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Abstract 

The goal of this thesis work was to investigate the antimicrobial effect of chitosan from 
zygomyzetes cell wall material in nonwoven textiles and compare it to commercially 
available chitosan. This was done using two methods, a somewhat modified version of 
AATCC Test Method 100-2004 (a standard method for quantitative testing of antimicrobial 
effect in textiles developed by the AATCC Committee) focusing on CFU, and TTC, a 
tetrazolium salt that changes from colourless to red in the presence of living microorganisms 
under the right conditions. The CFU method was also used to detect if it is possible to add 
chitosan earlier in the production stages, by scanning for any antimicrobial effect in test 
samples produced that way. 

Commercial chitosan added to the test samples in 2 % citric acid showed the strongest 
antimicrobial effect, even reaching the detection limit of approximately 99.5 % inhibition for 
both E. coli and K. pneumoniae without any incubation. Medium molecular weight 
commercial chitosan added in 2 % citric acid solution was also the only tested compound that 
could eliminate C. ablicans after 24 h incubation. Both commercial chitosan added as a 
powder and cell wall extract showed a mediocre inhibition without incubation, but were able 
to reach >99 % inhibition after 24 h incubation. 

Generally speaking, the chitosan investigated is comparable to the chitosan available 
commercially today, even if it required somewhat longer to reach the same levels of 
inhibition. The other method for addition of chitosan, however, did not work properly. 
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1. Introduction 

Synthetic super absorbents, made by polyacrylate, are used to treat various hygienic products, 
such as nappies. However, these synthetic materials have a major drawback; they cannot be 
composted or otherwise recycled. Thus it is desired to create biological super absorbents, 
which allows the final products to be treated by biological methods, such as composting. One 
project concerning biological super absorbents is carried out at Högskolan i Borås (the 
University College of Borås), which focuses on cell wall material from Zygomycetes, a group 
of filamentous fungi. [1] 

However, the advantage of using biological super absorbents is not only limited to the end 
treatment of the products, they may also have some other advantages. In this case, due to the 
chitosan in the cell wall material, hopes are high that the material will also posses a strong 
antimicrobial effect. 

The goal of this thesis work was to determine the antimicrobial effect of chitosan from cell 
wall material on nonwoven textiles, and compare it to the effect from commercially available 
chitosan. 

2. Zygomycetes and cell wall material 

Zygomycetes is a class of fungi in the phylum Zygomycota, commonly referred to as bread 
molds. Sexual reproduction is carried out by the formation of zygospores, or asexually by 
special endospores known as sporangiospores. Zygomycetes occur as haustorial, i.e. with 
food absorbing cells inside the host, or nonhaustorial parasites of fungi, plants and animals, or 
as saprobes, i.e. obtaining its nutrients from non-living organic material, especially in soil or 
dung [2]. The zygomycete Rhizopus is used for the production of tempeh from soy in India 
[3]. 

The mature spore bearing structures are either dry and thus readily dispersed by air currents, 
or wet and distributed through contact with small animals or ingested by them and dispersed 
in their feces, even though water droplets may also disperse the spores [2]. 

Zygomycetes are distributed worldwide, although some species are very rarely encountered, 
even though they may be relatively common on their particular hosts or substrates. Depending 
on the species, they may be grown on ordinary laboratory media, while some require their 
hosts present, thus some can only be grown on the appropriate host plants in pots [2].  

A very important part of all fungi is the cell wall, which in general is often seen in electron 
micrographs as ordered in different layers which in some cases is possible to assign particular 
components to. However, even if the different layers in growing fungi are best seen as 
merging together to form one structure, generalization about their content is possible. The 
more fibrillar polysaccharides , such as chitin, chitosan, chitin-glucan complexes and 
cellulose, determine the shape of the fungi and are most often found in the inner layer of the 
cell wall. Stretching out from these are the more gel-like matrix polymers, which make up the 
outer layer of the cell wall [4].  

The main constituents of the fungal cell wall are the polysaccharides which in general make 
up 80 % of the dry weight. Proteins come in second with 3 to 20 % while lipids, pigments and 
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inorganic salts are present in smaller portions. The most common polysaccharides are chitin, 
cellulose, chitosan, glucans and polyuronides, while the most common proteins are 
glycoproteins [5]. 

One important characteristic of Zygomycetes is that they contain chitosan as a major 
component in their cell walls [6]. This has led to hopes of using the fungal cell wall material 
for water absorption, fluid transportation, and macro molecular and microorganism binding. 
Properties that can be used for hygienic applications, such as products meant for wound 
treatment, personal hygiene and filtering aid [7]. 

