field. [151] Magnetic separation technique is ideal for 

heavy metal ion removal as it reduces the need for centrifugation or filtration and thus 

reduces the chance of coming into contact with radioactive material. Moreover, 

methods that involve magnetism are more suitable for automation. [151] 

Suc and Ly modified chitosan flakes with citric acid and cross-linked with 

glutaraldehyde and applied it to the removal of Pb(II) ions from aqueous solutions. 

[152] The adsorption experiments were run at a pH of five to avoid any precipitation 

of Pb(OH)2. The maximum sorption capacity for Pb(II) was found to be 101.7 mg g-1.  

 

Figure 1.11: Reaction of chitosan and glutaraldehyde cross-linking. [152] 
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Figure 1.12: Reaction of glutaraldehyde cross-linked chitosan with citric acid. [152] 

Their rationale for grafting citric acid to glutaraldehyde cross-linked chitosan was that 

the adsorption capacities of heavily cross-linked chitosan are reduced. This is due to 

the active functional groups becoming inaccessible because of the cross-linked 

polymer network. [153, 154] The solution they proposed was to graft new functional 

groups onto the polymer via citric acid and create a more suitable environment for the 

sorption of heavy metal ions. [155] 
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1.4.2 Biological activities of chitosan 

Chitosan and its derivatives possess a number of beneficial biological properties such 

as biocompatibility and biodegradability and as such have gained a lot of attention 

from the biomedical, food, pharmaceutical and biotechnology fields. [156, 157] These 

activities and others will be discussed below in greater detail. In particular, the food 

preservation and packaging industry has recognised the use of chitosan-based 

antimicrobial films. The antimicrobial and antioxidant properties paired with the film 

forming nature of chitosan makes it an ideal material for this application. [158-160] 

In this present thesis a similar study has been done in chapter 6 where the antibacterial 

activity of chitosan-based films was evaluated. 

Alishahi and Aider [160] found that using chitosan-based films in packaging cause a 

resistance to selective gas permeability and fat diffusion from the foods. However, due 

to the strong hydrophilic properties of chitosan, it was not very resistant to water 

vapour transmission. For this reason, the use of polymer blending or biocomposites 

have considerable potential in the preparation of chitosan-based films for food 

packaging. Friedman et al [158] studied the antimicrobial properties of chitosan 

powders, coating and edible films against pathogenic viruses, spoilage bacteria and 

fungi. The food categories chosen were dairy, meats, fish, cereal, and fruit juices. They 

suggest that lower molecular weight chitosan at a pH of six or below presents the 

optimal conditions for the desired antimicrobial and antioxidant effects on these food 

groups.  

1.4.2.1 Antimicrobial activity 

Chitosan has been shown to have some advantages over conventional disinfectants, 

possessing a higher antimicrobial activity and a lower toxicity towards mammalian 

cells. [72, 161] Many studies have demonstrated that chitosan has effective 

antimicrobial properties, but the mechanism(s) as to how it achieves this is not yet 

fully understood. One of the most likely hypotheses is that the positively charged 

active sites on the polysaccharide changes the cell permeability of the bacteria. The 

inhibition of bacterial growth is caused by the active sites affecting the anionic 

components such as N-acetylmuramic acid or sialic acid on the cell surface. This can 

result either the prevention of essential material from entering the cell or leakage of 

the cells contents. [162, 163] 
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Several types of antimicrobial activity have been explored. Sudarshan et al. proposed 

that low molecular weight chitosan particles can penetrate the bacterial cell wall and 

prevent DNA transcription by inhibiting mRNA synthesis. [164] Chung et al found 

that the antibacterial mechanism of chitosan involves the adsorption of chitosan onto 

the cell. The cell wall hydrophilicity and the negative charge were higher in Gram-

negative bacteria than Gram-positive bacteria. In acidic conditions the more 

negatively charged surface of the cell wall interacted with the positive chitosan active 

sites and thus inhibiting the bacteria. [165] The antibacterial activity of chitosan can 

be more effective for Gram-negative bacteria than Gram-positive bacteria- indeed a 

number of other studies have confirmed this, [166-168] However other studies have 

concluded the opposite. [169] It is most likely a case-by-case basis. Moreover, the 

adsorption of chitosan is increased at a lower pH level, lower molecular weight, and 

higher degree of deacetylation. [170]  
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Figure 1.13: Transmission electron micrographs of S. aureus (left) and P. aeruginosa 

(right) treated with chitosan for 0 min (A), 20 min (B) and 2 h (C). After 20 minutes 

some ruptures which could cause some slight leakages of cellular cytoplasmic 

contents, were observed. Two hours of treatment later, the cytoplasmic membranes 

of chitosan-treated cells completely collapsed. [169] 
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Regarding the antifungal properties of chitosan, it has been reported that chitosan can 

reduce the infection of Fusarium oxysporum f. sp. apii in celery and inhibit the spread 

of Botrytis cinerea on cucumber plants. [171, 172] The mechanism by which this is 

achieved is by the formation of a gas permeable film around the plant which controls 

the oxygen and carbon dioxide permeability. This can directly interfere with fungal 

growth while keep the rest of the plant untouched. [173]  

1.4.2.2 Antioxidant activity 

Chitosan and its derivatives have been reported to act like antioxidants by scavenging 

oxygen radicals such as hydroxyl and alkyl radicals just as well as stable 2,2-diphenyl-

1-picrylhydrazyl (DPPH) scavenging radicals when tested in vitro. [174] Much like 

the antibacterial properties mentioned in section 1.4.2.1, this radical scavenging 

process is dependent on the chitosan molecular weight and degree of deacetylation. 

Park et al. demonstrated that low molecular weight chitosan has a higher potential to 

collect different radicals. [174] The influence of molecular weight was also studied by 

Kwung et al, who looked at the antioxidant activity of chitosan on salmon skin. They 

found that chitosan with a molecular weight of 30-kDa had a higher salmon lipid 

oxidation reduction rate. [175] Even though the exact mechanism of chitosan-based 

radical scavenging is not yet fully understood, it can be attributed to the active amino 

and hydroxyl groups. This activity may be remarkably similar with how chitosan 

adsorbs heavy metal ions, as discussed previously.  

1.4.2.3 Biomedical applications of chitin and chitosan 

The most noteworthy properties of chitin and chitosan for biomedical purposes are 

biocompatibility, non-toxicity, [176] biodegradability in the body, [177] and non-

allergenicity. Additionally, due to their beneficial biological activities (antibacterial, 

antifungal, antioxidant) and bio-adhesivity, [178] they are widely used as hydrating 

and adsorption agents, as well as for wound healing and film production. [1, 179-182] 

Both chitosan and chitin may be synthesised into different forms such as beads, 

powders, fibres, films, and gels. [159] In fibre or film state, chitosan and chitin can be 

applied to tissue engineering or wound dressing. [183-185] Indeed, chitosan may be 

used in oral or nasal routes for drug delivery due to the transmucosal absorption 

promoter effect, delivering vaccines and drugs to peptides in the body. [186, 187] 

Some of the most promising developments in the pharmaceutical and biomedical 

fields have been chitin or chitosan based over the years. [180, 188-194] 
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Chitin applications are less developed compared to those of chitosan due to its 

insolubility and processing difficulties. Because of this, chitin is often combined with 

chitosan or its derivatives for these applications. Flexible chitin films have been 

utilized as wound dressing materials and displayed accelerated wound healing 

properties. Yusof et al. compared chitin-based wound dressings to commercial 

dressings made from conventional materials and found that the chitin wound dressings 

displayed an improved infection-free healing rate. Additionally they did not observe 

any abnormally high inflammatory response, which is usually expected from a 

biodegradable material. [7] A mixture of chitin nanofibrils, chitosan glycolate and 

chlorhexidine was manufactured into a gel, spray, and gauze for wound treatment. 

When testing on mice wound models, Muzzarelli et al. found that the spray could be 

used on bleeding abrasions as a first aid tool, the gel could be used on thin epidermal 

layers to enhance physiological repair and the gauze was superior to other dressings 

made of conventional materials as no scar remained on the skin afterwards. [195]  

Chitosan-based films, like other polysaccharide-based films, have a resistance to 

selective gas permeability and fat diffusion but they perform relatively poorly in terms 

of preventing water vapour transmission. This is due to their hydrophilic character 

which leads to increased water molecule interactions. [196] To overcome this 

problem, biocomposites and polymer blends can be used for preparing chitosan-based 

stable coatings. 

Chitosan and its derivatives have mucoadhesive properties that are proven to enhance 

the adsorption of drugs at neutral pH. N-lauryl-carboxymethyl-chitosan (LCC) was 

synthesised by Miwa et al. by attaching lauryl groups to the amino sites and 

carboxymethyl groups to the hydroxyl sites to provide both hydrophobic and 

hydrophilic moieties. This allowed for the effective solubilisation of the chemotherapy 

drug taxol by forming micelles. The membrane toxicity was tested and found to be 

safe and that the micelle-entrapped taxol was more efficient than free taxol in an in 

vitro assay. [197] Modified chitosan has also been used for genetic transfection - the 

process of introducing nucleic acid into eukaryotic cells to enhance or inhibit specific 

gene expressions in the cells. N-alkylated chitosan self-aggregates in acetic acid unlike 

unmodified chitosan due to its strong electrostatic repulsion. The N-alkylated chitosan 

can complex with DNA more efficiently due to increased entry into the cell facilitated 

by the hydrophobic interactions. [198]  
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1.5 Preamble to the remaining sections of this thesis 

Having introduced chitosan and chitosan-based films and described some of their 

applications, this thesis continues with chapter 2 which described the experiment 

methods conducted over various projects. These projects and their results are 

described in further detail in their respective chapters. Chapter 3 discusses the 

formation of chitosan-based thin films and their analysis with regards to film 

composition, spectroscopy, and mechanical properties. Chapter 4 describes a 

technique from a previously published work on slot-die based chitosan film casting. 

The mechanical properties of the films cast via the slot-die technique are also 

discussed. This is followed by three application-driven chapters that discuss different 

chitosan mechanisms: sorption, antimicrobial activity, and pH dependant swelling. 

Chapter 5 explores the use of chitosan-based composite films in the sorption of heavy 

metals from aqueous solutions. Preliminary adsorption isotherm studies were carried 

out. In chapter 6, the antibacterial activities of chitosan-based films were tested on 

both Gram-negative and Gram-positive types of bacteria. The mechanisms of 

antibacterial activity were discussed based on bacterial growth assay results. 

Following that, chapter 7 proposed a preliminary design for the foundation of the 

development of smart wound dressings made from chitosan-based films for chronic 

wounds. The swelling properties of the films paired with photonic crystal layer 

deposition were the basis of the colour change design. Finally, chapter 8 concludes the 

thesis and summarises the results and discussions from each chapter. 
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2. Materials and Methods 

2.1 Hydrogel recipes and ratios  

2.1.1 Preparation of chitosan-based hydrogels 

Based on the information available from the literature [1-3], the chitosan chosen for 

this work had a lower molecular weight (50,000–190,000 Da, Sigma Aldrich Ireland) 

with a DD of 75–85 % to help facilitate the dissolving of the crystalline solid in 

aqueous acid solution. Tetraethyl-orthosilicate (≥99 %), glutaraldehyde solution (25 

%), 3-aminopropyltriethoxysilane (99 %) polyacrylamide solution (≥99 %), 

hydrochloric acid (37 %), acetic acid (≥99 %) and ethanol (≥99 %) were purchased 

from Sigma-Aldrich (Ireland). Millipore deionized water (18 MΩ) was used to prepare 

aqueous solutions. All materials were used as received. Five types of chitosan-based 

hydrogel were synthesized and made into to (a), chitosan-only films, (b), chitosan-

TEOS IPNs, (c), chitosan-glutaraldehyde cross-linked films, (d), chitosan-APTES 

IPNs and (e), chitosan-PAM polymer blends. The general syntheses of all these types 

of films have been reported previously in the literature [4-13] and served as 

benchmarks for the synthesis, characterisation and discussion of the film made here. 

For all films studied, the dissolution of the chitosan was initially performed as follows: 

low molecular weight chitosan (50,000–190,000 Da, 0.005 mol, 1.04 g) was dissolved 

in Millipore deionized H2O (65 mL and acetic acid (0.32 mL, 1% wt.)), covered with 

Parafilm and left to continuously stir at room temperature overnight. The chitosan 

solid began to dissolve once the acid was added as a result of protonation of the amine 

groups on the chitosan, as shown in scheme 2.1 below: 

 

𝐶ℎ𝑖 − 𝑁𝐻2 + 𝐻3𝑂+ ↔ 𝐶ℎ𝑖 − 𝑁𝐻3
+ + 𝐻2O  scheme 2.1 
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2.1.1.1 Chi-TEOS 

For the synthesis of the chitosan-tetraethyl-orthosilicate IPN films (Chi-TEOS), 

hydrogels were prepared in mildly acidic conditions to facilitate cationic 

polymerization. The procedure was based on that described by Park et al. [14] TEOS 

(≥99%, 0.005 mol, 1.11 mL) was dissolved in filtered ethanol (15 mL) and allowed to 

continuously stir at room temperature for 30 minutes. Next, HCl (0.0274 mL), filtered 

ethanol (10 mL) and Millipore deionized water (25 mL) were added to a beaker and 

allowed to stir continuously at room temperature for 30 minutes. After 30 minutes the 

HCl solution was slowly added to the TEOS solution, dropwise, with continuous 

stirring. The mixture was covered with Parafilm and allowed to continuously stir at 

room temperature for 24 hours. The acidic TEOS solution was then slowly added to 

the chitosan solution dropwise, with continuous stirring. The resulting Chi-TEOS (1:1) 

mixture was covered with Parafilm and allowed to continuously stir at room 

temperature for a further 48 hours. The mixture was observed to become more viscous 

over the 48-hour period. The hydrogel was then stored in a fridge until removed for 

use. A series of Chi-TEOS (2:1) films were also synthesised for tensile strength tests. 

It is known that this process results in the formation of an IPN between the chitosan 

and the siloxane polymer that forms when TEOS is hydrolysed. [14-16] The first step 

in the formation of the IPN involves the hydrolysis of the TEOS. Figure 2.1 shows the 

accepted mechanism of the formation of the siloxane polymer via the hydrolysis and 

condensation of TEOS, based on the mechanism presented in [17]: 
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Figure 2.1: Hydrolysis and condensation reactions of TEOS precursors to form a 

siloxane polymer chain and subsequent network. [17] 

 

The chitosan network itself is held together with hydrogen bonds, as shown in Figure 

2.2. When this solution is added to the solution containing the siloxane polymer, 

mixing occurs, and the chitosan chains form their hydrogen-bonded network around 

the covalently bonded siloxane chains. The cross-linking between the two components 

thus occurs non-covalently by intermolecular hydrogen bonding in the polymer 

networks between the polar hydroxyl and amino functional groups of the chitosan 

polymer network and the polar hydroxyl groups of the TEOS network, as shown in 

Figure 2.2. 
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Figure 2.2: A schematic representation of the formation of a Chi-TEOS IPN. 

 

2.1.1.2 Chi-GA 

For the synthesis of the chitosan-glutaraldehyde, cross-linked hydrogels 

glutaraldehyde solution (GA) (25%, 0.12 mL) was mixed with filtered ethanol (15 

mL) and allowed to continuously stir at room temperature for 30 minutes. Next, HCl 

(0.0274 mL), filtered ethanol (10 mL) and Millipore deionized water (25 mL) were 

added to a beaker and allowed to stir continuously at room temperature for 30 minutes. 

After 30 minutes, the two solutions were mixed slowly, dropwise, with continuous 

stirring. The resulting Chi-GA (8:1) mixture was then covered with Parafilm and 

allowed to continuously stir at room temperature for 24 hours, before being added 

slowly dropwise to the chitosan solution, with continuous stirring. The resulting 

mixture was covered with Parafilm and al-lowed to continuously stir at room 

temperature for a further 48 hours. The mixture was observed to become viscous. The 

hydrogel was stored in a fridge at 4 °C prior to use. 
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Figure 2.3: Photograph of the Chi-GA hydrogel at a higher concentration ratio than 

(8:1). The high viscosity deemed it unsuitable to produce a uniform film. 

Unlike the formation of the Chi-TEOS IPN, the reaction cross-linking the chitosan 

chains with glutaraldehyde molecules is a single step process in which the chitosan 

hydrogel is first prepared and then glutaraldehyde is added to the gel, which 

subsequently undergoes a covalent Schiff base reaction. Schiff bases are synthesized 

from an aliphatic or aromatic amine and a carbonyl compound by nucleophilic 

addition, followed by a de-hydration to generate an imine, [18] as shown schematically 

in Figure 2.4 below. 
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Figure 2.4: The formation of glutaraldehyde-based cross-links between chitosan 

chains via the formation of Schiff base imine functionalities. The chitosan polymer 

chains are chemically bonded by Schiff base imine bridges via cross-linking, 

creating a sterically more rigid structure. [19] 

The ratio of (8:1) was chosen based on a previous study whereby the range of possible 

Chi-GA ratios were tested. It was found that the hydrogels that had higher 

concentrations of glutaraldehyde were unsuitable for films synthesis due to the 

increased viscosity and faster cross-linking reaction times. The same concentration of 

chitosan was used for each film, the ratio notation refers to the concentration of the 

cross-linking agent only. Therefore, for the sake of simplicity, Chi-GA (1:0.0125) may 

be written as Chi-GA (8:1). 
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Figure 2.5: Chitosan-glutaraldehyde 4:1 concentration hydrogel (left) and dried film 

(right). The viscosity of the hydrogel was too high to flow naturally and fill the Petri 

dish, resulting in an uneven dry film. 

 

 

Figure 2.6: A schematic representation of the formation of a Chi-GA IPN 
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2.1.1.3 Chi-APTES 

The synthesis of the chitosan-3-aminopropyltriethoxysilane (Chi-APTES) films is 

similar to the Chi-TEOS films. The hydrogels were prepared in mildly acidic 

conditions to facilitate cationic polymerization. The procedure was based on that 

described by Park et al. [14] and Chen et al. [20]; APTES (99%, 0.55 mL) was 

dissolved in filtered ethanol (15 mL) and allowed to continuously stir at room 

temperature for 30 minutes.  

The ratio of (2:1) (Chi-APTES) was chosen due to the unsuitable state of the (1:1) 

ratio films. The (1:1) films showed signs of flaking after drying and were difficult to 

peel off the Petri dish in one free standing piece.  

HCl (0.0274 mL), filtered ethanol (10 mL) and Millipore deionized water (25 mL) 

were added to a beaker and allowed to stir continuously at room temperature for 30 

minutes. After 30 minutes the HCl solution was slowly added to the APTES solution, 

dropwise, with continuous stirring. The mixture was covered with Parafilm and 

allowed to continuously stir at room temperature for 24 hours. The acidic APTES 

solution was then slowly added to the chitosan solution dropwise, with continuous 

stirring. The resulting Chi-APTES (2:1) mixture was covered with Parafilm and 

allowed to continuously stir at room temperature for a further 48 hours. The mixture 

was observed to become more viscous over the 48-hour period. The hydrogel was then 

stored in a fridge until removed for use. 
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Figure 2.7: Hydrolysis and condensation reactions of APTES to form a continuous 

polymer chain. 

The accepted mechanism of cross-linking between APTES and chitosan is as follows: 

APTES was hydrolysed in the presence of an acid (HCl) forming silanol groups. 

Siloxane bonds were formed between silanol groups and the hydroxyl groups via 

condensation. This created a siloxane chain polymer with branching amine groups, see 

figure 2.7 above. The amine and hydroxyl groups of the siloxane polymer chain 

undergo hydrogen bonding with the amine and hydroxyl groups of the chitosan 

polymer chain. It may be stated that the crystallinity of the chitosan polymers 

decreases by the introduction of the APTES siloxane chain, because the chains were 

disturbed and previously formed intra- or inter-molecular hydrogen bonds between the 

NH2 and OH groups were broken. [13]  
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Figure 2.8: A schematic representation of the formation of a Chi-APTES IPN 

 

2.1.1.4 Chi-PAM 

Polyacrylamide (1.04 g) was dissolved in Millipore deionized H2O (65 mL and acetic 

acid (0.32 mL, 1% wt.)), covered with Parafilm and left to continuously stir on a gentle 

heat overnight. The polyacrylamide solid began to dissolve after 2-3 hours of stirring. 

After 24 hours of continuous stirring on a gentle heat, the polyacrylamide solution was 

added slowly dropwise to the chitosan solution. The resulting Chi-PAM (1:1) mixture 

was then stirred for a further 48 hours to ensure maximum heterogeneity. A series of 

Chi-PAM (2:1) and Chi-PAM 1:2 films were also made for tensile strength tests. 

Polyacrylamide is highly soluble in water, so the formation of the hydrogel blend was 

relatively easy compared to the other reagents. Water molecules form hydrogen bond 

with the hydrophilic NH2 and C=O functional groups of the polyacrylamide chain as 

shown in figure 2.9. [21] 
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Figure 2.9: Polyacrylamide in water to form hydrogen bonded polymer chains. [21] 

 

Figure 2.10: A schematic representation of the formation of a Chi-PAM IPN

A summary of all chitosan film schematics and molecular structures can be found in 

the appendix section A.1.
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2.1.2 Preparation, casting and drying of films 

Films were prepared using two different approaches- via a drop-cast method and via 

the use of a slot-die apparatus. These are described in the following sections although 

a more detailed description of the slot-die approach is given in Chapter 4, which is 

essentially a transcript of a publication arising from this work. 

2.1.2.1 Drop-casting films 

Several films were prepared using the basic Petri dish drop cast method. In this 

method, the hydrogel (15 mL) was cast into a Petri dish (100 mm diameter) ensuring 

a minimum production of bubbles and was spread thinly to cover the surface 

uniformly. The Petri dish was allowed to dry uncovered on a level surface in an oven 

at 40 °C for 24 hours. Once dry, the films were peeled off the surface of the Petri dish 

in one piece (where possible) and stored at room temperature. Examples of the 

resulting free-standing thin films made from chitosan, Chi-TEOS, Chi-APTES, Chi-

PAM, and Chi-GA are presented in figures 2.11 and 2.12 below. It may be seen that 

these films were transparent, slightly yellow in tone and flexible. 

 

Figure 2.11: Photograph of a dry free-standing chitosan film 
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Figure 2.12: Photographs of all dry composite film types. (A) Chitosan-TEOS (1:1), 

(B) Chitosan-APTES (2:1), (C) Chitosan-PAM (1:1), and (D) Chitosan-GA (8:1) 

2.1.2.2 Preparation of films using a slot-die method (refer to Chapter 4) 

The slot-die casting apparatus consists of two rollers 50 cm apart with a flat hotplate 

set to 50°C in between the rollers, figure 2.13. This apparatus was constructed by the 

group of Professor Roberto M. Faria at IFSC USP Brazil. The direction of travel of 

the film formed via the extrusion of the hydrogel through the slot is marked by an 

arrow in figure 2.13. 

A PET foil substrate (175 µm thick) was plasma-cleaned using an Expanded Tabletop 

oxygen plasma cleaner (PDC-002) with a PlasmaFlo gas flow mixer and pressure 

monitor (PDC-FMG-2). The plasma-treated film was then wrapped around the rollers 

and stretched flat on the hotplate. The doctor blade slot-die head was positioned above 

A B 

C D 
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the PET foil on an adjustable horizontal bar that spanned the width of the foil. The 

slot-die nozzle opening was 2 cm in length with the width of the slot set to 2 mm and 

was angled 2 mm above the PET substrate at 45 degrees.  

A syringe pump with a 3 cm diameter syringe was attached to the slot-die head via a 

thin flexible tubing. The rate of deposition and movement of the substrate were 1 

mL/min and 1 cm/min, respectively. Approximately 20 – 25 mL of gel was cast onto 

the PET substrate over 20 minutes. The gel was left to dry on the PET under an 

extraction fan. A thin transparent film formed over the course of an hour. It was then 

carefully peeled off the PET and allowed to air dry for a further hour. The film was 

then cut into 1 cm x 4 cm pieces with a rolling blade and stored in an airtight container. 

 

Figure 2.13: Artist’s rendition of the slot-die apparatus. As the PET film travels in 

the direction of the arrow, the chitosan-TEOS hydrogel is deposited in a uniform 

layer and dried over a hotplate. Drawn by Mr Liam Cuthbert. See Chapter 4 for more 

details of this approach. 
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2.2 Analysis and characterisation 

2.2.1 Spectroscopy 

An infrared vibrational spectroscopic analysis was carried out on free-standing thin 

film samples using a Bruker Alpha FT-IR spectrometer in single reflection ATR mode 

which utilizes a platinum diamond crystal. This technique allows for the structural 

identification of various functional groups present in the films.  

2.2.2 Mechanical strength 

A TA.HDplusC Texture Analyser from Stable Micro Systems and Instron 5565 

Universal Testing Machine were used to carry out tensile strength tests. The Instron 

was calibrated periodically using a set of reference weights that were certified annually 

by the National Metrology Lab, Dublin. In terms of standardizing the tensile strength 

tests performed using this type of instrument, there is no material with a known stress-

strain graph that can be used repeatedly without suffering fatigue itself. Such a 

material would make the calibration temperature sensitive, as it would be likely to 

exhibit different stress strain characteristics at different ambient temperatures. 

Therefore, the only standards measured for the Instron are force, displacement, and 

time. This factor was taken into consideration when collecting the tensile strength data. 

The thin films were cut using a rotary cutter into strips 40 mm to 10 mm in dimension. 

The samples were clamped in between PDMS supports and provided a gauge length 

of 20 mm. The strips were pulled apart along the 20 mm edge until they broke cleanly 

in the middle. [22] Test conditions at room temperature included a load of 5 kN, clamp 

speed of 0.5 mm.min-1 and data acquisition rate of 10 Hz. 

For the films prepared using the slot-die approach, an evaluation of possible anisotropy 

in the mechanical strength of the films in relation to the direction of travel of the film 

was performed using strips that were cut both parallel and at perpendicular right angles 

to this direction.  
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Figure 2.14: (A) TA.HDplusC Texture Analyser with tensile strength clamp 

peripherals. (B) Enhanced detail of a film sample split evenly down the middle 

during a tensile test. 

 

 

 

 

A 
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2.3 Heavy metal adsorption studies (performed in 

conjunction with staff and students from the Faculty of 

Natural Sciences at Comenius University, Bratislava - see 

Chapter 5) 

 

2.3.1 Swelling characteristics 

The swelling characteristics of chitosan-based films were determined by immersing 

pre-weighed samples in an aqueous acidic medium and allowing them to swell over 

60 minutes. The film samples were then removed, dried, and weighed. The full method 

is described in chapter 5, section 5.2.1. 

2.3.2 Adsorption capacity 

The pertechnetate anion absorption capacities of the chitosan-based films were 

determined by the radioisotope indication method with the radioisotope 99mTc and the 

radio-indicator 99mTcO4
-. The films were mixed with the anion solution and placed in 

a constant temperature vibration shaker until adsorption reached equilibrium. 

Adsorption rate, capacity and distribution rate were calculated. 

The linear Langmuir and Freundlich isotherm models were used to describe the 

adsorption of 99mTcO4
- onto the chitosan-based films. The Langmuir isotherm is 

theoretical model used to graph monolayer adsorption onto a surface and the 

Freundlich isotherm is an experimental model for multilayer adsorption onto a surface. 

[23] The full method is described in chapter 5, section 5.2.2. 
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2.4 Antimicrobial studies (performed in conjunction with 

staff and students from the Microbiology Department at 

UCC - see Chapter 6) 

2.4.1 Materials 

All nutrient broths were purchased from Oxoid Ltd.  

• 400 mL Lysogeny Broth (LB) in H2O – Peptone (10 gL-1), Yeast extract (5 gL-

1), NaCl (10 gL-1), LB Agar (15 gL-1) 

• 400 mL Brain Heart Infusion Broth (BHIB) in H2O – Beef heart infusion solids 

(12.5 gL-1), Proteose Peptone (10 gL-1), Glucose (2 gL-1), NaCl (5 gL-1), 

disodium phosphate (2.5 gL-1) 

• Crystal Violet stain dye. 

• Bacteria:   

▪ Gram negative (-): Escherichia coli (E. coli)  

▪ Gram positive (+): Staphylococcus (S. aureus)  

2.4.2 Method  

For bacteria to be successfully cultured, they must be grown in the appropriate media. 

Lysogeny Broth (LB) is a nutrient rich broth that is a standard for culturing E. coli, as 

it allows for quick growth and high yields. Brain heart Infusion Broth (BHIB) is a 

liquid medium rich in nutrients, suitable for the cultivation of several strains of 

bacteria, such as Staphylococcus (S. aureus), fungi and yeasts. BHIB is recommended 

in standard methods for water testing and in antimicrobial susceptibility tests. 

2.4.2.1 LB broth 

Peptone (4 g), Yeast extract (2 g), NaCl (4 g) and LB Agar (6 g) were weighed out, 

added to 400 mL distilled H2O in a clean Pyrex bottle and mixed. The top of the bottle 

was lightly sealed with aluminium foil, and then it was autoclaved for approximately 

20 minutes. After autoclaving, the LB medium was allowed to cool to 55°C before 

handling. The LB broth was stored in sterile conditions at room temperature. LB Agar 

was prepared by pouring the LB broth into sterilised Petri dishes and letting them 

solidify at approximately 30 °C. The LB plates were stored at 4 °C. 
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2.4.2.2 Brain Heart Infusion broth 

Brain Heart Infusion (14.8 g) was suspended in distilled H2O (400 mL) and dissolved 

by heating with frequent agitation. Once fully dissolved the solution was transferred 

to a clean Pyrex bottle, lightly sealed with aluminium foil, and autoclaved for 

approximately 20 minutes. After autoclaving, the BHIB medium was allowed to cool 

to 55°C before handling. The BHIB was stored in sterile conditions at room 

temperature. BHI Agar was prepared by pouring the BHI broth into sterilised Petri 

dishes and letting them solidify at approximately 30 °C. The BHI plates were stored 

at 4 °C. 

2.4.3 T-streak method 

To create isolated colonies of a particular bacteria rapidly, the T-streak method was 

utilised. Streaking is a method in which the sample/inoculum is diluted across the 

surface of an agar plate to the point where only one bacterial cell is present every few 

millimetres. These lone bacterial cells can divide and produce thousands of new 

bacterial cells; thus, an isolated colony is formed. The inoculating loop was sterilized 

with a Bunsen burner and allowed it to cool. The loop was inserted into the culture 

bottle (E. coli or S. aureus) and immediately streaked across half of the agar plate 

using a back-and-forth motion (1). The loop was flamed again, inserted into the culture 

bottle, and streaked across half of the plate but also overlapping the first streak (2). 

Finally, the loop was flamed, inserted into the culture bottle, and streaked across the 

remaining quarter of the agar plate (3). The T-streaked plates were incubated for 24 

hours (37 °C for E. coli and 30 °C for S. aureus). 
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Figure 2.15: Schematic representation of the T-streak method of inoculating an agar 

plate with a bacterial colony using steps 1, 2 and 3 as described above. 

After 24 hours incubation, the bacterial colonies had grown on the agar plate. An 

inoculating loop was used to transfer a single colony to 5 mL liquid broth (LB or 

BHIB). These colonies were set aside for overnight incubation (37 °C for E. coli and 

30 °C for S. aureus). After the incubation period, 1 mL of the overnight colonies was 

withdrawn and transferred to a plastic cuvette. The absorbance or optical density (OD) 

of the bacterial colonies were measured at a wavelength of 600 nm using a 

spectrophotometer (Shimadzu UVmini-1240 model).  

2.4.3.1 Inoculation of chitosan samples 

1 mL of the overnight cultures was withdrawn and then centrifuged at 14000 RPM for 

15 minutes to separate the supernatant growth media. The resulting cell pellet was re-

suspended in Phosphate Buffered Saline (PBS) to give a final OD600nm = 1. This step 

is to prevent any further growth of the bacteria so we can accurately measure the 

OD600nm without risk of it changing overnight. 

The chitosan samples were prepared by drop casting the hydrogel in a plasma cleaned 

Petri dish and dried in an oven for 24 hours at 40 °C. The purpose of the plasma 

cleaning was to adhere the films to the surface of the Petri dishes so the bacterial 

growth can be accurately measured on one side of the film. The chitosan samples were 
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flooded with LB or BHIB broths (5 mL) and inoculated with the re-suspended cultures 

(50 µL) to create a 1:100 dilution (equivalent to OD600nm = 0.01). The samples were 

then allowed to incubate for 24 hours (37 °C for E. coli and 30 °C for S. aureus). 

Control samples were also prepared using sterile PBS. 

2.4.4 Optical Density measurements 

After the incubation period, the broth was removed and an OD600nm reading was taken 

to measure the growth of bacteria in the broth. To remove any cells there were not 

tightly bound to the surface, the films were washed with distilled water and stained 

with Crystal Violet (CV) for 15 minutes. The stain was poured off and the plates were 

washed again with distilled water and allowed to dry. The CV was solubilised in 

ethanol (10 mL) and the OD595 was taken as a quantitative measurement of bacterial 

attachment on the chitosan films. Further details of OD measurements and principles 

are discussed in chapter 6.  
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2.5 Wound dressing design and testing (performed in 

conjunction with staff from the National Institute for 

Materials Science, Tsukuba - see Chapter 7) 

The aim of this procedure was to design a pH sensor based on a free-standing 

membrane consisting of photonic crystals embedded in a chitosan-based film. The 

sensor may change colour when exposed to different acidities. This sensor is being 

developed as a part of the EU project No 873123 - SWORD (Smart Wound Monitoring 

Restorative Dressings) under Marie Skłodowska-Curie Actions - Research and 

Innovation Staff Exchange (RISE) Call:H2020-MSCA-RISE-2019. 

2.5.1 Sample preparation and thickness measurements 

Chitosan hydrogel samples were prepared according to the usual method described 

previously in section 2.1.2. Hydrogel was cast into Petri dishes and dried in an oven 

to produce 100 mm diameter chitosan-based films. Three concentrations were tested 

to determine the appropriate thickness for the swelling studies: 1.3% w/v, 2.6% w/v 

and 3.9% w/v. The average thickness was recorded with a handheld micrometer in 

several areas across the films. Note that hydrogels of a higher concentration than 3.9% 

w/v were too viscous to form a uniform, solid drop cast film. Hydrogels of Chi-APTES 

(2:1) and Chi-GA (8:1) were also synthesised via the methods described in section 

2.1.1 and drop cast into films for pH-based swelling tests. 
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Figure 2.16: Chitosan hydrogel samples increasing in concentration from 1.3% w/v, 

2.6% w/v, 3.9% w/v, 5.2% w/v, (left to right). 

 

Figure 2.17: Chitosan hydrogel (2.6% w/v) cast in Petri dishes ready to dry in the 

oven at 40 °C. 
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2.5.2 Photonic crystal film fabrication 

The following procedures were carried out by the members of the Colloidal Crystal 

Materials Group under the supervision of Dr Hiroshi Fudouzi at the National Institute 

for Materials Science (NIMS) in Tsukuba, Japan.   

Monodisperse 210 nm PS particles were synthesised by emulsion polymerisation of a 

styrene monomer in the presence of sodium dodecyl sulfate (SDS) as a surfactant. The 

full procedure is outlined in a previous publication. [24, 25] The flexible rubber 

substrate that was fixed on a sample holder was immersed vertically into the 

suspension container filled with the polystyrene (PS) colloid suspension covered with 

a layer of silicone oil. The vertical stage descended slowly while driven by the stepping 

motor thus depositing the PS photonic crystal film onto the substrate (see figure 2.18).  

 

 

Figure 2.18: Vertical coating opal films by crystal growth under a silicone liquid 

layer. (A) Schematic drawing of the equipment. The substrate and colloidal 

suspension container are fixed to the lifting stage. (B) Scheme and photo of the opal 

film coating system. (C) Black fluororubber (FR) (Tiger Polymers) [26] sheet coated 

with opal film made of 210 nm PS particles. [25] 

The resulting closely packed colloidal crystal film was infiltrated with mixed PDMS 

precursor liquids, Sylgard 184 (Dow Corning, USA). [27] Two separate liquids 

consisting of the base material and the curing agent were used. The ratio of base 

material to curing agent was 10:1 by weight. After curing, PDMS elastomer was 
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infilled in 3D-arrayed PS colloidal particles. Then, closely packed PS particles were 

spaced out by additional filling and curing PDMS elastomer. 

PDMS precursor was diluted with silicone liquid (0.65 cSt, SH-200 series, i.e., 

hexamethyldisiloxane, HMDSO) with a (1:1) mass ratio. The PDMS elastomer was 

polymerized by cross-linking for 12 h at room temperature and 2 h at 60°C. The lattice 

distance of FCC (111) planes was increased in nanometer scale by repeating infilling 

PDMS elastomer for several times. This nanoscale spacing allows reversible structural 

colour change by elastic deformation. 

Figure 2.19: Schematic of PS colloidal film deposition procedure. (A) Closely 

packed colloidal crystal film on a fluororubber sheet. (B) Infilled with PDMS 

oligomer (Sylgard 184) diluted with a hexamethyldisiloxane, HMDS (0.65cSt 

silicone oil) by (1:1) wt.%. (C) Infilled with PDMS oligomer (Sylgard 184) diluted 

with a HDMS (1:1) wt.%. Modified from [25]. 

The PS colloidal film was utilized in a series of optical spectroscopy tests while 

swelling under different pH conditions. The full procedure is discussed in more detail 

in chapter 7. All films were prepared by OJP while the optical measurements were 

performed by Dr Tomas Kohoutek. Prof Fudouzi and his colleagues provided the 

polystyrene particles and the fluororubber sheets. 

 

 

A 
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3. The Structural and Mechanical Characterisation 

of Chitosan-Based Films  

In this chapter, results are presented for a series of films produced mainly via drop-

casting as described in Chapter 2. The films prepared via the drop-casting approach 

were chitosan only, Chi-TEOS (1:1), Chi-TEOS (2:1), Chi-APTES (2:1), Chi-PAM 

(1:1), Chi-PAM (2:1), Chi-PAM (1:2) and Chi-GA (8:1). The same concentration of 

chitosan was used for each film, the ratio notation refers to the concentration of the 

cross-linking agent only. Therefore, for the sake of simplicity, Chi-GA 1:0.0125 may 

be written as Chi-GA (8:1). 

Some additional data was then added to the set from selected additional samples 

prepared using a slot-die, continuous film making process. This latter process is 

described in more detail in Chapter 4, which presents the text of a paper published in 

the journal Polymers in 2021 describing the formation and characterisation of 

chitosan-only, Chi-TEOS (1:1) and Chi-GA (8:1) films by this method demonstrating 

compatibility with a high-volume manufacturing process.  

Importantly, it was found that the structure of the films as measured using FT-IR 

spectroscopy and the mechanical properties of the films produced were not 

significantly affected by the choice of preparation method.  
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3.1 Film appearance and composition 

All drop-cast films were transparent, slightly yellow in tone and flexible. The Chi-

TEOS (1:1) film appeared to be thinner than the others despite the same volume of 

hydrogel used in the casting all films. The Chi-GA (8:1) film had a more intense 

yellow colour and appeared to be more brittle when handling. Both Chi-APTES (2:1) 

and Chi-PAM (1:1) films appeared to have the same colour tone and flexibility. 

 

Figure 3.1: Photograph of a dry free-standing chitosan film prepared using the drop-

cast method described in Chapter 2 

In general, chitosan-based films would have a colourless appearance but that can 

change depending on the source of the material. Melanin is a tan pigment that is 

present in some crustacean exoskeletons and insect shells, chitosan from these sources 

may have a yellow/brown tone in colour. [1, 2] The absence of yellow or brown 

pigments in shrimp-sourced chitosan is a result of the different mechanisms shrimps 

use in the production of their exoskeletons. [3] Melanosis is the process in which the 

surface of a crustacean shell discolours into dark pigments, caused by the enzymatic 

oxidation of colourless phenols into quinones and subsequent polymerisation. [4] For 

this reason, an acetone-based decolourisation stage is implemented in the industrial 

extraction of chitin from crustaceans. [5]  
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Melanin has a high efficiency in absorbing and scattering photons, especially ones 

with a higher energy from the ultraviolet part of the light spectrum. [6] This is due to 

the well-defined π-π conjugated backbone in its molecular structure, see figure 3.2. [7] 

The yellow/brown tone is due to the conjugated double bonds. Alternating double 

bonds cause the absorption of the delocalised system to correspond to the wavelengths 

in the visible region.  

 

Figure 3.2: Molecular structure of melanin. Note the π electron-rich conjugated 

formation [8, 9] 

 

Imines can form coloured species and the Schiff base links formed in Chi-GA are 

examples of imines. Thus, the Chi-GA samples have a more intense colour than the 

other samples due to the presence of the Schiff base bridges that link the chitosan 

polymer networks together. It is apparent that the chitosan used in this study was not 

pure chitosan, owing to the slight yellow/brown colour of the films. Most likely there 

were some melanin impurities present in the chemical compound which may have not 

been treated in the decolourisation stage of chitosan processing. 
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Figure 3.3: Photographs of all four dry, composite film types prepared by drop-

casting. (A) Chitosan-TEOS (1:1), (B) Chitosan-APTES (2:1), (C) Chitosan-PAM 

(1:1), and (D) Chitosan-GA (8:1). Note the distinct yellow colouration associated 

with the Chitosan-GA (8:1) film as compared to the other films, due to the Schiff 

base bridges introducing a higher density of π electrons and thus more absorption in 

the visible region of the light spectrum. [10] 
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3.2 FT-IR spectroscopic analysis of chitosan-based films  

The FT-IR spectra of the drop-cast chitosan membrane films showed important 

absorption bands to identify the characteristic functional groups which were recorded 

in the middle infrared range (4000 cm-1 to 500 cm-1).   
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Figure 3.4: FT-IR graphs of chitosan-based composite films: Chi-PAM (1:1), Chi-

APTES (2:1), Chi-TEOS (1:1), Chi-GA (8:1), and plain LMW chitosan 1.6% w/v 
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Practically identical spectra were obtained for the 3 sample types prepared by the slot-

die method. The FT-IR spectra of the prepared chitosan-only and Chi-TEOS films, 

figure 3.4, show important absorption bands in the infrared range (4000 cm-1 to 500 

cm-1) which may be used to identify the characteristic functional groups. The features 

shown in the FT-IR spectra of the low molecular weight chitosan-only, Chi-TEOS, 

Chi-GA, Chi-APTES, and Chi-PAM films as shown in figure 3.4 were assigned as 

follows: 

3.2.1 Chitosan and Chi-TEOS 

The broad peaks at 3500–2500 cm-1 can be attributed to the stretching vibration of the 

-OH bond, the broadness indicating that the intermolecular hydrogen bonding between 

chitosan molecules is present in both types of film. [11] From figure 3.4 it may be seen 

that the -OH stretching region for the Chi-TEOS film is essentially the same as that 

for the chitosan film , suggesting that for both films the bulk of hydrogen bonding 

remains intact, most likely due to interactions via the OH sites as the amino groups are 

at least partially protonated in the acidic aqueous solution. [12]  

The bands at ca. 3000- 2800 cm-1 are characteristic C-H vibrations. Figure 3.4 reveals 

differences in this region between the Chi-TEOS film and the chitosan only film. The 

Chi-TEOS film gives rise to two relatively sharp C-H vibrations near 3000 cm-1 which 

are not present in the spectrum of the chitosan only film.  We propose that this feature 

may be attributed to the C-H stretching vibrations associated with the ethoxy groups 

of the TEOS, specifically 2982 cm-1 is assigned to CH3, and 2971 cm-1 is assigned to 

CH2. [13]  

The bands in the region 1500–1600 cm-1 can be assigned to N–H bending vibrations 

of a primary amine. The bands in the region 1350–1450 cm-1 are associated with C–H 

bending vibrations while those in the region 1000–1200 cm-1 are associated with the 

C–N stretching vibrations of an aliphatic amine, overlapping with the anti- symmetric 

stretching of the C-O-C bridging species. Thus, for both films, the FT-IR data are 

consistent with the chitosan species remaining essentially chemically unperturbed by 

film formation. 

However, in addition to the extra features in the C-H stretching region there are some 

other, more subtle differences between the spectra from the two types of film shown 

in figure 3.4: the bands near 780 cm-1 seen in the spectrum of the Chi-TEOS film can 
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be assigned to deformations in the N–H bonds of the amine groups. [14] The presence 

of such bending vibrations indicates that there is distortion of the functional group side 

chains of the chitosan polymer network via, in this case, the functional groups which 

would be expected to be involved in weak interactions such as H-bonding. The small 

peak near 440 cm-1 indicates the presence of an O-Si-O group, which functions as a 

bridge in the siloxane polymer network. [15] 

Thus, it may be concluded that film formation involving either chitosan alone or in the 

form of the Chi-TEOS IPN does not significantly alter the molecular structure of the 

chitosan. In addition, the spectrum for the Chi-TEOS IPN reveals the presence of the 

second polymer network (the siloxane) and hints at the proposed hydrogen bonding 

links between the two polymers, as expected. [16] 

3.2.2 Chi-GA 

The broad bands at 3500-2500 cm-1can once again be attributed to the hydrogen 

bonded O-H stretching vibrations possibly overlapping with the N-H stretching 

vibrations which appear in the same spectral region. The bands near 2870 cm-1 may 

be assigned to C-H stretching vibrations of the -CH2 groups present on both the 

chitosan ring and the Schiff base imine bridges between the chitosan chains. These 

peaks increase in intensity with the higher concentration of glutaraldehyde, indicating 

that the assignment is correct and correlates with the amount of Schiff base bridges 

that are formed. The bands near 1400 cm-1 and 1300 cm-1 represent the C-H bending 

vibrations of the bridging alkyl and methyl groups, respectively. Once again, the bands 

near 1065 cm-1 and 1020 cm-1 may be attributed to the C-O-C bridging species while 

it is noteworthy that the amine N-H bending vibration appears at 1630 cm-1 - to a lower 

wavenumber as compared with the N-H bending vibration of the un-cross-linked 

chitosan. This observation can be attributed to the effective cross-linking of the 

chitosan hydrogel by the glutaraldehyde, which is expected to occur at the amino 

groups of the chitosan, forming an imine. [17] The intensity of the amine peak 

decreases with increasing concentration of glutaraldehyde, indicating that the amine 

site is being used for the Schiff base, as expected. The peak at 1715 cm-1 represents 

the C=N- stretching vibration of the Schiff base formed at the amine site. Importantly 

this peak does not appear in the spectra of the chitosan or the Chi-TEOS. Thus, it is 

proposed that there is considerable evidence for the formation of a chemically cross-

linked species with the Chi-GA and that a Schiff base bridge is the method by which 
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the chitosan chain cross-links with glutaraldehyde. This is further supported by the 

intense yellow colour of the films, caused by the imine bonds introducing more π 

electrons and absorbing more visible light. 