3. Chitin and Chitosan 

After cellulose, chitin is the most abundant natural polymer in the world [8] with approximate 
10 Gtons present in the biosphere, with the individual highest portion found in the skeletal 
material of invertebrates. There are two types of chitin, α-chitin which is most commonly 
associated with hydrozoa, nematodes, rotifers, molluscs and arthropods while β-chitin is most 
abundant in brachiopod and mollusc shells, cuttlefish bone and squid pens. Chitin is also 
found in the exoskeletons and cocoons of various insects. In the fungal cell walls, chitin has 
varying crystallinity, degree of acetylation and covalent bonding to other cell wall 
components [9]. Chitosan, which is a derivative of chitin, is mostly found in various fungi [8]. 
The structure of chitin and chitosan can be seen in Figure 1. 
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Figure 1: β-Chitin (left) and β-chitosan (right) monomer [3]. 

All organisms produce chitin according to a common enzymatic pathway, ending with the 
polymerisation of N-acetylglucoseamine by chitin syntheases from the activated precursor 
UDP-GlcNAc. The process also feed the produced chitin out into the extracellular matrix. In 
crustaceans the Golgi apparatus is directly involved with the secretion and production of 
chitin. In fungi, chitin syntheases are found as integral proteins in the plasma membrane and 
in chitosomes, and requires Mg(II) to function. The fungal enzyme is allosteric, activated by 
the substrate UDP-GlcNAc and frees GlcNAc, while the by-product UDP shows strong 
inhibitory effects. However, UDP can be converted to UMP which does not show any 
inhibitory effects [9].  

In living organisms the production of chitin is finely tuned with chitin resorption in order to 
permit growth and morphogenesis, and a delicate equilibrium exists between the various 
enzymatic systems with opposite activities [9]. 

After production chitin is modified in order to suit the specific conditions which it is to 
function in, be it via crystallization, deacetylation, cross-linking to other biopolymers or 

 6 



quione tanning. The end results are very complex structures, with both high mechanical 
strength and chemical resistance to modification [9]. 

3.1 Chitins 

Today chitin is produced industrially using shells from crabs, shrimps, prawns and lobsters, 
particularly from the peeling machines in the canning industry. The production is a two stage 
process; first the material is demineralised with HCl and then deproteinated with NaOH, 
while lipids and pigments may also be extracted. Depending on the properties of the raw 
materials, such as degree of mineralization, the season when the crusteacans were caught and 
the proportions of the different species, the exact procedure of these stages can vary greatly 
[9].  

Isolated chitin is a highly ordered copolymer consisting of 2-acetamido-2-deoxy-β-D-glucose 
and 2-amino-2-deoxy-β-D-glucose. The structural unit of native chitin is chitobiose, O-(2-
amino-2-deoxy-β-D-glucopyranosyl)-(1-4)-2-amino-2-deoxy-D-glucose. Bound water is also 
part of the structure. Chitin also exists in an α-form, which β-chitin can be converted to by the 
use of 20 % NaOH followed by water washing [9]. 

The polymorphic forms of chitin differ in the packaging and polarities of adjacent chains, in 
the β-form, all chains are aligned in a parallel manner, which is not the case for α-chitin. The 
molecular order of chitin is largely dependant on its physiological role and tissue 
characteristics in general. For example, the grasping spines of Sagitta are made of pure α-
chitin, since their function is to hold a pray and thus should be suitably hard, while the centric 
diatom Thalassiosira contains pure β-chitin [9]. 

One way to visualise the molecular order of chitin is by preparing microfibrillar fragments of 
purified crustean chitins in 3 M HCl at 104˚C. After removal of the acid and treatment with 
sonification, colloidal suspensions are created that self-assemble into helocoidal formations 
that characterize the cuticles [9].  

Due to its high crystallinity, which is supported by hydrogen bonds mainly between the 
acetamido groups chitin has a rather poor solubility. In some special solvents, such as 
dimethylacetamide containing 5-9 % LiCl or N-methyl-2-pyrrolidinone / LiCl chitin can be 
made soluble up to 5 %. At room temperature, the main chain of chitin is rigid, thus at high 
enough concentrations mesomorphic regions can be expected [9]. 

3.2 Chitosans 

Chitosan is made up of a continuum of deacetylated chitins. At the elemental level, chitosans 
have nitrogen content above 7 % and degrees of acetylation lower than 0.40. Removal of the 
acetyl group requires harsh treatment, usually carried out with concentrated NaOH, either in 
aqueous solution or alcoholic. However, protection from oxygen, which is usually done by 
either nitrogen purge or by addition of sodium borohydride to the alkali solution, is vital in 
order to avoid undesirable reactions such as depolymerisation and the creation of reactive 
compounds. The high amount of NaOH is a problem, both from an economic and an ecologic 
standpoint and alternatives are thus being sought after in order to keep the required NaOH at a 
minimum. For instance, mixing chitin powder with NaOH powder by extrusion at 180˚C at a 
weight ratio of 1:5 has been tested, a method which yields highly deacetylated and soluble 
chitosan with only one-half of the NaOH needed compared to that of aqueous systems [9].  
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The high number of 2-amino-2-deoxyglucose units in chitosan allows the polymer to be 
brought into solution by the use of salt formation. Since chitosan is a primarily aliphatic 
amine, it can be protonated by some selected acids. The following salts amongst others are 
water soluble: formate, acetate, lactate, malate, citrate, glyoxylate, pyruvate, glycolate and 
ascorbate [9]. 