3.2.3 Chi-APTES 

Like Chi-TEOS, the broad peak at 3500–3000 cm-1 can be attributed to an overlap of 

the O–H stretching vibrations of the alcohol and primary and secondary amide N-H 

group, but the greater intensity of the peak can be attributed to the extra NH2 group 

present in APTES. 2900 cm-1 was observed to be C-H, 1500–1600 cm-1 N–H bending 

vibrations of primary amine, more intense than Chi-TEOS, again attributed to the 

amine group on the APTES molecule. 1350–1450 cm-1 C–H bending, 1000–1200 cm-

1 C–N stretch of aliphatic amine overlapped with the anti- symmetric stretching of the 

C-O-C bridge. The peak at 780 cm-1 can be assigned to deformations in N–H groups 

of the amine groups. The presence of bend deformation vibrations indicates that there 

is distortion of the functional group side chains of the chitosan polymer network, in 

this case functional groups which would be expected to be involved in weak 

interactions such as H-bonding.  

3.2.4 Chi-PAM 

The absorption bands at 1638 cm-1 and 1548 cm-1 in chitosan-only films showed 

significant changes in the spectra of when blended with PAM. With the increase of 

PAM content, the bands at 1638 cm-1 shifted to a lower wavenumber of 1610 cm-1, 

and the bands at 1548 cm-1 shifted to a higher wavenumber of 1656 cm-1. This is 

attributed to the formation of hydrogen bonds between amino groups in chitosan and 

amino groups in PAM. [18] In addition, the absorption bands of CH around 3300 cm-

1, assigned to the stretching vibration of N-H and O-H, were broadened but their 

intensity decreased due to the blending of chitosan and PAM. This implies that part of 

the hydrogen bonds in chitosan were broken by the addition of PAM, and new 

hydrogen bonds formed between -NH2, -OH groups in chitosan and -NH2 groups in 

PAM.  
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3.3 Mechanical strength tests 

3.3.1 Stress-strain curve 

Stress is defined as the ratio of an applied force to the cross-sectional area of the 

material that it is applied to. [19] The formula for calculating material stress is: 

σ =
F

A
         Eqn. 3.1 

Where F is force (N), A is area (m2) and σ is stress (N/m2 or Pa). Stress is understood 

as the internal force induced in the material in response to an applied external force, 

resisting any change in dimension caused by the external force. 

Strain is defined as the ratio of the change in dimension to the initial dimension of the 

material and is unitless. [19] Longitudinal strain refers to the change in one dimension, 

the length. The formula for calculating the strain is: 

ε =
(l−l0)

l0
         Eqn. 3.2  

Here l0 is the initial length of the material, and l is the length of the material after 

applying force. Strain may be positive or negative depending on the direction of the 

external force. When a load acts on a body, the stress and strain it produces can be 

graphed as a curve, the shape of which can identify if the material is brittle, ductile or 

plastic. [20] When a material is pulled apart during a tensile strength test, initially the 

material follows Hooke’s law, that is, stress is directly proportional to strain and the 

material exhibits elasticity and would spring back to its original shape if the force were 

to stop, no permanent deformation occurs. [19] As the material is subject to increasing 

amounts of tensile force, stress increases beyond the proportional limit.  

The Young’s modulus of elasticity is defined as the ratio of longitudinal stress to strain 

within the proportional limit of the material. This value is analogous to the stiffness of 

a spring, and it is necessary to distinguish the modulus of elasticity in different 

directions for non-isotropic materials such as wood. It is a value used to characterise 

elastic solids. [19]  
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Figure 3.5: An example of a typical stress-strain graph displaying the various stages 

during a tensile strength test. [21] 

The stress-strain relationship deviates from Hooke’s law and the strain increases at a 

faster rate than stress, causing a mild flattening of the curve. This point is known as 

the yield point, where the elastic limit is reached and the ability to resist a load is 

measured, since any point beyond causes permanent plastic deformation. Further 

tensile force on the material results in strain hardening, when the number of 

dislocations becomes so high, they obstruct each other’s movement, and the material 

is constantly rearranging itself to resist the tension. As plastic deformation continues, 

the cross section of the material begins to narrow and a thin neck is formed at the 

weakest point, ultimately resulting in the maximum amount of stress the material can 

handle and pushes it to breaking point. See figure 3.5 for more details.  

All materials studied were ductile materials, with the exception of Chi-GA, which 

showed some brittleness. For this reason, the values of stress are used for all materials 

at the point of yield strength beyond which the material undergoes permanent 

deformation. 
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3.3.2 Tensile strength results 

For all five materials and the various combinations employed, multiple tensile strength 

tests at varying concentrations were performed until breakage and the displacement of 

force was recorded for each. Chitosan Chi-TEOS, Chi-APTES and Chi-PAM films 

were tested 20 times while the Chi-GA films were tested 15 times. The reduced sample 

number for the Chi-GA films was due to the very brittle nature of these films relative 

to that of the other films, making them more difficult to handle. The median stress-

strain graphs for each material calculated from all measurements taken are shown 

below in figure 3.6. 
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Figure 3.6: Typical stress strain curves recorded for all materials at varying 

concentrations, adapted and augmented from a previous publication. [22],  which is 

presented in this thesis as Chapter 4. 
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Sample 
Yield Strength 

(MPa) 

Standard 

Deviation 

Yield Strength 

Young’s 

modulus (MPa) 

Chitosan 37.17 2.70 1230.02 

Chi-TEOS (1:1) 63.71 3.18 2008.53 

Chi-TEOS (2:1) 21.17 1.71 950.41 

Chi-APTES (2:1) 46.26 1.31 1341.77 

Chi-GA (8:1) 88.36 3.06 2738.94 

Chi-PAM 1:2 12.04 1.08 591.69 

Chi-PAM (1:1) 64.13 2.21 1742.48 

Chi-PAM (2:1) 43.08 2.63 1480.31 

Table 3.1: Mean yield strength and Young’s modulus of elasticity of each sample 
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Figure 3.7: Histogram of all films mean tensile strength values expressed in MPa 

 

 



90 

 

It was found that there was a considerable sample-to-sample variation in the position 

of the break point for all the samples studied. However, the position of the initial yield 

point for the samples was remarkably consistent for each material examined. The yield 

point is the limit of the elastic region of the material i.e., any strain applied to the 

material after the yield point results in permanent deformation. During the plastic 

phase of the stress-strain curve, it is difficult to predict the breakage point due to this 

permanent deformation, so the yield point of the graphs was used as a more accurate 

metric for comparison where the strain is at its most uniform. As well as the yield 

point, the overall shape of the graph shows the type of material the films are plastic or 

elastic. 

The polydispersity Index (PDI) and average molecular weight are the two main factors 

that affect the mechanical properties of chitosan. Low PDI results in narrower 

molecular weight distribution which is indicative of the greater uniformity of the 

polysaccharide structure. With a longer chain length, more molecular entanglement is 

observed and with a higher molecular weight there is a higher degree of crystallinity. 

[29] Thus, it is expected that the tensile strength should be enhanced with increased 

average molecular weight. [25] 
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3.3.2.1 Chitosan 

The average stress yield point for the chitosan-only films was 37.17 MPa which aligns 

with other chitosan-only films in the literature. [23-25] In this case, the shape of the 

graphs indicates that material is more ductile than the Chi-GA samples. The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 1230.02 MPa. The curve represents a full loading of the sample from 

initial loading to breakage. The shape of the graph shows the material is relatively 

elastic with minor necking towards the breaking point. The sample remains at an even 

stress level which being elongated indicated a less crystalline structure than Chi-GA 

or Chi-TEOS (1:1).  
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Figure 3.8: Stress-strain curves of the chitosan-only film samples 
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3.3.2.2 Chi-TEOS 

The average stress yield point for the Chi-TEOS (1:1) films was 63.71 MPa which is 

on par with the literature values for a Chi-TEOS type of film. [25, 26] The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 2008.53 MPa.  
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Figure 3.9: Stress-strain curves of the Chi-TEOS (1:1) samples 
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The average stress yield point for the Chi-TEOS (2:1) films was 21.17 MPa which 

aligns with similar Chi-TEOS based films in the literature. [27] The initial straight line 

from the origin point indicates the elastic region with a modulus of elasticity of 950.41 

MPa. The shape of the graphs indicates that material is ductile and as an illustration 

of this, it was observed that a high degree of ‘necking’ occurred during the testing, as 

seen by the steep incline of the graph shape after the initial yield point for Chi-TEOS 

(1:1). The high degree of strain hardening causes strain induced crystallisation. Less 

necking occurred in the Chi-TEOS (2:1) sample, indicating the material was more 

ductile and elastic, which is shown by the plateaux shape of the graph and uniform 

stress values.  
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Figure 3.10: Stress-strain curves of the Chi-TEOS (2:1) samples 
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3.3.2.3 Chi-APTES 

The average stress yield point for the Chi-APTES (2:1) films was 46.26 MPa which is 

similar to other Chi-APTES based films in the literature. [28] The initial straight line 

from the origin point indicates the elastic region with a modulus of elasticity of 

1341.77 MPa. The shape of the graphs indicates this sample is similar to chitosan-only 

in terms of elasticity but does become more brittle and experiences strain induced 

crystallisation as shown by the slight incline upwards in the shape of the graph beyond 

the initial yield point region.  
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Figure 3.11: Stress-strain curves of the Chi-APTES (2:1) samples 
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3.3.2.4 Chi-GA 

The average stress yield point for the Chi-GA (8:1) films was 88.36 MPa. The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 2738.94 MPa. The shape of the graphs indicates the material is very brittle 

with a sharp and tall elastic region. The films break shortly after the initial yield point 

showing it to be more rigid and crystalline in structure than the more flexible chitosan-

only samples. This was noted as the tests were carried out also, the samples appeared 

to snap and break easily while loading them into the tensile test machine.  
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Figure 3.12: Stress-strain curves of the Chi-GA (8:1) samples 
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3.3.2.5 Chi-PAM 

The average stress yield point for the Chi-PAM (1:1) films was 64.13 MPa. The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 1742.48 MPa. The shape of the Chi-PAM (1:1) graphs indicate the 

material is similarly elastic to that of chitosan-only or Chi-TEOS (2:1). With no 

pronounced steep climb or necking, the strain levels remain uniform before breakage. 
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Figure 3.13: Stress-strain curves of the Chi-PAM (1:1) samples 
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The average stress yield point for the Chi-PAM (2:1) films was 43.08 MPa. The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 1480.31 MPa. The shape of Chi-PAM (2:1) shows the material is too 

elastic to the point of degradation when being pulled apart. The elastic region and the 

initial yield point remain as an indicator of its tensile strength but beyond those points 

the material begins to degrade as shown by the decline in the curves. Some other 

samples dip in the middle like Chi-APTES (2:1) but they begin to strengthen and resist 

tension before the breaking point. However, most Chi-PAM (2:1) samples broke 

before they could begin to resist further tension.  

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0

10

20

30

40

50

60

70

80

90

100

S
tr

e
s
s
 (

M
P

a
)

Strain

Chi-PAM 2:1

 

Figure 3.14: Stress-strain curves of the Chi-PAM (2:1) samples 
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The average stress yield point for the Chi-PAM (1:2) films was 12.04 MPa. The initial 

straight line from the origin point indicates the elastic region with a modulus of 

elasticity of 591.69 MPa. The shape of the Chi-PAM 1:2 is similar to Chi-TEOS (2:1) 

with a very low and flat curve. Even less necking was occurring than Chi-PAM (1:1), 

showing the film to be rather elastic and pliable but not very mechanically strong 

compared to other samples.  
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Figure 3.15: Stress-strain curves of the Chi-PAM 1:2 samples 
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3.4 Discussion 

From figure 3.4 and the spectroscopy discussions, it can be seen that the FT-IR spectra 

of the films made only with chitosan show some evidence of hydrogen bonding 

between the chitosan chains. The FT-IR spectra of the two siloxane-based IPNs are 

then seen to be consistent with the formation of true IPNs where the chains of the two 

polymers concerned are intimately mixed but are not covalently bonded. In contrast 

the chitosan-GA films show clear evidence of the formation of Schiff base linkages as 

expected because of the reaction of the amine groups on the chitosan with the 

glutaraldehyde cross linker. Finally, the polymer blend made with chitosan and PAM 

is also shown to be consistent with a simple polymeric mixture where the only 

additional linkages that form as a result of mixing are those due to hydrogen bonding.  

The mechanical properties of the films generally vary as might be expected in terms 

of film composition and proposed structure, but with some notable exceptions. Figure 

3.6 and figure 3.7 reveal that perhaps surprisingly, chitosan-only films are not the 

weakest in terms of mechanical strength.  Chi-TEOS (2:1) shows a lower mean yield 

strength than the chitosan-only films while the Chi-PAM (1:2) film exhibits an even 

lower mean yield strength, making this film the weakest of all films studied.  

Setting these apparently anomalous results to one side for a moment, it may be seen 

that all other films show a higher mean yield strength value than the chitosan only 

film, as might be expected, with the highest mean yield strength value being recorded 

for the Chi-GA (8:1) film which is known to contain covalent linkages between the 

chitosan chains as a result of cross-linking by the glutaraldehyde.  

The next highest mean yield strengths are those associated with the IPN Chi-TEOS 

(1:1) and the polymer blend, Chi-PAM (1:1), with these samples showing essentially 

identical average behaviour in terms of mean yields strength, being consistent with an 

overall increase in robustness that arises from the mixing of two polymeric systems, 

one resulting in IPN formation (Chi-TEOS (1:1) and the other simply involving chain 

entanglement Chi-PAM (1:1)).  

Next in this series comes the IPN Chi-APTES (2:1) which might be expected to have 

reduced cross linking between the siloxane chains as a result of exchanging an ethoxy 

group for the aminopropoxy ligand and the polymer blend Chi-PAM (2:1). Again, 

these two materials yield similar values of mean yield strength, both higher than that 
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of the chitosan-only films. The chitosan-only films come next in the series with the 

two remaining films showing reduced mean yield strength as noted above.  

Chi-TEOS (2:1) is still expected to be a true IPN yet it is less mechanically robust than 

chitosan alone. Similarly, Chi-PAM (1:2) is expected to be a true polymer blend yet it 

is the weakest film of the series in terms of mean yield strength. 

It has been reported in the literature that the tensile strength of chitosan films may be 

improved by forming composites with TEOS and increasing the cross-linking density 

to encourage the formation of a dense structure. [26] However, an excess amount of 

TEOS can cause a decrease in the homogeneity of the film and thus the mechanical 

strength. Yu et al. [30] found that a TEOS concentration of 5 wt.% or higher in their 

chitosan membranes resulted in increased rigidness. Massive siloxane aggregates in 

the polymeric matrix led to looser structured membranes. This was because more of 

the -OH groups were being used in the condensation stage of polymerisation, resulting 

in less active sites for hydrogen bonding with the chitosan network. [30, 31] This could 

provide an explanation as to why the Chi-TEOS (2:1) films are mechanically weaker 

than Chi-TEOS (1:1) and chitosan-only films. The active -OH and -NH2 sites on the 

chitosan chain are occupied by hydrogen bonding with a less concentrated siloxane 

network and thus is less mechanically robust. This leads to the disruption of 

intramolecular H-bonding within the chitosan network resulting in a less mechanically 

stable composite. 

The Chi-PAM (1:2) films are mechanically weaker than chitosan-only and Chi-PAM 

(1:1) films due to the increased hygroscopicity from the PAM network. The water 

absorbed would induce a plasticising effect in the films, increasing elasticity. [18] An 

excess of water may affect chitosan network by swelling too much and disrupting the 

intramolecular hydrogen bonds, thus making it weaker than chitosan-only films. As 

discussed in section 3.3.2.5, this gives the effect of a more pliable film that is not 

mechanically strong, resulting in a low and flat stress/strain curve after the initial yield 

point, see figure 3.14. There appears to be a limit for the ratio of chitosan and PAM 

blends before the mechanical strength starts to decrease due to excessive water content 

in the films. 
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3.5 Conclusions 

A range of chitosan-based films has been prepared and characterized using FT-IR and 

mechanical testing. The data obtained are shown to be consistent with the proposed 

structure of the films (figures 2.2, 2.6, 2.8, and 2.10) although more experiments are 

required to unequivocally confirm the proposals made. The structure, mechanical 

properties, and chemistry of the films studied here are key factors that will be 

considered throughout this thesis. The fundamental properties of the chitosan-based 

films will remain the same as they are applied to the various different functionalities 

of roll-to-roll processing (chapter 4), heavy metal adsorption (chapter 5), antibacterial 

activity (chapter 6), and smart wound dressing design (chapter 7). 
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4. A Slot-Die Technique for the Preparation of 

Continuous, High-Area, Chitosan-Based Thin Films 

4.1 Introduction 

Chitosan, poly-(D) glucosamine, is a polymer that is derived from the naturally 

occurring polysaccharide chitin. Chitin, poly (b-(1-4)-N-acetyl-D-glucosamine), is a 

material that is known for its relatively resilient and pliable nature and is one of the 

primary components of arthropod exoskeletons. If chitin undergoes deacetylation in 

the presence of basic hydroxides it forms chitosan which is more soluble and flexible 

and therefore can be easily applied to the synthesis of a variety of thin films. Chitosan 

is defined by the degree of deacetylation (DD) of chitin. When this value is at 40% or 

higher the material is classified as chitosan. [1] Unlike chitosan, chitin is very limited 

in terms of potential commercial applications due to its poor solubility. The presence 

of amino groups in chitosan gives the polymer many desirable properties that are not 

present in chitin. The strong intermolecular hydrogen bonds between the amino and 

hydroxyl groups of the glucosamine monomers create a rigid crystalline structure. [2] 

The D-glucosamine residues may be protonated, providing solubility in acidic aqueous 

solutions. [3] Once dissolved, the chitosan chains form a weak polymeric network due 

to the intramolecular and intermolecular hydrogen bonding between the hydroxyl 

groups as seen in figure 4.1. [4-6] 
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Figure 4.1: The intramolecular and intermolecular hydrogen bonding that occurs in 

chitosan dissolved in acidic media resulting in the formation of a non-covalently 

bound network. 

 

In recent years chitosan-based materials have emerged as having many potential uses 

in areas such as in medical and pharmaceutical applications, for example in the form 

of fibres for wound dressings [7, 8] and for controlled drug release [9, 10], in food 

science for use in the immobilisation of enzymes [1] and in water treatment 

applications for the removal of heavy metal ions. [11] In this latter application it is the 

presence of the protonated amino groups that allow chitosan to form complexes with 

heavy metal ions. [1]  

In terms of potential high-volume commercial applications of chitosan films, the 

preparation of antibacterial films for use in food packaging has been demonstrated by 

creating a chitosan-starch film using microwave treatment without the use of 
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plasticizers. [12] To date, typical methods of forming chitosan-based films include 

drop-casting in Petri dishes and drying at room temperature, [13] the layer-by-layer 

formation of nanostructured films by the Langmuir-Blodgett technique after chemical 

modification, the layer-by-layer self-assembly via dip coating - a relatively simple 

technique for producing nanometre scale thin films, [14, 15] and the development of 

uniform thin chitosan films by spin coating onto silicon discs to achieve a specific 

thickness. [16]  

It is noteworthy that all these methods are essentially batch processes. Although batch 

processing can be used highly successfully to produce high volumes or high areas of 

thin film materials, for applications such as packaging it is arguable that a continuous, 

production process that could accumulate large volumes of coated materials on a roll 

system would be highly commercially desirable. 

This chapter seeks to address this issue directly by demonstrating that a range of 

reproducible chitosan-based films can be made cheaply and quickly using a simple 

lab-based slot-die apparatus that is fed directly with the chitosan hydrogel mixture. 

The apparatus used and its operation is described. It is suggested that it would be a 

relatively simple step to scale up this equipment to a level required for a real high-

volume commercial application. Preliminary mechanical testing on the films produced 

here have been performed to demonstrate that the results are consistent with those 

obtained from similar films produced using other methods and are also consistent with 

the anticipated structure and properties of the films. In addition, since the slot-die 

process is an example of a polymer extrusion process, some of which are known to 

influence the structure and properties of the resulting polymer, [17-19] rudimentary 

assessment of the films in terms of direction of extrusion was performed and no 

evidence for any such effects was observed.  

It is therefore proposed that these findings provide some degree of validation of the 

slot-die approach for use in potential manufacturing situations. 
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4.2 Materials and Methods 

4.2.1 Slot-die casting via a doctor blade apparatus 

The slot-die casting apparatus consists of two rollers 50 cm apart with a flat hotplate 

set to 50°C in between the rollers, figure 4.2. This apparatus was constructed by the 

group of Professor Roberto M. Faria at IFSC USP Brazil. The direction of travel of 

the film formed via the extrusion of the hydrogel through the slot is marked by an 

arrow. 

A PET foil substrate (175 µm thick) was plasma-cleaned using an Expanded Tabletop 

oxygen plasma cleaner (PDC-002) with a PlasmaFlo gas flow mixer and pressure 

monitor (PDC-FMG-2). The plasma-treated film was then wrapped around the rollers 

and stretched flat on the hotplate. The doctor blade slot-die head was positioned above 

the PET foil on an adjustable horizontal bar that spanned the width of the foil. The 

slot-die nozzle opening was 2 cm in length with the width of the slot set to 2 mm and 

was angled 2 mm above the PET substrate at 45 degrees.  

A video showing the operation of the slot-die coater is available at this link: 

https://youtu.be/s042exW21Ho. 

A syringe pump with a 3 cm diameter syringe was attached to the slot-die head via a 

thin flexible tubing. The rate of deposition and movement of the substrate were 1 

mL/min and 1 cm/min, respectively. Approximately 20 – 25 mL of gel was cast onto 

the PET substrate over 20 minutes. The gel was left to dry on the PET under an 

extraction fan. A thin transparent film formed over the course of an hour. It was then 

carefully peeled off the PET and allowed to air dry for a further hour. The film was 

then cut into 1 cm x 4 cm pieces with a rolling blade and stored in an airtight container. 

 



109 

 

 

Figure 4.2: A photograph of slot-die roll to roll machine shown depositing a Chi-

TEOS IPN hydrogel onto a PET substrate over a hotplate.  

4.2.2 The preparation of chitosan-based hydrogels 

Based on the information available from the literature [10, 11, 20] the chitosan chosen 

for this work was lower molecular weight (50000 – 190000 Da, Sigma Aldrich 

Ireland) with a DD of 75-85% to help facilitate the dissolving of the crystalline solid 

in aqueous acid solution. Tetraethyl-orthosilicate (≥99%), glutaraldehyde solution 

(25%), Hydrochloric acid (37%), acetic acid (≥99%) and ethanol (≥99%) were 

purchased from Sigma-Aldrich (Ireland). Millipore deionised water (18 MΩ) was used 

to prepare aqueous solutions. All materials were used as received. Three types of 

chitosan-based hydrogel were synthesised and used as the precursors to (a), chitosan-

only films, (b), chitosan-TEOS IPNs and (c), chitosan-glutaraldehyde cross-linked 

films. The synthesis of all these types of films have been reported previously in the 

literature [16, 21-26] and so they serve as benchmarks for the evaluation of the 

performance of the slot-die approach described here.  
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For all films studied, the dissolution of the chitosan was initially performed as follows: 

low molecular weight chitosan (50000-190000 Da, 0.005 mol, 1.04 g) was dissolved 

in Millipore deionized H2O (65 ml and acetic acid (0.32 ml, 1%wt), covered with 

Parafilm and left to continuously stir at room temperature overnight. The chitosan 

solid began to dissolve once the acid was added as a result of protonation of the amine 

groups on the chitosan, scheme 4.1 below: 

𝐶ℎ𝑖 − 𝑁𝐻2 + 𝐻3𝑂+ ↔ 𝐶ℎ𝑖 − 𝑁𝐻3
+ + 𝐻2O      Scheme 4.1 

The resulting hydrogel solution was used directly with the slot-die apparatus to form 

the chitosan-only films.  

For the synthesis of the chitosan-TEOS IPN films (Chi-TEOS) hydrogels were 

prepared in mildly acidic conditions to facilitate cationic polymerisation. The 

procedure is based on that described by Park et al. [27] TEOS (≥99%, 0.005 mol, 1.11 

mL) was dissolved in filtered ethanol (15 mL) and allowed to continuously stir at room 

temperature for 30 minutes. Next HCl (0.0274 mL), filtered ethanol (10 mL) and 

Millipore deionised water (25 mL) were added to a beaker and allowed to stir 

continuously at room temperature for 30 minutes. After 30 minutes the HCl solution 

was slowly added to the TEOS solution, dropwise, with continuous stirring. The 

mixture was covered with Parafilm and allowed to continuously stir at room 

temperature for 24 hours. The acidic TEOS solution was then slowly added to the 

chitosan solution dropwise, with continuous stirring. The resulting mixture was 

covered with Parafilm and allowed to continuously stir at room temperature for a 

further 48 hours. The mixture was observed to become viscous after 48 hours. The 

hydrogel was then stored in a fridge until removed for use. 

It is known that this process results in the formation of an IPN between the chitosan 

and the siloxane polymer that forms when TEOS is hydrolysed. [21, 28, 29] The first 

step involves the hydrolysis of the TEOS. Figure 4.3 shows the accepted mechanism 

of the formation of the siloxane polymer via the hydrolysis and condensation of TEOS, 

based on the mechanism presented in [30]: 
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Figure 4.3: Hydrolysis and condensation reactions of TEOS precursors to form a 

siloxane polymer chain and subsequent network. [30] 

The chitosan network itself is held together with hydrogen bonds as shown in figure 

4.1. When this solution is added to the solution containing the siloxane polymer 

mixing occurs and the chitosan chains form their hydrogen-bonded network around 

the covalently bonded siloxane chains. The cross-linking between the two components 

thus occurs non-covalently by intermolecular hydrogen bonding in the polymer 

networks between the polar hydroxyl and amino functional groups of the chitosan 

polymer network and the polar hydroxyl groups of the TEOS network, figure 4.4: 

 

Figure 4.4: A schematic representation of the formation of a Chi-TEOS IPN 
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For the synthesis of the chitosan-glutaraldehyde cross-linked hydrogels 

glutaraldehyde solution (GA) (25%, 0.12 mL) was mixed with filtered ethanol (15 

mL) and allowed to continuously stir at room temperature for 30 minutes. Next, HCl 

(0.0274 mL), filtered ethanol (10 mL) and Millipore deionised water (25 mL) were 

added to a beaker and allowed to stir continuously at room temperature for 30 minutes. 

After 30 minutes the two solutions were mixed slowly, dropwise, with continuous 

stirring. The resulting mixture was then covered with Parafilm and allowed to 

continuously stir at room temperature for 24 hours, before being added slowly, 

dropwise to the chitosan solution, with continuous stirring. The resulting mixture was 

covered with Parafilm and allowed to continuously stir at room temperature for a 

further 48 hours. The mixture was observed to become viscous. The hydrogel was 

stored in a fridge at 4°C prior to use.  

Unlike the formation of the Chi-TEOS IPN, the reaction cross-linking the chitosan 

chains with glutaraldehyde molecules is a single step process in which the chitosan 

hydrogel is first prepared and then glutaraldehyde is added to the gel, which 

subsequently undergoes a covalent Schiff base reaction. Schiff bases are synthesised 

from an aliphatic or aromatic amine and a carbonyl compound by nucleophilic 

addition, followed by a dehydration to generate an imine [31], as shown schematically 

in figure 4.5 below: 

 

Figure 4.5: The formation of glutaraldehyde-based cross-links between chitosan 

chains via the formation of Schiff base imine functionalities. The chitosan polymer 

chains are chemically bonded by Schiff base imine bridges via cross-linking, 

creating a sterically more rigid structure. [32] 
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The ratio of (8:1) was chosen based on a previous study whereby the range of possible 

Chi-GA ratios were tested. It was found that the hydrogels that had higher 

concentrations of glutaraldehyde were unsuitable for the slot-die apparatus due to the 

increased viscosity and faster cross-linking reaction times. Glutaraldehyde has a high 

degree of reactivity with the amine groups of chitosan. [33] The slot-die process takes 

about 30 minutes to fully deposit the gel (approximately 20 – 25 mL) onto the 

substrate, but the reaction between chitosan and glutaraldehyde is very fast and for the 

higher concentrations of glutaraldehyde used it was observed that a solid gel formed 

in approximately 5 minutes, which could not be deposited via the syringe pump as 

currently configured.  

4.2.3 Tensile strength tests 

An Instron 5565 Universal Testing Machine was used to carry out tensile strength 

tests. The Instron is calibrated periodically using a set of reference weights that are 

certified annually by the National Metrology Lab, Dublin. In terms of standardising 

the tensile strength tests performed using this type of instrument, there is no material 

with a known stress strain graph that can be used repeatedly without suffering fatigue 

itself. Such a material would make the calibration temperature sensitive as it would be 

likely to exhibit different stress strain characteristics at different ambient temperatures. 

Therefore, the only standards measured for the Instron are force, displacement, and 

time. This factor was taken into consideration when collecting the tensile strength data. 

The thin films were cut using a rotary cutter into strips 40 mm to 10 mm in dimension. 

The samples were clamped in between PDMS supports giving a gauge length of 20 

mm. The strips were pulled apart along the 20 mm edge until breaking cleanly in the 

middle. [34] Test conditions at room temperature included a load of 5 kN, clamp speed 

of 0.5 mm.min-1 and data acquisition rate of 10 Hz. 

For the evaluation of possible anisotropy in the mechanical strength of the films in 

relation to the direction of travel of the film, strips were cut both parallel and at 

perpendicular right angles to this direction.  
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4.3 Results 

4.3.1 Slot-die film casting 

The films produced from the slot-die roll to roll casting method were found to possess 

relatively uniform thickness throughout the middle section of the strip (approximately 

5 cm in width), with thickness varying over the range 20 µm to 25 µm as measured 

using a 293-185 -MITUTOYO Quantumike digital micrometer. However, as might be 

expected, a greater variation in thickness was found towards the edges of the strips, 

where the thickness ranged from 25 µm to 40 µm. The average dimensions for each 

film sample grown was 5 cm x 25 cm but it is important to note that the method is not 

inherently limited to the production of samples of this size and much longer strips 

could easily be produced. The chitosan and Chi-TEOS films were translucent in 

appearance with a slight yellow colour. The Chi-GA film also displayed a translucent 

appearance but with a more vibrant yellow colour, as has been reported previously. 

[35, 36] Each film was thin and flexible to varying degrees, with little or no bubbles 

being observable by eye. Figure 4.6 shows photographs of some of the films produced 

by the slot-die apparatus described here: 

 

Figure 4.6: Photographs of the dry Chi-TEOS films approximately 23-24 cm in 

length (A), being peeled off the PET substrate on the slot-die apparatus (B) and a 

focus of a fragment demonstrating the transparency of the films (C) 

A 

B

 

C 
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4.3.2 Tensile strength tests 

For all three materials multiple tensile strength tests were performed until breakage 

and the displacement of force was recorded for each. Chitosan and Chi-TEOS films 

were tested 20 times while the Chi-GA films were tested 15 times. The reduced sample 

number for the Chi-GA films was due to the very brittle nature of these films relative 

to that of the chitosan and Chi-TEOS films, making them more difficult to handle. The 

median stress-strain graphs for each material calculated from all measurements taken 

are shown below, figure 4.7: 
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Figure 4.7: median values of stress vs strain for all samples studied. 

It was found that there was a considerable sample-to-sample variation in the position 

of the break point for all samples studied. However, the position of the initial yield 

point for the samples was remarkably consistent for each material examined. The yield 

point is the limit of the elastic region of the material i.e., any strain applied to the 

material after the yield point will result in permanent deformation. During the plastic 

phase of the stress-strain curve it is difficult to predict the breakage point due to this 

permanent deformation, so the yield point of the graphs was used as a more accurate 
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metric for comparison. As well as the yield point, the overall shape of the graph shows 

the type of material the films are, plastic or elastic. 

Based on the initial yield point of the tensile tests it appears that the strongest film is 

the Chi-GA with an average yield point value of 88.3 MPa and a stress breaking point 

of 8.5 %. The shape of the graph also shows that this material is much more brittle 

than the Chi-TEOS and plain chitosan samples which was noted during the testing.  

The average strain yield point for the plain chitosan films was 35.3 MPa with a stress 

breaking point of 20.1 %. In this case, the shape of the graphs indicates that material 

is more ductile than the Chi-GA samples. 

The average strain yield point for the Chi-TEOS films was 62.9 MPa with a stress 

breaking point of 19.2 %. Again, the shape of the graphs indicates that material is 

ductile and as an illustration of this it was observed that a high degree of ‘necking’ 

occurred during the testing. 

For the plain chitosan samples, mechanical testing was performed using strips cut both 

parallel to and at 90 degrees to the direction of travel of the film, figure 4.8.  
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Figure 4.8: Median values for chitosan stress vs strain samples cut parallel and 

perpendicular to the slot-die casting direction. 
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From figure 4.8 it may be seen that there are no significant differences that can be 

discerned from the data obtained for the samples studied. As can be seen from figure 

8 no significant differences were observed between samples cut parallel to or 

perpendicular to the direction of travel.  
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4.4 Discussion 

The slot-die technique described here demonstrates that a range of chitosan-based 

films can be synthesized rapidly and with a reasonable degree of consistency using a 

simple laboratory-built coating system. This is a very encouraging finding which 

clearly suggests that with some development the rapid production of highly 

reproducible chitosan-based films could be achieved in the high volumes needed for 

manufacturing. 

In the work presented here the average time required for a film to be cast, dried, and 

removed from the substrate was around 1.5 – 2 hours but it is easy to envisage that 

this time could be shortened by use of a vacuum pump in a sealed environment. The 

combination of the hotplate and the extractor fan provided adequate conditions for the 

formation of solid chitosan-based films while the use of the slot-die method ensured 

that the dimensions of the films in terms of length, width and thickness could all be 

controlled to a degree.  

The mechanical properties of the films in relation to their structure will be discussed 

in more detail in a forthcoming publication. However, from the data shown in figure 

4.7 it is apparent that, as expected, the plain chitosan film is shown to be the most 

ductile out of the three samples. With an average yield point value of 35.3 MPa, it is 

noted that this value compares very favourably with other data in the literature. [6, 37, 

38]   

Considering the molecular structure of chitosan, it can be seen that it consists of long 

polymer chains with a high degree of sterical flexibility. From figure 4.7 it is seen that 

the data for the chitosan sample adopts the appropriate shape of the stress: strain curve 

for such a material. The initial elastic region shows a linear relationship between stress 

and strain implying that the film would retain its original shape if it were freed from 

stress. As the stress reaches the initial lower yield point, the material shifts to the 

plastic region and further elongation is now permanent. The graph plateaus from here 

on with increasing strain, culminating to the higher yield point due to the necking 

phenomenon where the material becomes harder and thinner. At this point the material 

reaches its physical limit and breaks. This behaviour is typical for an elastic material. 

[34, 39] 
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The Chi-TEOS sample displays a higher yield point value than chitosan with a steeper 

elastic region, indicating that the material is more brittle. This is also shown in the 

higher degree of necking with a much steeper plastic deformation region indicating 

that the material can withstand more stress before it breaks. Based on the molecular 

structure of the Chi-TEOS samples it still maintains the inherent chitosan appearance 

but with the TEOS siloxane network wrapped intermolecularly by hydrogen bonds. 

This explains how the material can withstand more stress than plain ductile chitosan 

but still retain some elasticity. According to the literature, raising the concentration of 

TEOS in a thin film membrane increases the mechanical strength. As was the case for 

Yu et al. who made polyvinylidene fluoride–silica composite hollow fibre 

ultrafiltration membranes, a higher concentration of TEOS increased the rigidness of 

the films. [40] This is also seen by Ryan et al. who made chitosan-based hybrid 

composites with silica and polystyrene nanoparticles and measured an average 

breaking point of 75 MPa for their Chi-TEOS (1:1) films. [29] They also found that 

with increased TEOS concentration, their chitosan based composite films became 

more brittle. [28] 

The Chi-GA film data shows that material is brittle with a very steep elastic region 

and higher yield point. The film breaks at lower strain values than the other two 

materials studied, which indicates the brittle nature and lack of flexibility in these films 

and suggests that these films would not be suitable for applications where considerable 

flexing of the material is required although of course, subsequent studies using smaller 

amounts of glutaraldehyde may produce films that could overcome this limitation. The 

higher stress values plateau for a short amount of time before shattering, which is 

typical behaviour for a more rigid material. On the molecular level, the glutaraldehyde 

Schiff base bridges chemically bond the chitosan polymer network into a tight, 

sterically restricted structure as shown in figure 4.4. As a result, the material is unable 

to stretch or bend like chitosan or Chi-TEOS, but it can withstand higher stress levels. 

The average yield point for the Chi-GA sample was 88.3 MPa which is comparable 

with those presented in the literature. [41]  

Indeed these results are in accord with those obtained by Arianita et al. who found that 

adding glutaraldehyde to chitosan-cellulose materials increases the tensile strength, 

boosting the effect with higher concentrations of glutaraldehyde to a limit of 2-3%. 

[42] 
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Interestingly the preliminary examination of the samples in terms of possible 

directional anisotropy in the mechanical properties revealed little or no differences 

between the two directions sampled. The implication here is that the mechanical stress 

imposed on the hydrogel as a result of forcing it through the slot-die on the apparatus 

does not appreciably influence the structure of the films. Hence it may be concluded 

that the deposition process itself does not appear to influence the structure and 

measured mechanical properties of the films which means that the films produced 

using the slot-die approach should be directly comparable to those produced by other 

methods, although more data is clearly required before this can be shown to be the 

case, unequivocally. 
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4.5 Conclusions 

In this work it has been shown that reproducible chitosan-based films may be readily 

produced using a simple slot-die technique that could easily be up-scaled to enable the 

commercial production of such films. It has been demonstrated the use of this method 

for films consisting of chitosan alone, chitosan combined with TEOS to produce a true 

IPN in which the two polymeric networks are intimately mixed but possess only 

hydrogen bonding links between them and finally a cross-linked material based on 

chitosan in which glutaraldehyde is added to create Schiff base links between the 

amine groups of neighbouring chitosan chains. In addition, preliminary mechanical 

properties of all three types of films produced using the slot-die apparatus have been 

measured and shown to be comparable to the properties of chemically similar films 

that were prepared using different methods, exhibiting no obvious dependence on the 

direction of travel of the film in relation to the extrusion of the hydrogel through the 

slot. 

It is suggested that the approach described here open the potential to prepare a range 

of chitosan-based films using high-volume, continuous manufacturing methods and 

that therefore, new or improved products will emerge based on chitosan which may 

find application in the medical device industry in areas such as wound dressings, 

controlled-release drug patches and other important applications.  

In addition, this work opens the possibility of using chitosan-based films or indeed 

other films made from cheap, readily available materials such as cellulose, to produce 

biodegradable replacements for plastics and packaging, thereby helping to address one 

of the major problems facing society at the present time. 
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5. A Study of the Adsorption of 99mTcO4
-
 ions on 

Chitosan-based Films
 

This work was carried out in the Faculty of Natural Sciences, Comenius University in 

Bratislava with the assistance of Dr Olga Rosskopfová and Andrea Hamárová. 

5.1 Introduction 

5.1.1 Heavy metal pollution 

Pollution by heavy metals is an ongoing issue for our environment. The main 

contributors to heavy metal pollution are the rapid development of industry and 

agriculture. [1, 2] Heavy metals can discharge into the environment where they can 

threaten fragile ecosystems and humans through the food chain. [3] In general, living 

organisms require trace amounts of some heavy metals, e.g., iron, copper, cobalt, and 

zinc, as they are essential to maintain the metabolism. However, at higher 

concentrations these metals can be poisonous. They become toxic when they are not 

metabolized by the body and accumulate in the soft tissues. Other heavy metals, such 

as mercury, cadmium and lead are highly poisonous while some may even be 

radioactive. Heavy metals can enter the bodies of humans via the food chain, drinking 

water, air or absorption through the skin. [4] 

Radioactive metal isotopes, such as 99mTc (where m indicates a metastable 

radionuclide), and 137Cs are artificially produced in large quantities by the nuclear 

fission of 235U during both nuclear weapons tests and reactor operation. [5] 99mTc is a 

gamma emitter with a half-life on the order of 6 hours. 137Cs is a beta emitter with a 

half-life of around 30.17 years but it decays to yield 137mBa which is a gamma emitter. 

It is particularly dangerous since it may easily embed into biochemical cycles as a 

chemical counterpart of potassium and sodium. [6]  

The methods for removing heavy metals include electrolysis, [7] precipitation, [8] 

photocatalysis, [9] film filtration, [10] ion exchange [11] and adsorption. [12] 

Adsorption is considered an ideal method of removing heavy metals, as it is 

inexpensive, efficient, and non-toxic. [3] 
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5.1.2 Chitosan-based materials for heavy metal adsorption 

Chitosan-based materials can facilitate the removal of dangerous heavy metals from 

the environment. Adsorption is considered an effective and economical method of 

removing high concentrations of pollutants due to its potential reversibility. [13, 14] 

Therefore, over the past decade there has been considerable interest in finding sorbents 

with high adsorption capacities, fast adsorption/desorption rates, and easy separation 

and regeneration. [15, 16] 

For the materials that are the focus of this thesis, the main factors which influence the 

adsorption capacity on chitosan-based IPNs, and hydrogels are pH, sorbent dosage, 

temperature, and the initial concentration of solute. Interference with other ionic 

species should be also considered. As described earlier in section 2.1, in addition to 

the formation of IPNs, chitosan may be successfully combined with many other 

species to create potentially useful thin films. Examples of these include the Chi-GA 

and Chi-PAM films described in this work.  Films of these types of materials can also 

be used to exploit the adsorptive properties of chitosan. [17-19] 

Chitosan is potentially an ideal compound to be used for the adsorption of dyes, heavy 

metals, and radioactive metal isotopes due to the presence of the active amino and 

hydroxyl sites. The amino groups can be partially protonated in acidic media, after 

which they can absorb anionic dyes by strong electrostatic attractions. However, even 

though some heavy metals ions form cations in aqueous solutions, they can also be 

absorbed by chitosan through chelation in basic media via the unprotonated amine 

groups. In addition, it is known that some heavy metal ions can form anionic species 

in solution, such as the pertechnetate ion, TcO4
-
 [20, 21] In this case absorption may 

occur via the same mechanism as that seen for the anionic dyes. It is this dual 

mechanism for the adsorption of both anionic and cationic species that makes chitosan 

a formidable compound in adsorptive material research. Figure 5.1 attempts to 

illustrate the chemical adsorption mechanism of heavy metals onto chitosan cross-

linked by glutaraldehyde. The mechanism shows that the hydroxyl and amine groups 

of chitosan-based adsorbents are key sites for the chelation of heavy metals. [22] 

Chauhan and Mahajan [23] have studied the adsorption of metal ions from aqueous 

solutions on semi-IPN composite hydrogels. Wang et al. [24] have reported the 

preparation of semi-IPN hydrogels made from chitosan and gelatine, which have very 
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high adsorption capacities for Pb2+ and Cu2+. The enhanced mechanical strength also 

allows the sorbent to be reused. [25] 

In this present study we examine the use of chitosan and chitosan-based IPNs formed 

with tetraethyl orthosilicate silane (TEOS), which is also known as tetraethoxy 

silicate, 3-aminopropyltriethoxy silane (APTES), glutaraldehyde (GA), and 

polyacrylamide (PAM) for the adsorption of radioactive 99mTcO4
-
 ions from aqueous 

solution. Swelling and TcO4
- adsorption studies are reported, and comments are made 

as to the suitability of each material synthesised for the removal or TcO4
- ions from 

aqueous solution.  

 

Figure 5.1: Adapted from Briao et al. [22] The mechanism of monolayer chemical 

adsorption of heavy metal ions onto a chitosan-based adsorbent. Where Mn+ 

represents a toxic heavy metal species in aqueous solution.  
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5.2 Methods 

All chemicals used were of analytical grade by Lachema n.p., Czech Republic and by 

SLAVUS Ltd., Slovak Republic. Analysis of films by gamma spectroscopy was 

provided by the Faculty of Natural Sciences, Comenius University, Bratislava, Slovak 

Republic. 

5.2.1 Swelling characteristics 

To determine the swelling capacity of the chitosan-based films, they were cut into 2 

cm2, 3 cm2, 4 cm2 and 5 cm2 samples, and weighed before and after swelling in an 

acidic aqueous solution. The films were immersed in H2O, that was adjusted to pH 4 

with 0.1 N NaOH and 0.1 N HCl, for 30 minutes. The weight of the water before and 

after swelling was also recorded. After 30 minutes the samples were removed, dried, 

and immediately weighed on analytical scales. The percentage of swelling – Qeq (%) 

was calculated based on the following equation (Eqn. 5.1): [26, 27] 

Q
eq 

=
m1−m01

m1
 × 100       Eqn. 5.1 

Where:  

m01 is the initial mass of the films before swelling, and m1 is the mass of the films after 

swelling and centrifuging for 10 minutes. 

5.2.2 Adsorption experiments 

Adsorption experiments were performed by a batch method in a static arrangement 

under aerobic conditions at laboratory temperature. Technetium (IV) chloride 

TcCl4.xH2O solutions over a range of concentrations were prepared in 50 mL tubes 

with deionised water. The concentration range was 10-1, 5x10-2, 10-2, 5x10-3, 10-3, 

5x10-4, 10-4, 5x10-5 and 10-5 M. Radio-indicator 99mTcO4
- solution was prepared using 

a DRYTEC technetium-99m generator [28] where the metastable isotope 99mTc of 

technetium is prepared from a decaying sample of molybdenum-99.  