While chitosan might seem similar to cellulose at first glance, it is not. Due to the amino 
group chitosan has four elements present in its formulae, is cationic and able to form 
polyelectrolytic complexes and nitrogen derivatives, chitosan differs quite a lot from 
cellulose. The film forming ability of chitosan is another important ability that cannot be 
found in cellulose [9]. 

Despite the heavy alteration done to the polymer due to the deacetylation process, chitosan 
from crab tendon possesses a crystal structure showing an orthorhombic unit cell. The unit 
cell comprises four glucosamine units, with two chains passing through the unit cell in an 
antiparallel arrangement. The crystal structures of salts and derivates have also been 
determined [9], but are out of scope for this particular report. 

Commercial chitosan has a molecular weight of around 104-106 g / mol [10] but can be rather 
quickly depolymerised by the use of different methods. For example, reaction with nitrous 
acid is selective, rapid and easily controlled with stoichiometry and products are well 
established. The nitrosating species attack the glucosamine but not the N-acetylglucoseamine 
and cleave the anhydroglycosidic linkage (nitrosation = conversion of an organic compound 
into a RNO group.) The rate determining step is nitrosation of the unprotonated amine by 
nitrous acid.  Another method to depolymerise chitosan is by the use of hydrogen peroxide. 
By enzymatic means, chitosan can easily be depolymerised by a number of hydrolases 
including lysozyme, pectinase, cellusases, hemicellulases, lipases and amylases, which 
concludes that chitosan does show a peculiar vulnerability to enzymes other than chitosanases 
[9]. 

Due to the cationic nature of chitosans they may cause flocculation of especially negatively 
charged particles, including bacteria.  In one study, chitosan was even reported to be as good 
as, or even better than, commercially available flocculants. However, the flocculation effect 
of chitosan decreases as the deacetylation decreases.  There are three different mechanisms 
that determine flocculation: aggregation by charge neutralization which is independent of 
molecular weight, bridging causes by polymers adsorbing and forming loops and tails, and 
patch flocculation caused by attraction between oppositely charged domains due to surfaces 
being covered partly by the polymers [10]. However, at too high concentrations, the 
flocculation effect is reversed, and the bacteria is kept in suspension [6]. 

3.3 Important derivates of chitosan and chitin 

By reacting chitosan with glyoxic acid, the water soluble derivative N-carboxymethyl 
chitosan is created, which depending on the starting chitosan is part N-monocarboxylated, 
part N,N-dicarboxymethylated and part N-acetylated. Due to its durable moisturizing effect 
on skin, it is often used in moisturizing creams as a 1 % solution at pH 4.8. Furthermore, since 
the derivative has a film-forming ability it assists in creating a pleasant feeling of smoothness 
to the skin, while functioning a protective layer. N-carboxymethyl chitosan has been found to 
be superior to hyalyronic acid for hydrating purposes [9]. 
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A new class of industrially important molecules are hydrophobic associating water-soluble 
polymers. Hydrophobic derivatives of chitosan can be made by adding long chain acyl 
chlorides and anhydrides [9]. 

A group of methyoxyphenyl aldehydes, vanillin, O-vanillin, syringaldehyde and 
veratraldehyde, can react with chitosan under normal as well as reducing conditions, a 
reaction which yields insolubility as well as some other characteristics to the chitosan 
derivative. The films obtained from veratraldehyde are both biodegradable and mechanically 
resistant [9]. 

The tyrosine glucan chitosan derivates are a group of derivates that were inspired by in vivo 
cuticle tanning. Tyrosine glucan, which the group name is taken from, is made from reaction 
with 4-hydroxyphenylpyruvic acid, and in the presence of tyrosinase stable and self-
sustaining gels are obtained. Similar gels are obtained from 3-hydroxybenzaldehyde, 4-
hydroxybenzaldehyde and 3,4-dihydroxybanzaldehyde, all of them hydrolyzed by lysozyme, 
lipase and papain. No cross-linking is observed for chitosan derivatives of vanillin, 
syringaldehyde and salicylaldehyde. Under the catalytic action of tyrosinase, collagen / 
chitosan / tanning mixtures yield hard, partially crystalline, mechanically resistant and hardly 
wettable materials after drying. In contrast, products obtained from albumin, pseudocollagen, 
and gelatine in the presence of phenols and chitosan are rather brittle. Phenoxyacetate is used 
in the production of penicillin and is often recycled, and in order to remove unwanted 
products tyrosinase is used followed by adsorption of the quinone derivatives of chitosan [9]. 

Another group of chitosan derivatives are of the polyurethane type. Some are produced by 
diisocyanates and are suitable for chromatographic purposes and as enzyme supports, or for 
microoencapsulation for which derivates produces from crosslinking chitosan with 1,6-
diisocyanatohexane has been used. By reacting chitin in DMA-LiCl solution with 1,6-
diisocyanatohexane and after 2 days of exposure with water vapour, flexible and opaque 
materials are produced. These materials are insoluble in both aquous and organic solvents, 
have a remarkable crystallinity, typical infrared spectrum, high N/C ratio and relatively high 
degree of substitution, but no thermoplasticity. Chitosan similarly treated, but under 
heterogenous conditions in anhydrous pyridine yields products with a lower degree of 
substitution [9]. 