99mTc only has a short half-life of 6 hours, so long-term storage is impossible. It must 

be generated from 99Mo, which has a half-life of 66 hours, for it to be handled in the 

lab. 99Mo in the form of molybdate is absorbed onto acid alumina in a lead shielded 

column and allowed to decay into pertechnetate TcO4
-
. Flushing the column with 
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saline solution elutes the soluble 99mTc resulting in a solution of 99mTc with a sodium 

counterion. [29] 

Samples (25 µL) of the 99mTcO4
- solution were added to each tube and mixed. Nine 

samples of 1 cm2 squares of chitosan-based film were placed in separate test tubes and 

2 mL of the technetium solution was added to each. The ratio of the solid and liquid 

phases was 1:100. The solution/sample combinations were then mixed in a Multi Bio 

RS-24 laboratory extractor at a rate 35 rpm for 60 minutes. After adsorption the 

samples were centrifuged 10 minutes at 6000 rpm in a Hettich EBA 20 type centrifuge. 

Aliquot volumes of the supernatant were extracted and sent for analysis. A series of 

blank solutions without chitosan film samples was also prepared and sent for analysis. 

The measurements recorded here are not significantly affected by isotope decay. 

Adsorption analysis was performed on a 1470 Wizard Perkin Elmer automated gamma 

counter. The effects of the contact time, pH, sample size, and isotherms were analysed 

with a relative measurement error of < 5%. The adsorption properties of the chitosan-

based films; distribution coefficient (Eqn. 5.2), adsorption percentage (Eqn. 5.3), 

adsorption capacity (Eqn. 5.4), and equilibrium concentration (Eqn. 5.5) were 

calculated by the following equations: [26, 27, 30] 

KD = 
c0 - ceq

ceq
×

V

m
=

a0 - a

a
×

V

m
 ; [dm3∙g-1]   Eqn. 5.2 

R = 
100 × KD 

KD + (
V

m
)

 ; [%]        Eqn. 5.3 

Γ =  KD ∙ ceq ; [mol∙g-1]       Eqn. 5.4 

ceq=
c0∙a 

a0
 ; [mol∙dm

-3
]       Eqn. 5.5 

Where:  

c0 is initial concentration [mol·dm-3], ceq is equilibrium concentration [mol·dm-3], V is 

volume of aqueous phase [ml], m is mass of sorbent [g], a0 is volume activity of initial 

solution [Bq·ml-1, where Bq is the activity in [Becquerel], and a is equilibrium volume 

activity of solution [Bq·ml-1]. 
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The Langmuir and Freundlich isotherm models were used to evaluate the data obtained 

for the adsorption of 99mTcO4
-
 onto the chitosan-based films. 

The Langmuir isotherm (Eqn. 5.6) is a theoretical model used to describe a particular 

type of adsorption system. It is applied to monolayer adsorption on a homogeneous 

surface with no interactions between adsorbed species: [30, 31] 

 = 
max∙bceq

1+b∙ceq
         Eqn. 5.6 

Where: 

  is the adsorption capacity (mol·g-1), max is the maximum of the adsorption capacity 

corresponding to site saturation (mol·g-1), ceq is equilibrium concentration (mol·dm-3) 

and b is the ratio of adsorption/desorption rates. 

The Freundlich isotherm (Eqn. 5.7) is an experimental model that can account for 

multilayer adsorption on a heterogeneous surface, accompanied by interaction 

between adsorbed molecules and is usually expressed as follows: [30] 

 

= KF ∙ ceq
n

        Eqn. 5.7 

Where:  

KF is the Freundlich constant. ceq is the equilibrium concentration (mol.dm-3), and n is 

a power that represents degree of dependence of adsorption on the equilibrium 

concentration.  
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5.3 Results 

5.3.1 Evaluation of swelling characteristics 

In this work, the swelling properties of the chitosan-based films were characterized 

apart from the chitosan-only films, which were not sufficiently robust to withstand 

soaking in acidic media. The swelling was based on percentage mass gain, and not 

size increase of the samples. The swelling was determined by an immersion method 

in H2O at pH 4 and ran for 30 minutes at room temperature. The percentage of swelling 

Qeq is high in all cases. The dependence of swelling of the films on their growing area 

was determined, a full summary of the results can be found in the appendix section 

A.2. 

From figure 5.2, it may be seen that for Chi-TEOS (1:1), the film average percentage 

swelling across all samples is over 90%. This value is about the same for the Chi-GA 

(8:1) samples while the values for Chi-APTES (2:1) and Chi-PAM (1:1) samples are 

slightly lower. It may therefore be concluded that for all samples studied the 

percentage swelling recorded is very significant, being between 80 and 95% and while 

the variation between samples may be significant to a first approximation all samples 

behave essentially the same.  

A statistical analysis was performed using Pearson’s r correlation coefficient (Eqn. 

5.8) in order to examine any possible correlations that might exist between the mass 

gain data and the sample size used. The results of this analysis are shown in table 5.1 

below. 

𝑟 =
∑(𝑥−𝑥̅)(𝑦−𝑦̅)

√∑(𝑥−𝑥̅)2 ∑(𝑦−𝑦̅)2
       Eqn. 5.8 

Where: 

x is the values of the x-variables in a sample 

y is the values of the y-variables in a sample 

͞͞͞͞͞͞͞͞͞͞͞͞͞͞͞͞x is the mean of the values of the x-variable 

͞͞͞͞y is the mean values of the y-variable 



133 

 

0 1 2 3 4 5

0.85

0.90

0.95

1.00

1.05

 Chi-TEOS 1:1

 Chi-APTES 2:1

 Chi-GA 8:1

 Chi-PAM 1:1

Mass gain vs sample size during swelling

P
e
rc

e
n
ta

g
e
 m

a
s
s
 (

%
)

Area (cm2)
 

Figure 5.2: Dependence of film size to percentage mass gain during swelling at pH 4 

 

Film type Pearson’s r factor STD intercept 

Chi-TEOS (1:1) -0.95479 0.00831 

Chi-APTES (2:1) -0.91624 0.02119 

Chi-GA (8:1) -0.93251 0.01169 

Chi-PAM (1:1) -0.84357 0.02238 

Table 5.1: Calculated Pearson’s r factors for the potential correlation between % 

swelling as measured by mass gain and sample area (size). Straight line Pearson’s 

plots can be found in the appendix sections A.2.1, A.2.2, A.2.3, and A.2.4. 

Pearson's correlation coefficient (r) is a measure of the linear association of two 

variables, in this case, mass gain and sample size during swelling. Correlation analysis 

usually starts with a graphical representation of the relation of data pairs using a scatter 

diagram. The values of correlation coefficient vary from –1 to +1. [32] 

From figure 5.2 and table 5.1 above, it may be seen that for all samples a linear plot is 

produced when % mass gain is plotted against sample area. However, analysis of these 
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data sets revealed that all samples gave rise to negative Pearson r values, near to -1, 

which implies a negative correlation which in turn implies that as one parameter 

increases the other decreases. In other words, this analysis suggests that as sample area 

increases the % mass gain decreases and vice versa.  

Thus, it may be concluded that the swelling characteristic as measured using the 

percentage approach may be influenced by the apparent sample area, as might be 

expected for samples where variations in thickness might occur.  

With this in mind it is perhaps useful to point out that despite this, for the larger area 

samples it would be expected that the measured variation in sample mass determined 

before and after immersion would be the largest, and so given that the analytical 

balances employed could typically measure to 0.1 mg, the error associated with the 

swelling percentage values will decrease as sample area increases.  

5.3.2 Evaluation of the optimum pH for the 99mTcO4
-
 adsorption process 

Initial adsorption tests for 99mTc showed that the optimal contact time was less than 30 

- 60 minutes because the films began to degrade if left any longer. Furthermore, from 

the data depicted in figure 5.3 below it is proposed that the adsorption ability of all 

films is most efficient at pH 4. This could be due to increasing the chelation effect by 

protonating the amino functional groups. The positively charged amino groups interact 

with TcO4
-
 ions and capture them within the chitosan network by chelation, thus 

allowing them to be removed from the water sample. A figure has been produced 

which shows schematically how the pertechnetate ions might be chelated between the 

chitosan chains (Figure 5.1). However, at a more acidic pH, the protonation of the 

amino groups is so high, the active sites are unavailable for metal chelation. The H+ 

compete with the metal ions for the same binding site. [33]. The protonation of the 

amine groups induces electrostatic repulsion which decreases with a higher pH value. 

[34]  
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Figure 5.3: Adsorption efficiency R%, of 99TcO4
-
 ions on chitosan-based films (Chi-

TEOS IPN (1:1), Chi-APTES (2:1), Chi-GA (8:1) and Chi-PAM (1:1) at a pH range 

of 2-8 for samples of surface area of 4 cm2, after immersion for 30 minutes. 

Adsorption efficiency graphs for 2 cm2 and 6 cm2 can be found in the appendix 

section A.3. 

These initial results suggested that the most efficient type of chitosan film is that 

formed by cross-linking with glutaraldehyde with adsorption efficiency R% values as 

high as 80% at pH 4 for the samples of apparent surface area 4 cm2, figure 5.3.  

Interestingly at this pH there is no obvious dependence upon the surface area of the 

sample in terms of the adsorption efficiency R%, see figure 5.4. 
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5.3.3  Adsorption of pertechnetate ions 

After further sample optimization, the effect of the size-area of the chitosan-based 

films on the percentage adsorption efficiency R% of the samples when immersed in 

the pertechnetate ion solution was studied at the initial pH 4 for a contact time of 60 

minutes, tables 5.2 and 5.3 below: 

KD 2 cm2 3 cm2 4 cm2 5 cm2 STD 

Chi-TEOS 2.81 1.81 1.16 0.84 0.75 

Chi-APTES 0.74 0.81 0.86 0.59 0.10 

Chi-GA 44.46 25.34 25.5 20.74 9.12 

Chi-PAM 1.38 5.23 5.31 2.26 1.75 

Table 5.2: The effect of area of films on the pertechnetate diffusion coefficient KD 

R% 2 cm2 3 cm2 4 cm2 5 cm2 STD 

Chi-TEOS 65.18 64.45 60.83 58.21 2.82 

Chi-APTES 33.09 44.74 53.41 49.39 7.61 

Chi-GA 96.74 96.21 97.14 97.19 0.39 

Chi-PAM 47.87 83.94 87.62 78.97 15.73 

Table 5.3: The effect of area of films on the pertechnetate adsorption efficiency R% 

 

The data in Table 5.2 show the calculated distribution coefficient values which 

characterize the mobility of the pertechnetate between the aqueous phase and the solid 

phase. Low KD values indicate that the pertechnetate ions prefer to be in the aqueous 

phase. Conversely, high distribution coefficients indicate that the pertechnetate ions 

prefer to be chelated onto the chitosan-based films. [35] This analysis highlights very 

effectively why the Chi-GA films are consistently more able to chelate the TcO4
- ions, 

as evidenced by the fact that the average KD values for these samples are 10-20 times 

larger than the KD values obtained for the other samples. 
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Figure 5.4: Summary of the adsorption efficiency R%, of 99TcO4
-
 ions on chitosan-

based films Chi-TEOS IPN (1:1), Chi-APTES (2:1), Chi-GA (8:1), and Chi-PAM 

(1:1) at pH 4 for a range of sample sizes. Samples recorded after swelling for 60 

minutes immersion time. 

 

The adsorption efficiencies for 4cm2 samples in figure 5.3 are larger than that of figure 

5.4. This discrepancy is due to the fact that the samples were immersed for 60 minutes 

and had a longer time to adsorb the 99TcO4
-
 ions. 

From table 5.3, in the case of the Chi-TEOS films, as the size of the sample increases 

there is a very slight decrease in the values of R%, which range from 65.18% to 

58.21%. In contrast from Chi-TEOS, for Chi-APTES, it appears that as the sample 

size increases so the values of R% also increase although there is more variation in the 

values for these samples. The values R% for Chi-APTES were in a range from 33.09% 

to 53.41%. Interestingly, from table 5.3, the R% values for the Chi-GA sample are 

more convincingly independent of sample size but these samples also represent the 

highest vales of R% achieved, around 96%, indicating that these films are the most 
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efficient in terms of the adsorption of TcO4
- ions. In the case of the Chi-PAM films 

from table 5.3, as for Chi-APTES and Chi-GA, as sample size increases so the R% 

values also increase, but again there is considerable scatter in these data. What can be 

said is that from the R% values alone these films are second only to the Chi-GA films 

in terms of their adsorptive abilities towards the TcO4
- ions. The lowest R% values 

were for the films with area of 2 cm2 was 47.87%. Chi-PAM with size-areas 3 - 5 cm2 

had the adsorption percentages as high as 87.62%.  

Overall, it may be concluded that that the ability to adsorb 99TcO4
-
 anions on the 

chitosan-based films studied here decreases in the order of Chi-GA > Chi-PAM ≈ Chi-

TEOS >Chi-APTES. 

The structure of the cross-linked Chi-GA polymer contains a cyclic ring with the 

chitosan chain and bridging imine functional groups. The empty space in between is 

an ideal site for chelation of heavy metal species that contain anionic ligands. 

Protonated amino groups can chelate with the ligands and the polymer chain may 

naturally fold around and capture the whole heavy metal species. [36, 37] Figure 5.5 

below shows how the 99mTcO4
-
 ions may be trapped within the Chi-GA matrix: 

 

Figure 5.5: Molecular representation of a Chi-GA cross-linked blend showing the 

chelation mechanism for pertechnetate anions. 
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The adsorption process studied here is for a specific occurrence of technetium present 

as TcO4
-
. However, not all heavy metals have an anionic form in nature and yet they 

are affected by the adsorption properties of chitosan-based thin films. The proposed 

mechanism of adsorption for cationic heavy metal ions is as follows: [38] 

The kinetics of adsorption is controlled by both mass transport of the adsorbate to the 

active centre and the mechanism of attachment onto the substrate. The amine groups 

on chitosan are the main active sites that interact with metal ions although there will 

also be some other potential linkages possible through –OH groups for example. The 

amine groups may interact with metal ions through different mechanisms depending 

on the metal and the pH. The lone pair on the nitrogen may bind with metal cations in 

basic, neutral, or very weakly acidic pH. [38] The protonation of amine groups to NH3
+ 

makes the polymer cationic and consequently increases the potential for attracting 

metal (oxo) anions. [38] In an acidic medium the protonation of the amine groups will 

prevent them binding to cations and so it is to be expected that cations will be 

preferentially chelated under very weakly acidic or neutral pH conditions while metal 

(oxo) anions will be preferentially chelated under more acidic conditions.  

The following equation shows the generic mechanism for the chelation of di-cationic 

metals such as Pb(II) and Cd(II), under conditions where the amine groups are not 

protonated: 

M2+ + 2RNH2    →   M(RNH2)2
2+     Eqn. 5.9 

Similarly for metal (oxo) anions such as the pertechnetate species studied here, the 

following generic process might account for their trapping on the films surfaces under 

more acidic conditions where a significant proportion of the amine groups are 

protonated:        

MOx- + xRNH3
+

    →   MO(RNH3)x
      Eqn. 5.10 
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5.3.4 Adsorption Isotherms and possible adsorption mechanisms 

Additional adsorption experiments were carried out using a solution of pertechnetate 

ions at pH 5.5 with an initial concentration of aqueous phase ranging from 1.10-5 to 

1.10-1 mol·dm-3 and the percentage of pertechnetate was measured with the 

pertechnetate tracer. The results were plotted in terms of the real (data points) and 

idealized (solid lines) expected variation in coverage vs solution concentration 

obtained for both Langmuir and Freundlich adsorption models (Figures 5.6 and 5.7).  

 

Figure 5.6:  Isotherms obtained by fitting the data obtained for the range of chitosan-

based thin films studied here to a Langmuir model. 

APTES 
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Figure 5.7:  Isotherms obtained by fitting the data obtained for the range of chitosan-

based thin films studied here to a Freundlich model. 
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Figure 5.8: Adsorption measurements of pertechnetate anions on chitosan films at 

pH 5.5. Analysed with a relative measurement error of < 5%. 
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From figures 5.6 and 5.7 above it may be seen that by eye the ‘best fit’ of the data 

seems to be for the Langmuir-type process, where the coverage is seen to increase 

from zero until it reaches a plateau above which there is no further increase. Contrast 

this with the ‘best fit’ for a Freundlich-type process where the data points show a 

greater degree of scatter about the best fit line, which does not seem to reach a plateau. 

This indicates the coverage continuing to increase with increasing solution 

concentration. The measured data points remain the same for each isotherm, but the 

linear fit of the lines differ.  

In order to quantify the quality of the fit, the straight-line versions of both equations 

were generated, the quality of the fit now being assessed using linear regression, the 

R2 values. 
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5.3.4.1 Langmuir Isotherm straight-line plot derivation  

As discussed in section 5.2.2, the Langmuir isotherm may be written as follows: 

Γ = 
Γmax∙bceq

1+b∙ceq
         Eqn. 5.11 

Rearranging this formula as follows, gives the linear version: 

Γ

Γmax
 = 

Γmax∙bceq

1+b∙ceq
         Eqn. 5.12 

Multiplying both sides by 1+b∙ceq yields 

Γ

Γmax
 + 

Γ.bceq

Γmax
= bceq        Eqn. 5.13 

Now dividing by Г yields 

1

Γmax
 + 

bceq

Γmax
= 

bceq

Γ
        Eqn. 5.14 

Finally, dividing by b yields the linearised version of the Langmuir adsorption 

isotherm,   

1

bΓmax
 + 

ceq

Γmax
= 

ceq

Γ
        Eqn. 5.15 

Since for a given material both Гmax and b are constants, plotting 

ceq

Γ
 vs ceq  

gives a straight-line plot, where: 

1

Γmax
 = slope   

1

bΓmax
 = intercept 
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5.3.4.1 Freundlich Isotherm straight-line plot derivation  

Similarly, the Freundlich isotherm, Eqn. 5.16 below, may be rearranged to form a 

linear version: 

= KF ∙ ceq
n         Eqn 5.16 

 

Taking logs, we obtain 

 

log Γ = log KF + nlog Ceq     Eqn 5.17 

Since KF is constant a graph of  

log Γ  𝑣𝑠 log Ceq 

yields a straight-line plot where: 

n = slope 

 

The adsorption data were fitted to both a Langmuir and a Freundlich type isotherms 

as shown by the solid lines presented on the graphs in appendix section A.4. The data 

obtained from these graphs are presented in Table 5.4 below: 
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Model  

Adsorbents 

STD Chi-

TEOS 

Chi-

APTES 
Chi-GA 

Chi-

PAM 

Langmuir 

fitting 

parameters 

Γmax 1.35 1.73 1.06 0.97 0.30 

b 310.64 177.38 136.41 106.67 77.97 

R2 0.99 0.99 0.97 0.99 0.01 

Freundlich 

fitting 

parameters 

KF 2.78 4.08 2.57 2.23 0.70 

n 0.27 0.34 0.37 0.37 0.04 

R2 0.94 0.95 0.78 0.96 0.07 

Table 5.4. Langmuir and Freundlich isotherm parameters obtained via the fitting the 

measured data to the appropriate equations over the range of chitosan-based films 

studied. In this table Γmax is the calculated maximum theoretical coverage as 

expressed as number of filled sites divided by the number of actual sites and b is the 

Langmuir adsorption constant, while KF and n are constants associated with the fit 

obtained to the Freundlich isotherm, Eqn. 5.16. The R2 values describe the efficacy 

of the linear regression fit of the data to the equations.  

 

From Table 5.4 it may be seen that the experimental results for pertechnetate fit the 

theoretically-derived Langmuir isotherm model (R2 – from 0.97 to 0.99) better than 

the more empirical Freundlich isotherm model (R2 – from 0.78 to 0.96). This proposes 

that the uptake of 9mTcO4
-
 ions occurs on a homogeneous surface by monolayer 

adsorption. [39] Further, Ustynyuk et al. [40] proposed that the pertechnetate anion 

forms an asymmetric hydration shell of water molecules in aqueous solutions. This 

suggests that the adsorption of 9mTcO4
-
 occurs on the unprotected side of the anion, 

leaving a shell of water molecules facing outwards, which may contribute to 

monolayer adsorption over multilayer adsorption.  

The calculated fits for both types of isotherm using these R2 values suggest that the 

adsorption in question is best described by a Langmuir-type adsorption process 

although for the Chi-TEOS films there is no real distinction between the two processes 

based on the R2 value alone.  For this particular material the calculated value of Γmax 

for the Langmuir isotherm is >> 1, suggesting that multilayer adsorption can occur. 

Thus, it is possible that for this material, the true adsorption mechanism is likely to be 
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a hybrid mechanism, perhaps dominated by initial monolayer formation. Clearly 

further studies are required to fully evaluate the true nature of this process.  

Despite this uncertainty, one may speculate the meaning of this data. It is interesting 

to examine the data for the Chi-GA samples which in contrast to other data presented 

here have been shown to be the most active in terms of TcO4
- ion adsorption. For Chi-

GA samples, R2 is 0.97 as compared to the values of 0.99 obtained for the other 

samples.  

Accordingly, while the isotherm data suggest that a Langmuir-type process being 

applicable for all films studied, there is still degree of uncertainty regarding the true 

nature of the adsorption process.  

An important implication of this finding which was not properly tested here is that the 

adsorption process would be reversible if either type of isotherm was in operation. 

This would be a critical factor in determining the efficacy of using these films as a 

means of extracting heavy metal ions from solution while also being able to regenerate 

the films after use. With this in mind it is recognised that extensive further studies 

would be necessary before this point can be firmly established.  
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5.4 Conclusions 

This work has demonstrated that a range of chitosan-based films can be made simply 

and cheaply and then used to extract TcO4
- ions from aqueous solutions. The film 

which showed the greatest ability to adsorb the pertechnetate ions at pH4 was that 

made by cross linking chitosan with glutaraldehyde. This work also demonstrates that 

the films produced here might also be suitable for the extraction of other large, 

negatively charged ions from aqueous solutions. This could include other metal 

oxoanions or even negatively charged organic ions that may be formed following 

water contamination with metal-organic salts. 

As demonstrated in Chapter 3 these particular films show the highest mechanical 

strength but do tend to be somewhat brittle. Furthermore, as shown in Chapter 6, as a 

result of their composition and structure these films do not appear to possess any 

appreciable anti-bacterial activity in comparison with the other films studied. Since 

some antimicrobial activity could also be reflected in the film being less likely to 

exhibit fouling due to the formation of biofilms, the ability of these films to adsorb 

pertechnetate ions must be offset against such considerations when evaluating their 

efficacy to be used as filters. 

All films are shown to nearly double in mass as a result of swelling in aqueous solution 

of pH 4 which is relevant not only to adsorption studies but also potentially for drug 

delivery applications.  Models are presented which account for the efficacy of the films 

in terms of TcO4
- ion adsorption which invoke the proposed structural models for the 

films and their likely behaviour towards oxo anions of this type under mildly acidic 

conditions. The films have been ranked according to their percentage swelling as 

measured by mass gain and adsorption efficiency towards aqueous TcO4
- ions. Finally, 

preliminary isotherm studies suggest that a Langmuir type adsorption process is the 

preferred mode of adsorption for all films, but further experimentation is required in 

order to be able to properly confirm or deny this finding.  It is interesting that the data 

seem to favour the Langmuir, monolayer-type model over the Freundlich model. This 

finding does need further clarification, but it may be that the chitosan network is 

sufficiently open on a scale comparable to the size of the ions in question, that it 

effectively presents an extended surface over which monolayer adsorption dominates. 

In addition, there is little evidence in the literature to suggest that oxo-anions could 
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adsorb on top of sites already occupied by another oxo-anion and thus monolayer 

adsorption would be expected to dominate as a result. 
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6. A preliminary study on the antibacterial 

properties of selected chitosan-based films 

6.1 Introduction 

This work was performed by Oliver James Pemble together with Ms Rebecca Quinlan 

and Dr David Clarke of the Department of Microbiology at University College Cork. 

Bacterial contamination is a subject that is of great concern in a variety of areas, such 

as healthcare products, medical devices, food packaging, and hospital sanitation. [1] 

In particular, medical device bacterial contamination is a major problem to many 

medical disciplines that employ biomaterials. [2] Thus, researchers in relevant fields 

are attempting to develop diverse approaches to synthesise antibacterial materials for 

medical use. [3] The need for new materials that are resistant to microbial colonisation 

and biofilm attachment is apparent.  

In this present work we set out to perform a preliminary assessment of the antibacterial 

activity of the selected chitosan-based films studied here. The four film types prepared 

via the drop cast method; chitosan and tetraethyl-orthosilicate (Chi-TEOS), chitosan 

and 3-aminopropyltriethoxysilane (Chi-APTES), chitosan and polyacrylamide (Chi-

PAM), and chitosan and glutaraldehyde (Chi-GA) each display unique compositional 

properties that may affect bacterial cells. Each film was tested for their ability to inhibit 

bacterial growth and attachment over a period of 24 hours. The molecular chemistry 

of the films was assessed with regards to their interactions with bacteria and several 

mechanisms of the interactions are proposed.    

6.1.1 Bacteria 

Bacteria may be defined as single-celled microorganisms that inhabit virtually all 

environments including water, soil, organic matter, and other living organisms. [4] 

They are an example of one of the two type of living cells in nature. The two basic cell 

types are prokaryotes and eukaryotes, with prokaryotes predating eukaryotes for 

billions of years on earth. [5] Bacteria are prokaryotes, while animals, plants and fungi 

are eukaryotes. The name “prokaryote” means “pre-nucleus”, while eukaryotes 

possess a true nucleus, so one of the major differences between bacterial cells and 

mammalian cells is the presence of a defined nucleus containing the genetic 
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information. Bacteria have a plasma membrane and cell wall to protect them against 

changes in osmotic pressure and control the uptake of beneficial molecules/ions. [6] 

Some species of bacteria can live under extreme conditions of pressure or temperature, 

[7] and others are important for facilitating biochemical cycles and recycling nutrients 

in organic matter. [8] 

6.1.1.1 Bacterial growth and attachment 

Bacterial attachment or adhesion is the term commonly used to describe the ability of 

bacteria to grow on a surface and is the first step in bacterial colonisation, see figure 

6.1. The initial phase is driven by electrostatic interactions between the bacteria and 

the surface, so it can be reversed by simple washing. The final phase of bacterial 

attachment is the formation of a biofilm through stronger intermolecular forces such 

as hydrogen bonds. [9] The key factors that affect bacterial attachment are the surface 

chemistry, the surface topology, temperature, pH, and other competing bacteria. [10] 

These factors must all be considered when designing antibacterial materials.  

 

Figure 6.1: Schematic illustration of the five stages of the biofilm formation process. 

(I) initial adsorption, (II) irreversible attachment, (III)-(IV) growth and maturation 

stages, and (V) evolution into bacterial biofilms. [10] 

Bacterial growth refers to a complex process of reactions that synthesise and 

breakdown bacterial cell constituents and metabolites. Ultimately, under ideal 

conditions, these reactions lead to cell division. Typically, to understand the growth 

of bacteria, the cells are placed in a liquid nutrient medium under controlled 

environmental parameters. The increase in bacterial mass can be measured as a 

function of time to obtain a growth curve. Distinct phases can be observed within the 
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growth curve, the lag phase, the exponential phase, the stationary phase, and the death 

phase, see figure 6.2. [11] 

 

Figure 6.2: Typical growth curve for bacterial population [7]. 

In figure 6.2 CFU/mL refers to colony-forming unit per mL, which measures viable 

cells by calculating the number of colonies as factors of the dilution and volume of 

culture plate. [11] It should be noted that the way in which the bacterial growth is 

measured can influence the shape of the graph. For example, if optical density (OD) 

is used to measure the turbidity of bacteria in suspension, the onset of the death phase 

is not apparent due to the dead cells remaining and affecting the turbidity.  

6.1.1.2 Bacteria subgroups 

Bacteria are divided into two major subgroups, Gram-positive and Gram-negative. As 

per the Gram stain test, a colour change from a dye can distinguish between the two 

types; dark blue for Gram-positive bacteria and pink for Gram-negative bacteria. [12] 

Gram positive bacteria are surrounded by a thick cell wall containing peptidoglycan 

which consists of alternating N-acetylglucosamine and N-acetylmuramic acid chains. 

These chains are chemically cross-linked by binding proteins to provide rigidity to the 

wall. Figure 6.3 shows the molecular structure of the peptidoglycan cell wall which is 

negatively charged due to the carboxyl groups. [6] Listeria monocytogenes and 

Staphylococcus aureus or S. aureus are examples of Gram-positive bacteria. [13] 
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Figure 6.3: Structure of the alternating N-acetylglucosamine and N-acetylmuramic 

acid polysaccharide chains present in peptidoglycan. [6] Note the similarity in 

structure to the chitosan molecule, which comprises N-acetylglucosamine and 

glucosamine alternating units. 

The cell wall of Gram-negative bacteria is much thinner than that of Gram-positive 

bacteria, but Gram-negative bacteria have two membranes (an inner membrane and an 

outer membrane) of negatively charged phospholipids and proteins. The phospholipids 

provide a barrier for the uptake of any hydrophilic molecules and the proteins create 

pores that allow certain molecules to diffuse through. [6] Salmonella enteritidis and 

Escherichia coli or E. coli are examples of Gram-negative bacteria. [13].  

In this work both S. aureus and E. coli have been utilised. Figure 6.4 and figure 6.5 

below show magnified images of these bacteria. 
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Figure 6.4: SEM image of S. aureus cells. [14]  

 

 

Figure 6.5: SEM image of E. coli cells. [15] 
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6.1.2 Antibacterial materials 

Silver, specifically silver nanoparticles, are very promising antibacterial materials due 

to their broad spectrum of antibacterial activity, killing a variety of bacterium types 

including some that are antibiotic resistant. [16, 17] Nanomaterials in particular play 

an important role in antibacterial applications due to their large surface area and size 

dependant physiochemical properties. [18, 19] Via the introduction of silver 

nanoparticles into a material or on the surface of a material, silver ions can interact 

with the bacterial cell wall, membranes, and DNA by binding to the negatively charged 

surface and disabling the oxygen metabolising enzymes. [20] Generally, Gram-

positive bacteria are less susceptible to silver nanoparticles than Gram-negative 

bacteria, most likely due to the thicker peptidoglycan cell wall forming a dense 

network, reducing silver ion permeation. [21] Specific care should be taken before 

using silver nanoparticles as antibacterial agents as they have been reported to be toxic 

to certain mammalian cells. [22, 23] To address this issue, biocompatible polymeric 

materials are widely used to reduce the toxic effects of nanomaterials. 

Antibacterial polymers have a lot of potential in medical device research. They may 

be incorporated into biomedical applications such as sterile wound dressings (as 

discussed in Chapter 7) or disinfectants. For example, antimicrobial surgical gowns 

and antifungal coatings on surfaces utilize polymers to minimise the release of 

pathogenic microbes. [24] Polymeric antimicrobial materials have an advantage in that 

they can be non-volatile, chemically stable and do not permeate through human skin. 

They can reduce losses associated with volatilisation and decomposition that remain 

a significant challenge to certain medical implants. [25, 26] Infection is the most 

common case of biomaterial implant failure in modern medicine and antibacterial 

polymers may play an important role in reducing the incidences of that failure. [27] 

A bio passive polymer layer ensures minimum protein adsorption on the surface 

thereby preventing bacterial adhesion. These materials do not actively kill bacteria; 

the hydrophilic polymers merely prevent the bacteria from forming a biofilm.  A wide 

variety of polymers including poly (ethylene glycol), phosphobetaine, phospholipid 

polymers with a phosphorylcholine group, [28, 29] and polysaccharides have been 

examined as bio passive polymers. [30, 31] Bioactive polymers are polymers 

functionalised with antimicrobial agents, typically in the form of quaternary 

ammonium compounds (QAC) or antibiotics and have been demonstrated to kill 
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bacteria. QACs are among the most common antimicrobial coatings, utilising cationic 

functionality that interact with bacterial cell walls. [27] However, use of QACs have 

been known to have negative environmental impact as they become more widely used 

as the active ingredient for disinfectants. [32, 33] Chitosan is a bioactive polymer that 

interacts with bacteria using the same mechanism as QACs but has the benefit of being 

biodegradable and environmentally friendly. [34-36] 

6.1.3 Chitosan antibacterial activity 

The antibacterial properties of chitosan can be affected by many factors, including  the 

molecular weight of chitosan, [37, 38] the degree of deacetylation of chitosan, [39, 40] 

the pH value, [41, 42] the type of microorganism, [43, 44] temperature, [43] and cell 

growth phase. [43] Chitosan is most active on the surface of the bacterial cell where 

the interactions are considered to be electrostatic. [45] As discussed in section 1.6.2.1, 

the positive charge of a protonated amino group in chitosan can interact with the 

negatively charged molecules or functional groups on the bacterial cell surface. The 

permeability of the cell increases, causes leakage of the intracellular material, leading 

to bacterial death. [46, 47] Some research results show that chitosan may also affect 

DNA expression by binding to the nucleic acid in a bacterial cell, but chitosan must 

first penetrate the bacterial membrane in order for this to occur. [48] 

Chitosan displays different antibacterial effects on Gram-positive and Gram-negative 

bacteria. Fernandez-Saiz et al. [49] measured the antibacterial properties of chitosan 

acetate films against the growth of Salmonella and evaluated the effect of bacterial 

type on the films. They found that Gram-positive bacteria were more sensitive to 

chitosan due to their cell walls consisting of peptidoglycan and highly negatively 

charged polymers called teichoic acids. These acids, which are anionic polymers 

consisting of 20-30 repeat units of polyglycerol phosphates, [50] can interact 

electrostatically with chitosan. The Gram-negative bacteria cell wall is surrounded by 

a phospholipid membrane which is less anionic than that of Gram-positive bacteria 

and thus it was concluded that Gram-positive bacteria are more sensitive to chitosan 

as an antibacterial agent than Gram negative. [49] However, contrary to these results, 

Devlieghere et al. explored the suitability of chitosan films as a food preservative by 

measuring the growth of a number of different bacterium types. They found that the 

Gram-negative bacteria were more susceptible to the films than Gram-positive 

bacteria, the results of which varied greatly. [51] 
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The amino groups in the chitosan chain are essential for the antibacterial activity, but 

they can only have a relatively weak positive charge, limiting their effectiveness. 

Increasing the amino positive charge can improve the antibacterial activity of chitosan. 

[52] This has led to researchers modifying chitosan to form derivatives with improved 

solubility and antimicrobial properties. [53-55] Abbasipour et al. developed an 

advanced cotton gauze composite from chitosan modified with silver and zinc oxide. 

The results obtained illustrated that treating the chitosan-Ag-ZnO nanocomposite 

increased the antibacterial efficiency greatly for both E. coli and S. aureus. [56] A 

more detailed discussion of the effectiveness of chitosan as a material for wound 

dressings is described in chapter 7.  
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6.2 Methods 

6.2.1 Basic methodology for antimicrobial studies 

The methods employed during these experiments are described in detail in Chapter 2, 

section 2.2.4.  

Briefly, isolated colonies of E. coli and S. aureus were grown by inoculating agar 

plates with pure cultures of the bacteria and incubating them for 24 hours at 37 °C. 

After the incubation period, a single colony of each bacterium was transferred to 5 mL 

of liquid nutrient broth (Lysogeny Broth (LB) for E. coli and Brain Heart Infusion 

(BHI) broth for S. aureus) and incubated overnight with shaking at 37 °C and 30 °C, 

respectively. 1 mL of the overnight cultures was withdrawn and centrifuged at 14000 

RPM for 2-5 minutes and the resulting cell pellet was re-suspended in Phosphate 

Buffered Saline (PBS). The absorbance or optical density (OD) of the bacterial 

colonies were measured at a wavelength of 600 nm using a spectrophotometer 

(Shimadzu UVmini-1240 model) and adjusted to give an OD600=1.0.  

The chitosan film samples were placed in a 9 cm sterile plastic Petri dish and flooded 

with the respective nutrient medium broths (5 mL) and inoculated with the re-

suspended cultures (50 µL) to create a 1:100 dilution (equivalent to OD600nm = 0.01). 

The Petri dishes were placed in a humidified airtight container and incubated for 24 

hours (37 °C for E. coli and 30 °C for S. aureus). Control samples were prepared by 

inoculating with sterile PBS. 

6.2.2 Determination of bacteriological activity using Optical Density 

measurements 

Optical Density measurements were employed in order to quantify the growth of the 

bacterial cells in the medium and the attachment of the bacterial cells to the chitosan 

film. After incubation on the chitosan films, the broth was removed and an OD600 

reading was taken to measure the growth of bacteria in the broth. The films were then 

repeatedly washed with distilled water to remove loose cells before staining with 

crystal violet (CV) for 15 min to measure the attached biomass. The CV was 

solubilised in ethanol and the OD595 was taken as a quantitative measurement of 

bacterial attachment on the chitosan films. OD595 was used for the crystal violet assay 

because crystal violet has a maximum absorbance of 595 nm, and it is common 

practice for measuring biofilm formation assays. [57, 58]  
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6.3 Results and discussions 

While the antibacterial activity of chitosan is well known, [59] the specific 

antibacterial mechanism has not been definitely established. Research indicates that 

the pH, temperature, and ionic strength strongly influence the antibacterial activity of 

chitosan. [43, 60] An acidic pH (pH < 6) and high temperature (25 – 37 °C) can 

increase the ionic strength and improve the sterilizing effect of chitosan. [61] These 

factors and influences were considered when analysing the results of this study. 

6.3.1 pH of bacterial cultures 

A pH probe was used to measure the pH of the bacterial cultures after allowing them 

to grow for 24 hours. The results are displayed in table 6.1 below. In this table both 

control samples contained sterile growth medium (i.e., either LB or BHI broth).  

Sample OD600 pH 

E. coli control -0.07 7.0 

E. coli 1 2.10 7.5 

E. coli 2 2.06 7.5 

E. coli 3 2.06 7.5 

STD E. coli 0.018 0 

S. aureus control 0.07 7.0 

S. aureus 1 1.91 6.5 

S. aureus 2 1.69 6.5 

S. aureus 3 1.94 6.5 

STD S. aureus 0.112 0 

Table 6.1: Optical Density and pH measurements of E. coli and S. aureus overnight 

cultures. Control samples had no bacteria present. 

No chitosan-based films were present in these initial experiments.  From table 6.1 it 

may immediately be seen that the two types of bacteria generate environments which 

are similar, but which lie either side of the neutral point on the pH scale. Since the 

control samples were all adjusted to pH 7, it may be seen that the pH achieved is 

affected by either the growth of the bacteria or the growth medium broth. 
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6.3.2 Optical Density measurements 

The optical density tables may be found in the appendix section A.5. From these tables 

the following observations may be made: 

• Introducing the chitosan-based films causes a variation in pH as compared to 

the control experiments 

• Chi-TEOS (1:1) had an average attachment for E. coli of 0.47 ± 0.25 and an 

average attachment for S. aureus of 0.37 ± 0.03. The average growth for E. 

coli was 0.01 ± 0.01 and the average growth for S. aureus was 0.37 ± 0.06. 

• Chi-APTES (2:1) had an average attachment for E. Coli of 1.70 ± 0.32 and no 

attachment for S. Aureus. The average growth for E. Coli was 1.36 ± 0.42 and 

there was no growth for S. Aureus. 

• Chi-PAM (1:1) had an average attachment for E. Coli of 0.19 ± 0.05 and no 

attachment for S. Aureus. The average growth for E. Coli was 0.08 ± 0.01 and 

the average growth for S. Aureus was 0.16 ± 0.06. 

• Chi-GA (8:1) had an average attachment for E. Coli of 1.53 ± 0.86 and an 

average attachment for S. Aureus of 0.66 ± 0.58. The average growth for E. 

Coli was 2.05 ± 0.02 and the average growth for S. Aureus was 1.69 ± 0.05. 

• There was growth in the control samples for Chi-PAM, suggesting that 

contamination had taken place. Because of this, the interpretation of the results 

may not accurately reflect the antibacterial properties of the films. 
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6.3.3 Bacterial attachment 
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Figure 6.7: OD595nm values for bacterial attachment on all samples 

The attachment activity of E. coli on all films was higher than that of S. aureus. This 

may be attributed to the difference in cell wall structure or the presence of a second 

membrane. E. coli is a Gram-negative bacterium, the cell wall of which is made up of 

a thin membrane of peptidoglycan and an outer membrane constituted of proteins and 

phospholipids. Chitosan and its large molecular weight derivatives can be expected to 

coat the cell surface and prevent the leakage of intracellular components. [62] 

Helander et al. [63] found that chitosan disrupted the barrier properties of the outer 

membrane of Gram-negative bacteria via electrostatic forces. The amino groups in 

chitosan are protonated in acidic conditions, and the carboxyl and phosphate groups 

of the bacterial surface are anionic and offer potential sites for electrostatic binding. 

[64] On the other hand, S. aureus, a Gram-positive bacterium, has a thicker cell wall 

composed mainly of peptidoglycan, which may prevent the formation of a surface 

layer of chitosan. The thickness of the cell wall for E. coli is 7-8 nm, while the cell 

wall for S. aureus is 20-80 nm thick. [65] 
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The attachment of S. aureus was relatively low for all samples compared to E. coli, 

with Chi-APTES (2:1) displaying no attachment at all of S. aureus. Comparing Chi-

TEOS (1:1) and Chi-APTES (2:1), it may be that the presence of an extra -NH2 group 

on the APTES siloxane chain contributes to an enhancement of the electrostatic 

interactions between the samples and the E. coli bacteria cell surface. Further, the ratio 

of chitosan to siloxane polymer is larger in Chi-APTES (2:1) compared to Chi-TEOS 

(1:1), providing more -NH2 active sites to be protonated. The Chi-GA (8:1) samples 

are chemically bound by Schiff base cross-linked bridges via the -NH2 groups on 

chitosan, giving the polymer a rigid structure. This dense network is very mechanically 

resilient, see section 3.3.2, and resistant against bacterial enzymes. [66] One may 

expect reduced bacterial attachment due to the enhanced properties of a chitosan 

glutaraldehyde cross-linked structure. [67] 

A proposed mechanism for the antibacterial attachment activity for all chitosan-based 

films is quorum sensing inhibition. Quorum sensing (QS) is a mechanism of 

communication between microorganisms that leads to the process of biofilm 

formation. It is dependent on the constant secretion of signalling molecules into the 

bacterial environment. QS is a primary function that is vital for the regulation of cell 

processes such as the formation of biofilms or virulence factors. [68, 69] The 

increment in the resistance of microbes to antibiotics has led to research into other 

antimicrobial therapies such as reagents that block QS communication between 

microbes. [70] Based on this approach, cationic chitosan molecules have the ability to 

interact with the negatively charged surfaces of bacterial cell walls and inhibit the 

communication signalling molecules. This would lead to a delay in the formation of 

biofilms and reduced bacterial attachment. [71, 72] 
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6.3.4 Bacterial growth 
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Figure 6.8: OD600nm values for bacterial growth on all samples 

For all cases with an acid aqueous medium, we can expect the -NH2 groups in chitosan 

to be protonated to -NH3
+ cations to some extent. The electrostatic interactions 

between the -NH3
+ group and the polysaccharides on the cell membrane of E. Coli or 

the teichoic acids on the cell wall of S. Aureus will lead to an uneven distribution of 

negative charge on the bacteria. [73] This results in an imbalance between cell wall 

synthesis and dissolution, causing the cell membrane to become deformed, leading to 

rupture via osmotic pressure and eventual cell lysis or death. [74] The Chi-APTES 

(2:1) and Chi-GA (8:1) samples were in basic aqueous mediums for E. Coli 

specifically. This factor accounts for the high OD values for E. Coli in both attachment 

and growth studies, and the high degree of variability in the data. With no cationic 

interactions between the bacteria and the samples, the E. Coli is free to thrive in the 

basic medium, as indicated by the pH measurements of bacterial cultures in section 

6.3.1. 
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The most bacterial growth occurred on the Chi-GA samples, for which an explanation 

of the behaviour of the E. Coli samples is given above. The high degree of bacterial 

growth for the S. Aureus samples may be explained by the inert nature of the chitosan 

glutaraldehyde cross-linked polymer blend. While the antibacterial activity of 

glutaraldehyde is well known, [75-77] the chemical structure changes when it cross-

links with chitosan. [78]  

For the Chi-TEOS (1:1) samples, while both E. Coli and S. Aureus mediums were 

acidic, the E. Coli pH was 6.5 and the S. Aureus pH was 5.5. The difference in acidity 

may have affected the bacterial growth in the presence of the films. From the pH 

studies in section 6.3.1, it may be seen that S. Aureus metabolises a lower pH than E. 

Coli.  In fact, S. Aureus is able to survive in many different acidic environments. [79] 

In an acidic environment, a chitosan-based film is expected to swell as the chitosan 

molecules become uncoiled and assume a more elongated shape. [80] However, the 

TEOS siloxane polymer has a rigid frame and does not swell in accordance with pH. 

The combination of the two polymer networks allows the composite to swell and 

shrink with increased structural integrity. Park et al. [81] reported that the swelling of 

a chitosan-TEOS network caused the chitosan to block the pores of the TEOS network, 

reducing drug permeability through the membrane. They do, however, acknowledge 

that film permeation may also increase with swelling at an acidic pH. [82] The 

decrease in permeability in a more acidic pH may account for the higher rate of growth 

for S. Aureus than E. Coli on the Chi-TEOS (1:1) films due to less film surface area 

having access to bacterial cells. This is one explanation, but an equally plausible 

explanation may simply be related to the thicker cell walls of the Gram-positive 

bacteria having more of a resistance against the electrostatic forces from the -NH3
+ 

groups present on chitosan, as discussed earlier.  
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6.4 Conclusions 

While the results are consistent with the proposed structure of the composite films, 

more experiments are needed to strengthen the quality statistics of the data. The work 

carried out was preliminary and serves as an indication of the potential antibacterial 

and/or anti-attachment activity of the 4 chitosan-based films against E. coli and S. 

aureus.  

The most likely mechanism for the antibacterial/anti-attachment activity of the 

chitosan-based films are electrostatic interactions between protonated -NH2 groups 

from the chitosan chain, and the negatively charged bacterial cell walls. This is 

predicted to cause an imbalance of charge density across the cell surface, leading to 

cell rupture from osmotic pressure and eventual cell death. [60] 

The Chi-TEOS (1:1) films displayed promising anti-attachment and anti-growth 

properties. Excluding the results for the Chi-PAM films, the Chi-TEOS were the most 

effective. 

The Chi-PAM (1:1) films appeared to be the most effective against both bacteria, but 

the occurrence of bacterial growth in the control samples suggests it was contaminated. 

As such, the Chi-PAM (1:1) films cannot be properly evaluated and further work is 

needed to accurately test the antibacterial properties of the material.  