There are not only derivatives of chitosan, but also of chitin. In concentrated NaOH, chitin 
becomes alkali chitin, which can react with 2-chloroethanol to yield O-(2-hydroxyethyl) 
chitin, also known as glycol chitin. Glycol chitin was the first derivative to find a practical use 
as a recommended substrate for lysozyme. Alkali chitin can also react with sodium 
monochloroacetate and thus yield the widely used water soluble O-carboxymethylchitin 
sodium salt. This derivative is particularly susceptible to lysozyme and its oligomers are 
degraded by N-acetylglucoseamidase, properties which make it ideal for medical applications, 
including bone regeneration. Furthermore, it has been shown that O-carboxymethyl chitin 
sponges obtained by freeze drying can be modified by vacuum heating and γ irradiation, due 
to the thermal crosslinking that compensates for the molecular weight decrease caused by the 
γ-rays [9]. 

Several of these chitosan derivatives, and some which have not been discussed here, have had 
their biodegradability evaluated using activated sludge. Of these unmodified chitosan was the 
one with the slowest degradation, with only 1.6 % degraded over 21 days, while the most 
degradable one had degraded by 67.3 %. The derivatives are more prone to biodegradation 
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mostly due to the destroyed crystalline structure of the chitosan. It should also be noted that 
biodegradation was independent of the water solubility of the derivatives [9]. 

4. Antimicrobial effect of chitosan 

The antimicrobial effect of chitosan is a hot research topic and there are several articles [10-
19] dealing with it and its derivatives. It has been tested as an additive to textiles [18], it has 
been proven to have strong effects on various bacteria even at concentrations as low as 250 
ppm [17], it can be used as an antibactieral film [14, 15], it has had the effect of its production 
method evaluated [11] and can be extracted from other sources such as fungi [12]. One 
chitosan derivative, 3-trimethylammonium-2-hydroxypropyl-N-chitosan has even been shown 
to exhibit antimicrobial effect at concentrations as low as 10 ppm. Chitosan produced without 
a deproteinization step can exhibit an even higher antimicrobial effect than chitosan produced 
with a deproteinization step [11]. 

Chitosan has a reportedly stronger antimicrobial effect than chitin, which is due to the 
different sidegroup which in turn means improved solubility for chitosan. However, the 
antimicrobial effect is influenced by the type of chitosan, the degree of polymerization, the 
type of nutrients present and environmental conditions. Although both chitosan and its 
derivatives are effective antimicrobial agents, they have some clear differences, mainly 
exhibited in live host plants. Furthermore, oligomeric chitosans exhibit a stronger antifungal 
effect than the larger polymers [6].  

Chitosan has a reported fungicidal effect against several fungi, with minimum inhibitory 
concentrations ranging from 0.0018 % to 1.0 % depending on the specific organism and the 
environment. One practical example of the fungicidal activity of chitosan is found in soil 
amendment, in seed treatment and as a foliar treatment to control the fungi Fusarium 
oxysporum. In general, bioactive substances such as chitosan have attracted much interest due 
to problems with more classical treatments such as chemicals, such as an increasing number 
of fungicide resistant pathogens. Chitosan, in concentrations of 1 mg / ml, reduces the growth 
of numerous fungi with the exception of Zygomycetes, and has potential as an edible 
antifungal coating material [6].  

The antibacterial effect of chitosan has been studied both in terms of bacteriostatic and 
bactericidal activity and has been shown to inhibit the growth of a wide variety of bacteria. 
Moreover, chitosan has several advantages over other disinfectants since it possesses a 
stronger antibacterial activity, a broader spectrum of activity, a higher killing rate and a lower 
toxicity towards mammalian cells. Studies focused on the inhibition of E. coli by chitosan 
have shown that complete inactivation occurred with chitosan concentrations of 0.5 % or 1 % 
at pH 5.5 after 2 days of incubation. Complete inactivation could be reached after 1 day, 
assuming the chitosan concentration was at least 1 %. Furthermore, chitosan with a degree of 
acetylation of 7.5 % was proven to be more effective than chitosan with a degree of 
acetylation of 15 % [6]. 

The antibacterial effect of water soluble chitosans, for example chitosan lactate, has also been 
determined on different bacterial cultures. In one study both chitosan glutamate and lactate 
were shown to reduce both gram positive and gram negative bacteria by 1-5 log cycles in 1 
hour. However, the excellent antibacterial effect was shown to disappear at pH 7 due to two 
major reasons, the presence of a significant portion of uncharged amino groups and poor 
solubility. Another study showed that 0.2 mg / ml chitosan lactate was enough for E. coli to 
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drop 2 and 4 log cycles in 2 min and 1 hour exposure respectively. It was also showed that 
chitosan glutamate was also effective against yeast cultures such as Saccharomyces cerevisiae 
and Rhodotorula glutensis, with complete inactivation within 17 minutes after exposure with 
the chitosan glutamate concentration 1 mg / ml. 