The Chi-APTES (2:1) films displayed good antibacterial properties against S. aureus 

but not E. coli. The E. coli samples were in a basic solution, preventing the protonation 

of the -NH2 groups and reducing the electrostatic interactions between the films and 

the bacterial cell walls. The pH of the solution will therefore need to be carefully 

monitored and corrected as necessary, in future experiments.  

The Chi-GA (8:1) film experiments may also have suffered from the basic pH solution 

described for Chi-APTES. Specifically, the E. coli samples had a pH of 8 so the 

potential antibacterial activity would have been reduced. The low level of attachment 

but high level of growth for S. aureus may be attributed to Schiff base linkages 

occupying the active -NH2 sites and reducing electrostatic interactions.  

As discussed in section 6.1.2, many different antibacterial materials exist. For future 

studies, it may be effective to incorporate these materials into the chitosan film 

synthesis, with a focus on toxicity and mechanical strength. Combining silver 
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nanoparticles with chitosan is a promising approach to the development of 

antibacterial films. The -NH2 groups on chitosan could coordinate with the silver metal 

ions and create multilayers of silver nanoparticles. [83] By pairing the antibacterial 

properties of both chitosan and silver ions, and fine-tuning the mechanical strength 

with cross-linking agents, the development of antibacterial chitosan-based films could 

play an important role in future biomedical applications. 
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7. Demonstration of a Chitosan-Based, pH-

Responsive, Smart Material for Potential Wound 

Dressing Applications 

7.1 Introduction 

This chapter describes work that was performed by Oliver James Pemble together with 

Dr Tomas Kohoutek, at the National Institute for Materials Science (NIMS) in 

Tsukuba under the direction of Professor Hiroshi Fudouzi. The aim of this work was 

to utilise chitosan-based films of the type described elsewhere in this thesis, together 

with flexible photonic crystals made using fluoro-rubber substrates combined with 

polystyrene spheres made at NIMS, to produce a prototype device capable of showing 

a visual colour change in response to a change in pH.  It is proposed that this type of 

device could be of particular use as a sensor in the monitoring of chronic wounds, in 

so-called ‘smart’ wound dressings, which are described in the following sections. 

7.2 Introduction to smart wound dressings 

Wound dressing development has become a billion-dollar enterprise around the world 

as medical technology advances in many promising ways. [1, 2] A wound dressing 

can be classified as a material that covers a wound to protect it from damage and 

promote healing. [3] To date, many different wound dressings have been developed 

for various specific wounds, [4-6] but they are still limited with regards to 

functionality. For example, most current clinical wound dressings cannot adjust their 

properties as the wound condition changes and redressing prematurely can cause more 

damage to the affected area. Any abnormal changes that may occur in the wound 

healing process can lead to the development of chronic wounds. [7] Smart wound 

dressings can in principle, not only detect, but also treat these issues, and there is a 

growing need to reduce the burden chronic wounds can have on a patient’s quality of 

life. [8] 
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7.2.1 What are smart wound dressings? 

Smart wound dressings can interact with, sense, and react to the wound condition or 

environment via the use of built-in sensors or smart materials. The different stages of 

the wound healing process each display specific characteristics and physiological 

reactions. [7, 9] Smart wound dressings are expected to take care of the needs of each 

stage and give an effective response to these reactions. A number of different types of 

smart wound dressing, such as monitoring, [10, 11] self-healing, [12] stimuli response, 

[13] and biomechanical [14] have been developed over the years. In particular, a pH 

sensitive smart wound dressing would be very effective in detecting the condition of 

chronic wounds. [15] There is a clear need for smart wound dressings equipped with 

physical and/or biochemical sensors that can determine and communicate the wound 

status in a cost effective and non-invasive manner. [16] 

7.2.2 Chronic wounds 

In chronic wounds, the physiological balance between tissue degradation and tissue 

regeneration is lost. As a result, destructive catabolic metabolism predominates, and 

proteolytic enzymes continue to break down protein in the tissue, hindering the healing 

process. Eventually when the healing is allowed to progress, the physiological balance 

is restored and the enzyme activity diminishes. [17] As a chronic wound heals, the pH 

of the affected area and surrounding tissue can fluctuate, prolonging the injury and 

causing discomfort for the individual. Figure 7.1 summarises the current data for the 

pH environment of chronic wounds. [17] 
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Figure 7.1: Typical variations in the pH environment ranging from healthy skin (4-6 

pH) [18] to chronic wounds (7-8 pH). The pH value is a rapidly dynamic factor in 

chronic wounds that can change with therapeutic interventions such as cleaning or 

removing infected or nonviable tissue. [17] 

Although there is still some debate on the pH of wounds, the widely accepted concept 

is that chronic wounds have a pH higher than 7, [19] but there are still a few studies 

that suggest the initial acute phase of the injury have a pH closer to 5.5. [20] In any 

case, since the pH at the wound site is different to that of the surrounding skin, 

researchers have made use of this pH difference to develop various pH responsive 

wound dressings. [13, 20-22] A simple and cost-effective method for determining pH 

is by using indicator dyes that absorb different wavelengths of visible light depending 

on the pH value. However, a challenge in using these dyes in close proximately to 

open wounds is that they must not leach harmful substances into the affected area. [23] 

Generally, pH-change-responsive wound dressings that can respond to slight 

variations are desirable. Hydrogels are ideal materials for detecting pH changes as they 

have the natural ability to swell in different pH conditions. [24] The pH responsive 

behaviour of hydrogels is caused by ionisable active sites in the polymer backbone. 

[25] When exposed to an aqueous solution of an appropriate pH, the active sites ionise 

resulting in the build-up of a fixed charge along the polymer chain. The generation of 

electrostatic repulsive forces causes water to either be absorbed or expelled, hence pH 

dependant swelling. [26, 27] It is this swelling principle that is the inspiration for the 
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use of hydrogels as pH sensitive indicators in wound dressings. Two particular 

examples of this approach are described briefly here. 

Sridhar et al. [28] developed a continuous pH monitor designed to be embedded into 

a wound dressing. The device uses a pair of wire coils which sandwiched a pH-

sensitive poly(vinyl alcohol)–poly(acrylic acid) hydrogel. As the hydrogel swells and 

de-swells with pH, the distance between the two coils changes, resulting in a change 

of inductance which is picked up by a wireless link. Wang et al. [13] developed a pH 

responsive wound dressing using a pH-switchable antimicrobial hydrogel fabricated 

from peptides. The hydrogel would release antibacterial peptides into the wound at an 

acidic pH, reducing chronic inflammation and promoting healing. This was based on 

the understanding that the pH of chronic wounds drastically changes when it has been 

infected. [29, 30]  

7.2.3 Ideal properties of smart wound dressings 

A smart wound dressing needs to be robust, flexible, and biocompatible. [31] Wounds 

often provide an ideal environment for the growth of bacteria and microorganisms. 

[32] To improve the process of wound healing, a wound dressing needs to provide 

conditions that are unfavourable for microorganism growth. In general, dressings can 

protect the wound from the outside world and act as a barrier from further bacterial 

infections, but the composition of the dressing plays a major role in maintaining a 

stable healing environment. [33] Oxygen delivery is a critical element in the healing 

of wounds, as it is an essential nutrient for cell metabolism. Thus, a desirable 

characteristic of wound dressings would be effective gaseous exchange of both air and 

water. [34] The retention of moisture may help accelerate the healing process as 

moisture facilitates the production of vital health defences in the body such as 

macrophages. An added benefit of a moist wound environment is reduced pain during 

rest. [35] The mechanical properties must be compatible to the topical application of 

dressings while at the same time providing an environment that can adapt to the 

healing processes of inflammation, regeneration, and remodelling. The material 

should not cause a toxic response when coming into contact with the skin and should 

be easily metabolised and cleared from the body. [36] The functions and important 

characteristics of wound dressings and wound healing devices are summarised in 

figure 7.2.  
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Figure 7.2: Functions and ideal characteristics of wound dressings and devices. [37] 

7.2.4 Scope of this work 

The scope of this work is to design and test a proof-of-concept pH sensor with 

chitosan-based films, using the principle of photonic crystal colour changes as an 

indicator for pH changes in proximity of a chronic wound. Chitosan was chosen as an 

ideal hydrogel polymer with many biocompatible properties. These properties are 

discussed in section 1.6. 

Chitosan is a natural polysaccharide with bacteriostatic, haemostatic and fungistatic 

properties that are very suitable for medical applications. Animal studies and human 

clinical trials have found that wounds treated with chitosan healed faster than wounds 

treated with chitosan-free dressings. [38-41] Indeed, the presence of chitosan on the 

surface of a wound can encourage collagen and hyaluronic acid formation as well as 

cell proliferation. [42] These biocompatible properties twinned with chitosan’s natural 

swelling ability make it the most desirable material for smart wound dressing design. 
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Sadri et al. [43] used electrospinning to make a polymeric nanofiber of 

chitosan/polyethylene oxide with green tea extract and investigated its antibacterial 

activity as a wound dressing. Although chitosan generally has poor mechanical 

properties, combining it with polyethylene oxide enhanced the strength and made it 

suitable for a wound dressing material. [44]  

In this work chitosan films were tested in neutral pH swelling experiments as part of 

a preliminary design for smart chronic wound dressing sensors. As well as plain 

chitosan, two other chitosan-based films which represent different polymer blend 

mechanics were tested in pH dependant swelling experiments. Both films displayed 

improved mechanical properties and higher tensile strength than plain chitosan films, 

as discussed in section 3.2.2. Chi-APTES is an example of a chitosan polymer blend 

in which hydrogen bonds attract the 3-aminopropyltriethoxysilane siloxane polymer 

chain to the chitosan polymer chain, creating a cross-linked electrostatic network. [45, 

46] As well as the improved mechanical properties over chitosan, Chi-APTES 

membranes have promising gas permeability properties due to the disturbance of 

chitosan intramolecular hydrogen bonding. The introduction of the APTES siloxane 

chain breaks some hydrogen bonds in chitosan to form new ones, thus increasing the 

amorphous regions of the membrane and also the gas permeability. [47] Chi-GA is a 

chitosan polymer blend with cross-linked glutaraldehyde forming chemical Schiff 

base bonds between amino groups on the chitosan polymer. [48, 49] The chemical 

Schiff base bonds gives the cross-linked Chi-GA superior tensile strength over plain 

chitosan, [50, 51] and also may contribute to the  improved hydrophobicity of the 

resulting material. [52] 
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7.3 Synthesis and characterisation of the chitosan films  

The prepared chitosan hydrogel was cast and dried to produce thin free-standing films. 

The films were pale yellow/brown in colour, transparent and flexible, see figure 7.3. 

 

OP1-A: Chitosan 1.3% w/v 

 

Thickness = 90 µm ± 4.5 

 

OP1-B: Chitosan 2.6% w/v 

 

Thickness = 190 µm ± 9.6 

 

OP1-C: Chitosan 3.9% w/v 

 

Thickness = 330 µm ± 16.4 

Figure 7.3: Photographs of the physical appearance of each chitosan film made with 

different concentrations and their average thicknesses. 

As the concentration of the hydrogel increased, the colour of the film intensified, and 

the surface roughness appeared to be less uniform. The average film thickness 

appeared to have a linear relationship with the concentration of the hydrogel used to 

make the film, see figure 7.4. As stated in Chapter 2, any hydrogel with a concentration 

higher than 3.9 % w/v was deemed inappropriate for film casting due to high viscosity 

and non-homogeneity.  
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Initial concentration swelling tests were carried out on chitosan-only films. Chitosan-

APTES (2:1) and chitosan-GA (8:1) films were also synthesised via the same method 

described in section 2.1.1 and drop cast for pH-based swelling tests. 
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Figure 7.4: Graph of the average chitosan film thicknesses at three different 

concentrations: 1.3 % w/v, 2.6 % w/v, and 3.9 % w/v. Each film was measured 20 

times using 293-185 -MITUTOYO Quantumike digital micrometer. 
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7.3.1 Swelling tests of free-standing drop-cast films 

The concentration of chitosan 2.6% w/v was chosen to be the default for all films 

tested as it showed the most durability with a relatively flat surface area. Initial 

swelling studies were carried out on a loose sample cut to 1 cm x 1cm. The square 

sample was weighed and placed in a glass Petri dish and covered with water and left 

to swell for 10 minutes. The sample was weighed again after swelling and observations 

were recorded.  

 

Figure 7.5: Schematic of initial swelling procedure on a free-standing chitosan film 

 

  

Figure 7.6: Square sample of 2.6% w/v chitosan film before swelling and dry (A) 

and after 10 minutes of swelling in water (B) 

It was observed that the film began to curl inwards as it absorbed the water but then 

laid flat in the Petri dish once it had finished swelling. The dry weight of the sample 

before swelling was 0.017 g (thickness ~190 µm) and the weight after swelling was 

0.096 g (thickness ~400 µm). The degree of deacetylation for the chitosan used was 

75-85 %, which was sufficient to allow the formation of a flexible film, but not too 

much so the film crystallises and reduces swelling ability. 

A B 
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The swelling of the chitosan film is a very important factor when considering medical 

device applications. A higher degree of swelling can cause a decrease in elasticity and 

tensile strength, whereas a lower degree of swelling would limit the functionality of 

the critical component of the device. The swelling behaviour refers to when water 

molecules enter the material and bind with the hydrophilic groups in the material’s 

molecular structure, in chitosan’s case, the -NH2 and -OH groups. The content of 

hydrophilic groups and the intermolecular forces are the two main factors that 

influence a material’s swelling properties. With an increase in the degree of 

deacetylation (DD), more amino groups are available for water interactions, thus 

increasing the swelling ability. [53] However, higher numbers of intermolecular 

hydrogen bonds prevent water from entering the crystal regions of the material, the 

water content present in dry chitosan is found to be lower with a higher DD. [54] It 

has been well reported in literature that the swelling capacity and tendency to 

aggregate is dependent on the DD of chitosan. [55-57] Therefore, when performing 

swelling experiments on chitosan-based materials, it is important to consider the DD 

as it may affect the swelling efficiency. For the sake of simplicity in this current work, 

only one type of chitosan (lower molecular weight) with a DD of 75–85 % was used, 

as this was found to be optimal for thin film synthesis from a previous study. [58] 

7.3.2 Synthesis of the flexible polystyrene colloidal photonic crystal films 

The polystyrene (PS) colloidal photonic crystal films were synthesised via the method 

described in section 2.2.6.2 and left to dry on a flexible fluoro-rubber sheet (figure 

7.9). Monodisperse 210 nm PS particles were synthesised by emulsion polymerisation 

of a styrene monomer in the presence of sodium dodecyl sulfate (SDS) as a surfactant. 

The full procedure is outlined by Furumi et al. [59] The PS colloid suspension was 

vertically deposited onto the flexible rubber substrate and covered with silicone oil to 

make a polystyrene photonic crystal film. The closely packed PS particles were spaced 

out by additional filling and curing with PDMS elastomer to allow for reversible 

structural colour change by elastic deformation, see figure 7.7. 
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Figure 7.7: Diagram of the cubic close packed (CCP) polystyrene particles deposited 

on the fluoro-rubber substrate and infilled with a PDMS elastomer to expand the 

space between particles to allow for structural colour change by elastic deformation. 

Taken from work of Fudouzi et al. [60] 

7.3.3 Proposed mechanism of colour change, flexible photonic crystals 

The mechanism in which the colloidal photonic crystal films change colour as the 

chitosan-based part of the film swells is as follows:  

A photonic crystal is a material that influences the propagation of photons. [61] 

Depending on the angle at which the light hits a material, some wavelengths cannot 

propagate through the material and are reflected, this is the colour that is seen. Other 

wavelengths may propagate, but at different angles the colour looks different.  

Briefly, the wavelength of the light that is reflected by the material, which is known 

as the stop band or photonic band gap, is governed by the Bragg-Snell equation, (Eqn. 

7.1) 

 

nλs = 2D (ηeff
2-sin2θ)1/2      Eqn. 7.1 

 

As implied by its name, this equation can be derived by considering a combination of 

Bragg’s Law which may be used to describe diffraction of light under various 

circumstances and Snell’s Law, which describes the relationship between angle of 

incidence and angle of refraction as light passes from one medium to another.    
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In this equation, n is the order of diffraction, λs is the wavelength of the stop band 

which corresponds to the observed colour of the film, ηeff is the effective or average 

refractive index estimated from a weighted combination of the refractive indices of 

the material that the particles are made of and the material in between the particles, θ 

is the angle of incidence of the light as measured from a normal to the film’s surface 

and D is the spacing between the particles making up the film, which for a close-

packed array of particles is related to the diameter of the particles d, by the simple 

geometric relationship D = 0.86d.   

Thus, it may be seen that at any given angle of incidence, there are two factors that 

may influence the position of the stop band – the effective refractive index and the 

value of D. 

The device constructed in this work consisted of a polystyrene-based colloidal 

photonic crystal made on a flexible rubber material, which was held in a rigid frame. 

A chitosan-based film was then attached to the flexible film in an arrangement where 

the device thus formed could be immersed in aqueous solutions of varying pH. Since 

it is known that under certain condition of pH the chitosan-based films would swell, 

this process was used to deform the flexible photonic crystal. This deformation then 

manifested itself as a colour change arising from a change in the position of the stop 

band. 

 

Figure 7.8: 210 nm polystyrene on a flexible rubber substrate at different angles to 

show the variation in the position of the stop band as a function of varying the angle 

of observation. 
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The effects of deforming these materials may be easily seen by observing the 

behaviour of the flexible photonic crystal when being stretched, figure 7.9 below: 

 

Figure 7.9: Polystyrene colloidal film successfully infilled with PDMS and dried on 

the flexible rubber sheet. The PDMS layer protects the colloidal film, and it can be 

handled without damaging the photonic crystal. Note the colour change observed 

from red to green as the material is being stretched which arises from the fact that the 

spacing between the colloidal polystyrene particles embedded in the flexible rubber 

decreases due to the compression resulting from the stretching. Credit: Professor 

Hiroshi Fudouzi, NIMS, Tsukuba, Japan. 

It is the dependence of the position of the stop band of the photonic crystal on the 

swelling process of the underlying chitosan-based film that forms the basis of the 

sensor design used here. Since the swelling is pH dependent, the change in swelling 

associated with a change in pH can, in principle, be detected by a simple visual colour 

change that requires no electrical power or external sensing device.  

For wound dressing applications, it is known that the pH of a wound changes when an 

infection sets in as described earlier. [17, 62, 63] Thus, a device of the type proposed 

here could provide a simple, visual indication of the presence of an infection in a 

wound.  
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7.3.4 Characterisation of the test structures 

SEM was used to examine the nature of the polystyrene photonic crystal made using 

the approach developed at NIMS, figure 7.10 below: 

  

Figure 7.10: SEM images of the polystyrene colloidal film on the fluoro-rubber 

sheet, recorded at NIMS Professor Hiroshi Fudouzi 

A hard plastic mesh served as the frame for the sensor design, which was devised by 

Dr Tomas Kohoutek. A framed bi-layer of 210 nm polystyrene photonic crystals on a 

rubber substrate and the chitosan film were fixed into the plastic mesh and stapled 

together, figure 7.11. 
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Figure 7.11: (A) The rigid plastic mesh frame with window as initial sensor design. 

210 nm polystyrene photonic crystals on flexible rubber substrate with PDMS 

protective layer was pinned to a chitosan film in the rigid mesh frame. (B) Schematic 

of a cross sectional diagram of the sensor design. 

 

 

 

 

A 

B 
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7.4 Sensor testing 

The sensor was allowed to swell in a glass Petri dish with water for 10 minutes. The 

purpose of the rigid frame was to force the chitosan film to swell in only a vertical 

direction and warp the photonic crystal layer, causing the colour to change.  

 

Figure 7.12: Schematic of initial swelling procedure of framed chitosan film sample 

with 210nm polystyrene photonic crystals on flexible rubber substrate. 

 

 

Figure 7.13: Framed sample of 210 nm polystyrene photonic crystals on flexible 

rubber substrate with PDMS protective layer pinned to a chitosan film before 

swelling (left) and after swelling (right) 

The framed sample began to bulge out of the frame window as it absorbed the water. 

The colour change from gold to green acts as an indicator that the chitosan layer was 

swelling, putting the flexible photonic crystal under compression in the frame, 

resulting in the stop band of the photonic crystal shifting from red to green due to an 

effective decrease in spacing between the polystyrene spheres, D, and the change in 

effective refractive index (see Eqn. 7.1)   
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7.4.1 Optical spectroscopy 

Optical spectroscopy performed with a fibre-optic reflection probe was used to 

characterize the structural colour change of the soft colloidal crystal film during the 

swelling process. A photograph of the experimental set-up used in shown in figure 

7.14 below: 

 

Figure 7.14: Fibre-optic reflection probe set-up with spectrometer and optical 

spectroscopy software. 

The prototype sensor with the bi-layer of the chitosan film and 210 nm polystyrene 

photonic crystal film on a rubber substrate was placed in a petri dish and the stop-band 

peak centre on a single point was measured using the reflection probe. Water was then 

poured into the dish and as the film began to swell, the stop-band peak centres were 

measured in 5-minute intervals for 2 hours. The sensor was also tested using Chi-

APTES (2:1) films and Chi-GA (8:1) films at different pH levels. A pH buffer was 

used to change the pH of the water for swelling. 
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7.5 Results – Observed variations in stop band 

7.5.1 Chitosan films – neutral pH 
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Figure 7.15: Stop-band peak centres of a 2.6% w/v chitosan film with 210 nm 

polystyrene photonic crystal layer on rubber substrate swelling in water over 2 hours. 

   

0 min 5 min 120 min 

Figure 7.16: Photographs of the sensor during different periods of swelling. As the 

film began to swell, the centre of the sensor began to bulge out and warp the rubber 

substrate with photonic crystal layer. 

The stop band peak centres were measured as a relative effect on a single point on the 

sample. Visually the swelled sample appeared to have a range of colour changes 

depending on the angle in which it was viewed. To avoid human error and as a way of 

reliably measuring a quantifiable colour change, the reflection probe measured the 
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stop band peak centres over the course of 2 hours. The graph in figure 7.17 shows the 

wavelength of light as measured by the reflection probe decreasing over the period of 

2 hours from 596 nm to 572 nm. This change can be attributed to the chitosan film 

absorbing the water and swelling the photonic crystal layer. The colour change 

observed from red to green is caused by the spacing between the colloidal polystyrene 

particles decreasing as they are compressed by the bulging chitosan film. They are 

allowed to move in this manner because of the infilling of the PDMS elastomer after 

the photonic crystal synthesis process.  
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Figure 7.17: Stop band peak centres of the plain chitosan film swelling in water over 

a period of 2 hours. 

A full list of all the stop-band peak centre graphs can be found in the appendix section 

A.6. 
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7.5.2 Chi-APTES (2:1) – variation in stop band position as a function of 

pH 

The Chi-APTES (2:1) films were tested for their swelling ability at different pH 

conditions from 4.01 to 10.9. The stop band peak centres were measured over a period 

of 2 hours, see figure 7.18. To determine the overall swelling ability of the films, the 

stop band peak centres at 0 minutes and 120 minutes were recorded and the difference 

between the two values was classified as the swelling factor for that film, see figure 

7.19.  