The exact mechanisms for the antimicrobial effect of chitosan, chitin, and any other 
derivatives are unknown, although several mechanisms have been proposed [6]. Several 
proposed mechanisms all involve some kind of damage or interaction with the cell membrane 
[6, 20-22]. One such proposed action is the positively charged chitosan interacting with the 
negative cell membrane which in turn alters its permeability, allowing leakage of intracellular 
material to the media [6].  

Chitosan also acts as a chelating agent that selectively can bind certain trace metals and thus 
inhibit microbial growth. Chitosan can also activate several defense processes in the host 
tissue, act as a water binding agent and inhibit various enzymes. Even binding of chitosan 
with DNA and inhibition of mRNA synthesis has been shown to occur through chitosan 
penetration towards the nuclei of the microorganisms and interfering with the synthesis of 
mRNA [6]. 

The effect of molecular weight on the antimicrobial effect of chitosan has been previously 
evaluated. Chitosan with a molecular weight ranging from 10 000 to 100 000 was shown to be 
ideal for keeping bacteria from growing. Furthermore, chitosan with the average molecular 
weight of 9300 was shown to be effective in restraining E. coli, while chitosan with an 
average molecular weight of 2200 even accelerated growth [6]. 

The antibacterial activity of quaternary ammonium chitosan salts have also been investigated, 
as one of them 3-trimethylammonium-2-hydroxypropyl-N-chitosan was shown to require the 
lowest concentration of all chitosan derivatives to exhibit antimicrobial effect. It was found 
that the antibacterial effect increased with increasing length of the alkyl substituents, which 
most likely was due to the increased hydrophobicity [6].  

While not antimicrobial per definition, chitosan has been shown to possess an antiviral 
activity as well. While the mechanisms are as discussed as for the antimicrobial effect, major 
factors seem to be viral particle inactivation and inhibition of viral reproduction at the cellular 
level. Chitosan has been shown to induce resistance to viral diseases in plants, to inhibit viral 
infection in mammalian cells, and to inhibit multiplication of bacteriophages in infected 
cultures [6]. 

The antimicrobial effect in this report was measured using two different methods, one based 
on the use of a tetrazolium salt, and AATCC Test Method 100-2004 based on the CFU 
(Colony Forming Units) extracted from the nonwoven samples. 
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5. Methods for determination of antimicrobial effect 

5.1 Cell activity by Tetrazolium 

The tetrazolium salts are a large group of organic compounds, with the first being prepared in 
1894. Their most significant trait is their ability to form highly coloured products, known as 
formazans, upon reaction, an ability which can be used to detect biological reducing systems. 
The tetrazolium salts were first introduced to biological research in 1941, and are nowadays 
widely used both in chemistry and biology [23]. 

5.1.1 History 
Logically, one would think that formazans are prepared from tetrazolium salts, however, the 
reverse are actually true, the tetrazolium salts that are prepared from formazans via oxidation. 
The first preparation of a formazan was done in 1875 by Friese, however, he was unaware of 
exactly what he had created. In 1892 von Pechmann and Bamberger and Wheelright 
independently determined the structure of the compound Friese had created, and other similar 
compounds [23].  

Studies on the oxidation products of formazans led to the first synthesis of a tetrazolium salt 
in 1894. Once again von Pechmann was involved, this time together with Runge and the salt 
they had produced was triphenyl tetrazolium chloride, or TTC. The structure of the 
tetrazolium salts were confirmed in 1896. A large number of different tetrazolium salts were 
prepared over the following years, and in 1955 240 different tetrazolium salts were listed, a 
number most likely to have exceeded 1000 in the 1970s [23].  

In order to discuss the application of tetrazolium salts as indicators of reducing systems, one 
has to go back to 1928, when Hartmann and Kaegi prepared a group of quaternary ammonium 
salts which were shown to possess a strong disinfectant effect. Later on, Kuhn and Jerchal 
found similar properties of triazolium salts in 1940, and wondered if compounds containing 
more nitrogen in the vicinity of the charged atom would be of even greater potency. Thus, 
several tetrazoloium salts were produced and tested, but these did not live up the expectations. 
However, what seemed to be a mutagenic effect on green algea was discovered in 1941. This 
led to a further test, done by growing cress seeds on filter papers soaked in 1 % tetrazolium 
solutions. Normal growth took place, except for one thing; the leaves were coloured red, as 
well as the growing root tips. This discovery led Kugn and Jerchal to test the effect of a 
tetrazolium compound on yeast and various bacteria, all of which reduced the tetrazolium salt 
to its formazan, which could be eluted after lysis of the cells. Thus it was discovered that the 
tetrazolium salts were taken up by the cells and reduced intra-cellularly into formazan, 
functioning as markers of biological reducing systems [23].  

In 1947 Mattson et al realised that dehydrogenating systems were responsible for the 
reduction, and that tetrazolium salts were acting as electron acceptors for co-enzyme linked 
dehydrogenases [23].  
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5.1.2 Structure 
To study the structure of tetrazolium, one should first be familiar with the structure of 
tetrazoles, which can be seen in Figure 2 [23]. 
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Figure 2: Structure of tetrazoles. (1H) tetrazole to the left and (2H) tetrazole to the right [23]. 

The name tetrazole is derived from the prefixes tetra and aze, meaning four nitrogens, while 
the suffux ole means a five-membered unsatured ring containing a hetero atom. The terms 1H 
and 2H indicate the location of the hydrogen, which can be replaced. The tetrazoles are 
brought up since the tetrazolium salts are quaternary derivatives of the tetrazoles. The general 
structure of tetrazolium salts can be found in Figure 3. However, the relationship between 
tetrazolium salts and tetrazoles are only structural, tetrazolium are not prepared from 
tetrazoles, and tetrazoles are not reduced to formazans [23]. 
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Figure 3: General structure of tetrazolium salts. (1H) tetrazolium salt can be seen to the left, and (2H) 
tetrazolium salt can be seen to the right [23]. 

The vast majority of all tetrazolium salts that have been prepared, and all of those whom have 
been found to have biological applications, belong to the 2H group. The tetrazolium ring itself 
exists as a resonance hybrid, which can be seen in Figure 4 [23]. 
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Figure 4: Resonance hybrid of the 2H tetrazolium ring [23]. 

Both mono- and di-tetrazolium salts exist and have been prepared. In the later case, two 
tetrazolium rings are linked together either through the carbon atoms, in which case they are 
referred to as C-C compounds, or through the quaternary nitrogen atoms, in which case they 
are refered to as N-N compounds. Both these structures can be seen in Figure 5. It should also 
be pointed out that the dominating variant of the ditetrazolium salts used for biological 
applications are the N-N compounds, while the C-C compounds have only seen minimal use 
[23]. 
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Figure 5: C-C ditetrazolium salt (top) and N-N ditetrazolium salt (bottom) [23]. 

Ring opening of the tetrazolium salts, done via mild reduction, results in the production of the 
coloured compounds known as formazans. The general reaction can be seen in Figure 6 [23]. 
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Figure 6: General reduction of a tetrazolium salt into formazan [23]. 

However, formazans exist as resonance hybrids, with an internal hydrogen bond structure. 
This means that only one formazan can be produced even when R1 and R5 are different. The 
resonance hybrid can be seen in Figure 7. 
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Figure 7: Resonance hybrid of formazan [23]. 

5.1.3 Physical and chemical properties 
The tetrazolium salts most commonly used are stable, water-soluble solids, ranging in colour 
from white to various shades of yellow and brown. During mild reduction, the highly 
coloured formazans are produced. However, under stronger reducing conditions, the reaction 
can proceed further and end up with the breakdown of the molecule. These reactions can be 
induced by reducing agents such as ammonium sulphide and sodium dithionite, which are 
therefore not suitable for the preparation of formazans from tetrazolium salts. Alkaline 
ascorbic acid is a much better reagent for this purpose, since the reduction stops at the 
formazan stage [23]. 

Tetrazolium salts are able to easily penetrate into tissue sections, however, especially for the 
larger di-tetrazolium salts, cell and sub-cellular membranes can constitute barriers. A low 
concentration of the tetrazolium salt at the site of the enzyme reaction can thus be a rate 
limiting factor, even if the concentration in the media is adequate [23].  

As pure tetrazolium salts are either white or pale yellow, they have virtually no absorption in 
the visible spectrum. However, they do absorb strongly in the ultraviolet region due to their 
conjugated double bond structure, and the absorption curves all look rather similar, even if the 
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exact wavelengths at which peaks and valleys can be found may vary. The absorption of the 
formazans is more complex though, since they absorb in the visible spectrum as well [23]. 

The melting points of the different tetrazolium salts differ somewhat, even for the same salt 
depending on its purity. A couple of examples would be MTT which melts at around 225˚C, 
TTC melting at 260˚C and NBT melting at 190˚C [23]. 

5.1.4 Synthesis 
As tetrazolium salts are prepared by oxidation from their formazans, the first step in synthesis 
is always the production of the formazan. One example would be the standard method for 
preparing triaryl formazans which is to couple a diazonium salt with an arylhydrazone. After 
production of the formazan the oxidation takes place. Various oxidants have been used, to 
name a few, isoamyl nitrite, lead tetraacetate and N-bromosuccinimide [23]. 

5.1.5 Applications 
The classical application for tetrazolium salts is in the histochemical demonstration of 
oxidative enzymes, most of which are straightforward reactions involving dehydrogenases 
and oxidases. Related to this is the more complex coupled reactions, used for investigating 
non-oxidative enzymes, and for most cases the primary reaction is linked to a final 
dehydrogenation reaction which in turn reduces the tetrazolium salt [23]. 