The swelling ability for the Chi-APTES (2:1) films was found to be highest at pH 8.13 

with a swelling factor of 21.88 and lowest at pH 10.9 with a swelling factor of 6.33. 

The chitosan films are hydrophilic so we can expect a degree of swelling to occur at 

neutral pH. At pH 6.86 the swelling factor was 14.09, which increased to 16.56 at pH 

5.55, as expected. The -NH2 groups were ionised at an acidic pH and repelled each 

other, causing the film to swell. The swelling factor at the lower pH value of 4.01 

decreased to 15.87, which may be attributed to the shielding effect of excess H+ ions 

in solution. [64] The high swelling factor at pH 8.13 may be a result of the film 

contracting from the deprotonation of the -NH3
+ groups causing the photonic crystal 

layer to shrink. As the space between the particles decreases, the stop band peak 

centres shift to a lower wavelength. The swelling factor was affected by the films both 

swelling and contracting, either bulging and pushing the colloidal particles together, 

or shrinking and pulling them closer to each other. The same shift to a lower 

wavelength was observed in both scenarios, which explains the high swelling factor 

recorded at a basic pH value. Similarly, the very low swelling factor at pH 10.9 may 

be attributed to the reduction of H+ ions, thus having little to no effect on the swelling 

mechanism, either contracting or bulging.  
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Figure 7.18: Chi-APTES (2:1) stop band peak centres during swelling at varying pH 
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Figure 7.19: The swelling abilities of Chi-APTES (2:1) films, at different pH values, 

recorded from 0 minutes to 120 minutes, in order to determine the swelling factors. 



199 

 

7.5.3 Chi-GA (8:1) – variation in stop band position as a function of pH 

The Chi-GA (8:1) films were tested for their swelling ability at different pH conditions 

from 4.01 to 8.13.  The stop band peak centres were measured over a period of 2 hours, 

see figure 7.21. To determine the overall swelling ability of the films, the stop band 

peak centres at 0 minutes and 120 minutes were recorded and the difference between 

the two values was classified as the swelling factor for that film, see figure 7.22.  

The swelling ability for the Chi-GA (8:1) films was found to be highest at pH 5.5 with 

a swelling factor of 28.37 and lowest at pH 4.01 with a swelling factor of 19.74. The 

same pattern of swelling for Chi-APTES can be observed in the Chi-GA samples. 

Again, the films are hydrophilic so some swelling at a neutral pH is expected. At pH 

6.86 the swelling factor was 20.11, which increased to 28.37 at pH 5.55. The swelling 

factor at the lower pH value of 4.01 decreased to 19.74, which again may be attributed 

to the shielding effect of excess H+ ions in solution. [64] Based on figure 7.21, it is 

likely that the film swelling at pH 10.9 was erroneous due to the linear decline of the 

wavelengths. This may have been due to a fault in the equipment, human error, or the 

strong basic environment breaking down the Chi-GA film. For this reason, the data 

for pH 10.9 is omitted from figure 7.22. 

The covalent cross-linking between chitosan and glutaraldehyde form Schiff base 

bridges on the primary amino groups of chitosan. The apparent increase in the film 

swelling observed as compared to chitosan only or Chi-APTES (2:1) films can be 

related to the fact the cross-linking reaction promotes the chemical interconnection 

between chitosan polymer chains, decreasing the material mobility and hence the 

outward swelling degree. [65] As discussed in section 7.3.3 and section 7.5.1, the 

wavelengths of the stop band peak centres were decreasing due to the colloidal 

particles being compressed by the bulging chitosan film. Chi-GA is a tightly packed 

network due to the Schiff base bridges between chains so its “swelling” ability may 

be attributed to compression instead. In addition, cross-linking in Chi-GA (8:1) 

reduces the amount of free amino groups, decreasing the chitosan ability to form 

hydrogen bonds with water molecules and subsequently the swelling ability. [66] 
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Figure 7.21: Chi-GA (8:1) stop band peak centres during swelling at varying pH. 
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Figure 7.22: The swelling abilities of the Chi-GA (8:1) films at different pH values, 

recorded from 0 minutes to 120 minutes, in order to determine the swelling factors.
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7.6 Conclusions 

The required proof-of-concept has been achieved in that prototype device materials 

have been fabricated which may be used as visual indicators for pH changes. The 

measured response is in the form of a clear colour change while the device requires no 

external power supply or electronic sensors to operate.  

It has been demonstrated that in the fabricated devices different film types react 

differently to pH which has been accounted for by considering the differences in 

chemistry between the films.  These differences in chemistry could now be used to 

fine-tune the properties of the devices for a range of potential applications, including 

smart wound dressings but also potentially being extended to other areas where the 

simple, visual monitoring of pH could be beneficial, including other medical devices 

such as drug-release skin patches and the monitoring of water quality and pollution. 

Concerning the target application underpinning this work, that of smart wound 

dressings to deal with chronic wound situations, it is known that the real state of 

chronic wounds is complex, and the pH changes observed are often quite subtle and 

so more research will be needed to fine tune the chitosan-based films – film thickness, 

concentration, cross-linkers, and photonic crystal size. 
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8. Conclusions and suggestions for further work 

8.1 Summary of work presented, and conclusions drawn 

The work presented in this thesis provides an insight into the ease with which chitosan 

may be incorporated into a range of films using additional reagents designed to modify 

certain properties of the films including mechanical strength, sorptive behaviour and 

anti-microbial properties.  In doing so, the thesis has shown the potential for the use 

of chitosan-based films in a range of important industrial and environmental 

applications. As examples, the thesis shows how certain types of films could be used 

to extract dangerous metal ions from solution and also presents a new type of pH 

sensor based on a combination of the properties of chitosan films combined with those 

of colloidal photonic crystals. Overall, it is hoped that the thesis may inspire others to 

study chitosan-based films with similar types of applications in mind. 

The material chitosan is a commercially available polysaccharide that is non-toxic and 

biodegradable. It may be produced via the deacetylation of chitin, sourced from 

crustacean shells or fungi, using chemical or enzymatic industrial processes. With an 

active -NH2 group, it is acid soluble and may interact with other electrostatic species 

both cationically and anionically. These electrostatic interactions are the core 

mechanisms on which this material may be used in sorption, antibacterial and swelling 

applications. The amino group also allows the molecule to form Interpenetrating 

Polymer Networks (IPNs) and polymer blends with other materials. By combining 

chitosan with another polymer, the properties may be improved to enhance mechanical 

strength, absorption ability or antibacterial activity. Chitosan has been used in many 

biomedical and environmental fields and is one of the most versatile natural 

macromolecules due to its amphiphilic nature. 

One of the most popular ways to prepare samples of chitosan is in a film from a 

hydrogel base.  As it is soluble in mildly acidic aqueous solutions, it can easily be 

combined with other soluble polymers or reagents such as tetraethyl-orthosilicate 

(TEOS), glutaraldehyde solution (GA), 3-aminopropyltriethoxysilane (APTES) and 

polyacrylamide solution (PAM). For TEOS and APTES, they must undergo a 

hydrolysis and condensation reaction to form a siloxane polymer network, then 

combine with chitosan via hydrogen bonds to produce an IPN. The reaction of cross-

linking chitosan with GA is a single step process called a covalent Schiff base reaction. 
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Schiff bases are synthesized from an aliphatic or aromatic amine and a carbonyl 

compound by nucleophilic addition, followed by a de-hydration to generate an imine. 

This results in a Schiff base bridge between chitosan chains. Chitosan and PAM form 

a polymer blend by simple mixing the two compounds in a mildly acidic solution. 

Crosslinking these materials together can change and improve the base mechanical 

properties of chitosan, allowing it to be applied in different fields.  

The mechanical strengths and ductility of these films were ranked and equated directly 

with their proposed structure as interpreted from the FT-IR analysis. Not surprisingly, 

the chitosan-GA films were found to possess the highest initial yield points suggesting 

that cross-linking does increase the robustness of the films while also decreasing their 

ductility, making them somewhat brittle. The next highest mean yield strengths are 

those associated with chitosan-TEOS IPN and the polymer blend, chitosan-PAM, with 

these samples showing essentially identical average behaviour in terms of mean yields 

strength, being consistent with an overall increase in robustness that arises from the 

mixing of two polymeric systems. Next in this series comes the IPN chitosan-APTES 

which might be expected to have reduced cross linking between the siloxane chains as 

a result of replacing an ethoxy group with an aminopropoxy ligand. With the 

improvement of the mechanical properties of the chitosan-based films, the next step 

was to develop a method of producing these films quickly and cheaply without 

affecting the chemistry. The usual drop cast method of synthesising films takes 

approximately one day to complete. 

A stand-alone study which has been published in the journal Polymers (A slot-die 

technique for the preparation of continuous, high-area, chitosan-based thin films, 

Oliver J Pemble, Maria Bardosova, Ian M Povey, Martyn E Pemble, 2021/5/13, 

Polymers, Volume 13, Issue, 10, Pages 1566) was presented to addresses the potential 

of mass production. The high-volume manufacturability of the various chitosan-based 

films was achieved via a novel slot-die casting technique. Chitosan hydrogel blends 

were extruded through a doctor blade nozzle onto a PET substrate and dried within 1 

or 2 hours. Although the equipment used to produce these films in a manner which 

would be suitable for roll-to-roll applications has not been optimised, this study serves 

to provide the proof-of-concept that chitosan-based films could be made more 

efficiently. Interestingly in this simple study, no evidence of the influence of the 
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direction of travel of the films during deposition on mechanical properties was 

observed, suggesting that such properties arise on the much smaller molecular level.   

The first application study of the films produced here, namely that of the ability (or 

otherwise) of the chitosan-based films to adsorb radioactive technetium pertechnetate 

99mTcO4
-
 ions from solution was the focus of chapter 5. Performed in collaboration 

with colleagues from the Faculty of Natural Sciences, Comenius University in 

Bratislava, this study highlights the issues associated with dangerous radioactive 

materials that can find their way into water supplies after being released as by-products 

from the nuclear industry. The chitosan-glutaraldehyde films showed the greatest 

ability to adsorb the technetium pertechnetate ions at pH4. As demonstrated in Chapter 

3, these particular films show the highest mechanical strength but tend to be somewhat 

brittle. Using models based on the Langmuir and Freundlich isotherms, the data for 

the uptake of the 99mTcO4
-
 ions from solution were evaluated and it was concluded that 

while it was most likely that a Langmuir-type, monolayer-based adsorption process 

was in operation, a multilayer (Freundlich-type) process could not be ruled out.  

The next application presented was a preliminary antimicrobial study performed 

together with colleagues from the Microbiology Department at University College 

Cork. This study was chosen since one of the emerging applications of chitosan-based 

films at the time of writing is that of wound dressings, where bacteriological control 

would be paramount. Both Gram-positive and Gram-negative bacterial attachment and 

growth were studied. It was concluded that the results were very pH-dependent but 

overall, in terms of both attachment and growth, the chitosan-tetraethyl-orthosilicate 

IPN was the most active material. Furthermore, as a result of their composition and 

structure the chitosan-glutaraldehyde films do not appear to possess any anti-bacterial 

activity in comparison with the other films studied. Since some antimicrobial activity 

could also be reflected in the film being less likely to exhibit fouling due to the 

formation of biofilms, the ability of these films to adsorb the technetium pertechnetate 

ions must be offset against such considerations when evaluating their efficacy to be 

used as filters, as the mechanisms of ion adsorption and antibacterial activity are 

similar. Indeed, the anionic surface of a bacterial cell wall may act similarly to a 

pertechnetate anion when interacting with positively charged chitosan. 
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Finally the last study builds on some of the ideas discussed in chapters 3, 5 and 6 to 

produce a prototype would dressing material which shows the ability to respond 

visually to a change in pH. A fluctuating pH is a common occurrence for chronic 

wounds specifically. This work, performed in the laboratories of Prof Hiroshi Fudouzi 

at NIMS, Tsukuba, Japan, uses photonic crystal technology to produce a visual colour 

change when the films are distorted as a consequence of pH-induced swelling. With 

considerable assistance provided by Dr Tomas Kohoutek, the various films produced 

here were shown to give a distinct red to green colour change which required no 

externally applied power supply to be seen. Thus, the required proof-of-concept has 

been achieved and the prototype devices have been fabricated which may be used as 

visual indicators for pH changes. While again also a preliminary study, the potential 

of such layered structures based on photonic crystals and chitosan-based films has 

been clearly demonstrated by this work.  

8.2 Suggestions for further work 

As chitosan is such a diverse material, it can be combined with many different types 

of reagents. For future studies, it would be interesting to create more composite films 

from materials with varied functional groups and study their properties. Mechanical 

strength, solubility, adsorption efficiency, antibacterial activity and swelling capacity 

may be improved by creating new polymer blends or IPNs. 

For the slot-die technique, scaling up the procedure to become a true roll-to-roll 

method would increase the production of films rapidly. Factors such as temperature 

and pressure may be altered to dry the films more efficiently. Optimising the 

formulation of the chitosan hydrogel to set faster without sacrificing the mechanical 

stability of the final product would also be a viable option for industrial 

implementation.  

A wider range of toxic materials should be studied as to their ability to be adsorbed 

onto chitosan-based films. Testing true water samples from a contaminated 

environment would provide interesting results for the adsorption efficiency of 

chitosan. In addition, re-useable chitosan-based filters should be evaluated for a range 

of toxic dyes and heavy metals in water samples. 

A more detailed antimicrobial study must be performed on chitosan samples combined 

with known bacteriostatic agents. The environment of the bacterial growth must also 
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be considered. It would be beneficial for bacterial growth to be supressed in areas 

relating to food packaging, medical device production or infection control situations. 

The wound dressing prototype may be improved through a number of different 

approaches. The ability to tune the colour changes that can be induced by distorting 

the photonic crystals should be thoroughly evaluated. The photonic crystal stop band 

may be controlled by altering the size of the particles, spacing between particles and 

infilling material. The type of chitosan polymer blend can be altered to maximise the 

swelling ability of the dry film. The design of the sensor device could be modified to 

cause a bigger stop band peak centre variation, allowing for easier reading of the 

colour change. Additionally, these factors must consider what the final product may 

appear like, as a wearable medical device. 
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Appendix 

A.1 Chapter 2: Schematic of all chitosan film composites 
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A.2 Chapter 5: Swelling percentages 

Individual plots of percentage swelling as measured by mass gain vs sample area (size) 

showing the statistical parameters calculated. 

Chi-TEOS 

1:1 

S [cm2] m01 [g] m1 [g] m02 [g] m2 [g] Qeq [%] 

2 9.8311 9.6366 0.0052 0.1754 98.02 

3 9.9234 9.4082 0.005 0.1121 94.81 

4 9.9492 9.3148 0.0059 0.2833 93.62 

5 9.9285 9.3095 0.0092 0.1998 93.77 

 

Chi-APTES 

2:1 

S [cm2] m01 [g] m1 [g] m02 [g] m2 [g] Qeq [%] 

2 9.8276 9.3106 0.0069 0.5038 94.74 

3 9.9608 8.7277 0.0065 0.6478 87.62 

4 9.9085 8.8473 0.0061 0.6589 89.29 

5 9.9332 8.7282 0.0178 0.6314 87.87 

 

Chi-GA 

8:1 

S [cm2] m01 [g] m1 [g] m02 [g] m2 [g] Qeq [%] 

2 9.848 9.7738 0.0076 0.0636 99.25 

3 9.9437 9.3909 0.0102 0.0337 94.44 

4 9.9082 9.3381 0.0129 0.0479 94.25 

5 9.9438 9.2143 0.0186 0.062 92.66 

 

Chi-PAM 

1:1 

S [cm2] m01 [g] m1 [g] m02 [g] m2 [g] Qeq [%] 

2 9.8518 9.8134 0.001 0.0143 99.61 

3 9.9228 9.1328 0.0118 0.2434 92.04 

4 9.9908 9.1586 0.0115 0.1966 91.67 

5 9.9309 9.2022 0.0098 0.2209 92.66 

Table A.1: Data obtained for the calculation of percentage swelling Q% for all 

samples following immersion into a solution of pH = 4 for 60 minutes. Where m01 is 

the weight of H2O before swelling, m02 is the mass of the films before swelling, m1 

is the weight of H2O after swelling, and m2 is the mass of swelled films. 

 



215 

 

A.2.1 Chi-TEOS (1:1) 

Equation y = a + b * x 
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Residual 
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Squares 

0.000284 

Pearson's 

r 
-0.95479 

R-Square 0.91163 

 Value Standard Error 

Chi-TEOS 

1:1 

Intercept 0.99983 0.00831 

Slope -0.01407 0.00253 

Table A.2: Swelling percentage verses area of film sample for Chi-TEOS (1:1) 

A.2.2 Chi-APTES (2:1) 

Equation 
y = a + b * 

x 
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0.00185 
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-0.91624 

R-Square 0.8395 

 Value Standard Error 

Chi-

APTES 

2:1 

Intercept 0.99057 0.02119 

Slope -0.02555 0.00645 

Table A.3: Swelling percentage verses area of film sample for Chi-APTES (2:1) 
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A.2.3 Chi-GA (8:1) 

Equation 
y = a + b * 

x 
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0.000562 

Pearson's 

r 
-0.93251 

R-Square 0.86957 

 Value Standard Error 

Chi-GA 

8:1 

Intercept 1.00575 0.01169 

Slope -0.01591 0.00365 

Table A.4: Swelling percentage verses area of film sample for Chi-GA (8:1) 

A.2.4 Chi-PAM (1:1) 

Equation 
y = a + b * 
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0.00206 

Pearson's 

r 
-0.84357 

R-Square 0.71162 

 Value Standard Error 

Chi-PAM 

1:1 

Intercept 1.00384 0.02238 

Slope -0.01853 0.00681 

Table A.5: Swelling percentage verses area of film sample for Chi-PAM (1:1) 
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A.3 Chapter 5: Sorption efficiency on sample size and pH 

A.3.1 Sample size 
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A.4 Chapter 5: Langmuir and Freundlich straight-line 

graphs 

A.4.1 Langmuir straight-line graphs 
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A.4.1.2  Chi-APTES 
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A.4.1.3  Chi-GA 
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A.4.1.4  Chi-PAM 
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A.4.2 Freundlich straight-line graphs 

A.4.2.1  Chi-TEOS 
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A.4.2.3  Chi-GA 
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A.4.2.4  Chi-PAM 
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A.5 Chapter 6: Optical Density measurements 

A.5.1 Chi-TEOS 1:1 

Bacteria Sample 
Growth 

OD600 

Growth 

corrected 

Attachment 

OD595 

Attachment 

corrected 
pH 

E. Coli 

Control 0.018 - 0.749 - 6.5 

Sample 1 0.019 0.001 1.511 0.717 6.5 

Sample 2 0.005 -0.013 1.014 0.220 6.5 

 STD 0.007 0.007 0.248 0.248 0 

S. Aureus 

Control 0.018 - 0.911 - 7.0 

Sample 1 0.446 0.428 1.251 0.340 5.5 

Sample 2 0.326 0.308 1.318 0.407 5.5 

 STD 0.060 0.060 0.033 0.033 0 

 

A.5.2 Chi-APTES 2:1 

Bacteria Sample 
Growth 

OD600 

Growth 

corrected 

Attachment 

OD595 

Attachment 

corrected 
pH 

E. Coli 

Control 0.061 - 0.240 - 7.0 

Sample 1 1.844 1.783 2.256 2.016 8.0 

Sample 2 1.011 0.95 1.608 1.368 8.0 

 STD 0.416 0.416 0.324 0.324 0 

S. Aureus 

Control -0.043 - 1.061 - 7.0 

Sample 1 0.000 0 0.766 -0.295 6.5 

Sample 2 0.004 0 0.955 -0.106 6.5 

 STD 0.002 0 0.095 0.095 0 
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A.5.3 Chi-PAM 1:1 

Bacteria Sample 
Growth 

OD600 

Growth 

corrected 

Attachment 

OD595 

Attachment 

corrected 
pH 

E. Coli 

Control 0.311 - 1.077 - 6.0 

Sample 1 0.243 -0.068 1.215 0.138 6.0 

Sample 2 0.234 0.077 1.324 0.247 6.0 

 STD 0.004 0.004 0.054 0.054 0 

S. Aureus 

Control 0.668 - 1.077 - 6.5 

Sample 1 0.771 0.103 1.031 -0.046 6.5 

Sample 2 0.892 0.224 0.977 -0.100 6.5 

 STD 0.061 0.061 0.027 0.027 0 

 

A.5.4 Chi-GA 8:1 

Bacteria Sample 
Growth 

OD600 

Growth 

corrected 

Attachment 

OD595 

Attachment 

corrected 
pH 

E. Coli 

Control -0.005 - 0.042 - 6.0 

Sample 1 2.079 2.079 0.703 0.661 8.0 

Sample 2 2.032 2.032 2.432 2.390 8.0 

 STD 0.024 0.024 0.865 0.865 0 

S. Aureus 

Control -0.036 - 0.158 - 7.0 

Sample 1 1.632 1.632 1.409 1.251 6.0 

Sample 2 1.742 1.742 0.240 0.082 6.0 

 STD 0.055 0.055 0.585 0.585 0 

Note: the corrected values are calculated by:  

Attachment/Growth (sample) – Attachment/Growth (control) 
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A.6 Chapter 7: Stop band peak centres 

A.6.1 Chi-APTES 
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A.6.2 Chi-GA

500 550 600 650 700 750
0

20

40

60

80

100

 

 

 0 min bare

 0 min pH 4.01

 10 min pH 4.01

 20 min pH 4.01

 30 min pH 4.01

 60 min pH 4.01

 90 min pH 4.01

 120 min pH 4.01

R
e

fl
e

c
ti
v
it
y
(a

.u
.)

l (nm)

Chitosan - Gluteraldehyde

 
 

500 550 600 650 700 750
0

20

40

60

80

100

 0 min bare

 0 min pH 5.55

 10 min pH 5.55

 20 min pH 5.55

 30 min pH 5.55

 60 min pH 5.55

 90 min pH 5.55

 120 min pH 5.55

 

 

R
e

fl
e

c
ti
v
it
y
(a

.u
.)

l (nm)

Chitosan - Gluteraldehyde

 

 



228 

 

500 550 600 650 700 750
0

20

40

60

80

100

 0 min bare

 0 min pH 6.86

 10 min pH 6.86

 20 min pH 6.86

 30 min pH 6.86

 60 min pH 6.86

 90 min pH 6.86

 120 min pH 6.86

 

 

R
e

fl
e

c
ti
v
it
y
(a

.u
.)

l (nm)

Chitosan - Gluteraldehyde

 

 

500 550 600 650 700 750
0

20

40

60

80

100

 0 min bare

 0 min pH 8.13

 10 min pH 8.13

 20 min pH 8.13

 30 min pH 8.13

 60 min pH 8.13

 90 min pH 8.13

 120 min pH 8.13
 

 

R
e

fl
e

c
ti
v
it
y
(a

.u
.)

l (nm)

Chitosan - Gluteraldehyde

 

 



229 

 

500 550 600 650 700 750
0

20

40

60

80

100  0 min bare

 0 min pH 10.90

 10 min pH 10.90

 20 min pH 10.90

 30 min pH 10.90

 60 min pH 10.90

 90 min pH 10.90

 120 min pH 10.90  

 

R
e

fl
e

c
ti
v
it
y
(a

.u
.)

l (nm)

Chitosan - Gluteraldehyde

 

 

 

 

 