Other applications include seed viability testing, water pollution testing, detection of 
sulphydryl groups, hormone bioassays, and estimation of folic acid derivatives. Tetrazolium 
can also be used for quantitation, even for reaction products in single cells part of a 
heterogenous population [23].  

5.1.6 TTC and MTT 
The structure of TTC, 2,3,5-triphenyl-2H-tetrazolium chloride and MTT, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, can be seen in Figure 8 [23]. 

N N

NN
Cl-

N N

NN
N

S

CH3

CH3

Br-

 

Figure 8: Structure of TTC (top) and MTT (bottom) [23]. 

TTC is the smaller molecule with a molecular mass of 334.80 Da while MTT is the larger 
molecule with a molecular weight of 414.34 Da [23]. 

While TTC was the first tetrazolium salt to be synthesized in 1894, MTT is somewhat newer 
and was created first in 1954. There are two major differences between the two tetrazolium 
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salts; first of all the production of formazan from TTC is inhibited by the presence of oxygen, 
while the production of formazan from MTT is not. Furthermore, MTT is one of the most 
easily reduced tetrazolium salts, while TTC is one of the hardest to reduce [23]. 

A proposed mechanism for the inhibition caused by oxygen on the formation of TTC 
formazan can be seen in Figure 9.  

NADPH FP X O2

O2TTCTTC H2O2O2-TTC

cyt P450

formazan

anaerobic aerobic  

Figure 9: Proposed mechanism in which oxygen inhibits the production of formazan from TTC. A one electron 
reduction of TTC produces the TTC· radical, which in the presence of oxygen can reduce the later to a 
superoxide radical, which then forms hydrogen peroxide and regenerates the unreduced TTC and thus no 
formazan is produced. Under anaerobic conditions, the TTC· radical cannot react with oxygen, and a second 
electron produces formazan [23]. 

The formazan produced from TTC is red in colour, while the MTT formazan is purple, blue 
and grey [23].  

5.2 Cell viability by CFU – the AATCC Test Method 

The AATCC Test Method 100-2004 was first developed in 1961 by the AATCC Committee 
RA31, revised several times during the years and reaffirmed in 1986 and 2004. The purpose 
of the AATCC Test Method is to “provide a quantitative procedure for the evaluation of the 
degree of antibacterial activity” of finishes on textile materials [24]. 

The Method is based on inoculating test and control textile materials with chosen test 
organisms at 1 - 2 * 105 CFU / ml, usually in Nutrient Broth. After incubation at 37˚C for 18-
24 hours, the microorganisms are eluted from the test samples by vigorous shaking in known 
amounts of solution, chosen to neutralize the antimicrobial effect. The number of 
microorganisms in the liquid is then determined via agar plating, and the percentage reduction 
by the treated samples is then calculated [24].  

If sterilized water or similar is used instead of a neutralizing solution, there is always the 
possibility that the antimicrobial effect will be carried over to the agar plates [24]. 

Sterilized water can be used instead of Nutrient Broth when using the AATCC Test Method if 
a steady-state culture is desired during the conctact with the treated fabric. However, if 
Nutrient Broth or other such media is used, a steady increase of the number of 
microorganisms should be observed in the untreated samples for the test to be valid [24]. 

Studies of the AATCC Test Method indicate a among-analyst variation of 18 % and within-
analyst variation of 8 % [24]. 
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As an example, the AATCC Test Method has been used to determine the antimicrobial effect 
of a chitosan derivative applied to cotton fabrics. The durability of the derivative after 
washing was, however, tested using another method [16]. 

Other methods for measuring cell viability by CFU has been used [3, 11, 12, 17]. However, 
none of them are aimed at determining the antimicrobial effect inside a textile, but are more 
focused on microorganisms in solution. 

6. Material and Method 

6.1 Microorganisms and Materials 

The microorganisms used are E. coli CCUG 17620, Staphylococcus aureus CCUG 15195, 
Klebsiella pneumoniae CCUG 225 and Candida albicans CCUG 19915, which can be 
obtained from the Culture Collection University of Göteborg. All cultivation of the 
microorganisms were carried out in Nutrient Broth (5 g peptone, 3 g beef extract in 1000 ml) 
or on Nutrient Agar (5 g peptone, 3 g beef extract, 1.5 % agar in 1000 ml). The stock cultures 
were transferred to fresh agar plates every month. 

For measuring bacterial concentrations turbidity was used, at a wavelength of 550 nm. Due to 
the low amount of cells per unit volume, the concentration of C. albicans couldn’t be 
measured using turbidity. However, the CFU of an overnight culture was determined and used 
for approximations. 

Unless otherwise noted, sterilization was always carried out using autoclavation. 

25 mM TTC and MTT solutions were prepared by solving the powder in sterile water, heated 
when necessary, and then sterile filtered. Solutions were kept at -6˚C until used. 

Test samples were obtained from Björn Sjöström, Rexcell AB. Chitosan prepared from cell 
wall material that was added to the samples were prepared by Lars Edebo, Medical 
Equipment Development AB. The chitosan was added to the test samples in the form of a 
diluted (in distilled water) gel. 

6.2 Determination of antimicrobial effect by CFU 

Following a somewhat modified AATCC Test Method 100-2004 [24] the antimicrobial effect 
of chitosan from cell wall material was determined in several test series. First, the 6 cm 
diameter circular test samples were placed in wide necked Erlenmeyer flasks, sealed with 
aluminium foil and sterilized, after which 3 ml of inoculum, with concentrations aimed 
towards 1-2 * 105 CFU / ml, was added. Samples where then taken directly, and after roughly 
24 hours. Samples were taken by addition of 100 ml 0.9 % NaCl and then shaking them 
vigorously for 1 minute, followed by extracting 1.5 ml of the solution, and then adding 500 μl 
to agar plates in logarithmic dilutions 0, 1, 2 (except the blanks after 24 hours, which were 
plated up to 5 logarithmic dilutions.) The plates were incubated at 37˚C for approximately 48 
hours, after which they were removed from the incubator and any formed colonies were 
counted. The antimicrobial effect was then determined for all the samples by using formulae 
4.1.1 shown below 
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%100*
B

PBR −
=      (4.1.1) 

where  
   R = reduction in percentage  
   B = CFU / test sample in blank 
   P = CFU / test sample for treated samples 

The first test series were done using commercial low and medium molecular weight chitosan, 
added as a solution (2 % citric acid was used) and as a powder, and chitosan from cell wall 
material. The test samples were only 5 cm in diameter, and 1 ml of inoculum was used per 
sample. Plating on agar plates was done using only one plate per dilution and sample.  

The second test series were done using low and medium molecular weight commercial 
chitosan as a solution, and chitosan from cell wall material. All platings were done in 
duplicates.  

A third test series were done using medium molecular weight commercial chitosan, added 
both as a solution and as a powder, and chitosan from cell wall material.  

6.3 Test of flocculation 

To investigate the possible impact flocculation might have on the test results obtained by the 
CFU method, already mentioned flocculation had to be investigated, using the same 
environments as in the CFU test. Thus, commercial low molecular weight chitosan was 
solved in 2 % citric acid and added to overnight bacteria cultures to create the final volume 10 
ml, with the concentrations 0, 10, 25 and 50 mg chitosan / g cell dry weight (give or take 20 
%.) The flocculation was measured after 2 h and 24 h by extracting 2 ml solution from the 
middle of the test tubes, and then comparing the turbidity (measured at 550 nm) of the sample 
with that of the blank. All three bacteria were used. 

Using the same method, but with the concentrations 0, 25, 50, 100, 500 and 1000 
mg chitosan / g cell dry weight and the total volume of 20 ml further tests were conducted, 
and with turbidity measured at 0 h, 2 h and 24 h. E. coli was resuspended in 0.9 % NaCl and 
chitosan was added as commercial low molecular weight, AIM (acid insoluble material) 
without pH adjustment and AIM with pH adjusted to 4.5 using H2SO4 and NaOH. Since AIM 
was insoluble, the samples were shaken until samples were to be taken; in which case they 
were allowed to rest for 10 min. AAIM (acid and alkali insoluble material) was also tested on 
E. coli both in broth and in 0.9 % NACl. 

6.4 Cell viability by tetrazolium 

In order to determine the usage of tetrazolium a series of tests were conducted. First the effect 
of incubation time before addition of tetrazolium at logarithmical dilutions of 0, 1, 2 and 3 of 
an overnight culture of E. coli (roughly 1 – 2 * 108 CFU/ml) was tested. The dilutions were 
put in separate test tubes, 6 test tubes of every dilution with 4 ml, and incubated at 37˚C. At 
every hour, starting at hour 0, one set of test tubes were taken out and 1 ml of 25 mM TTC 
solution was added and then put back into the incubator for observation after 1 hour and 24 
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hours. Any detected colour change resulted in a positive test, and the last set of samples were 
started after 5 hours of incubation free of TTC.  

A second test using TTC was conducted to evaluate the behaviour and extraction method 
when using the nonwoven test samples. This was done by inoculating 1/4th (or full test sample 
for the longest incubation and highest dilution) of a 6 cm diameter untreated test samples, 
placed in 250 ml sealed Erlenmeyer flasks, with logarithmic dilutions 1, 2 and 3 with 0.75 ml 
E. coli inoculum and then adding 0.25 ml 25 mM TTC to create the final TTC concentration 
of 5 mM. Different times after starting the test were used for addition of TTC, 1 h, 3 h and 5 h 
respectively. After roughly 24 h of incubation, the colour was extracted by placing the test 
samples in Falcon tubes filled with 15 ml of polyethylene beads (see Figure 10) and then 
adding 3 ml acetone to the test samples, followed by centrifugation at 4000 rpm in 5 min, 
after which 2 ml acetone was added and the centrifugation repeated. The absorbency of the 
extracted acetone was then measured at 482 nm wavelength. Some extracts were also 
measured after sterile filtering. 

 
Figure 10: Polyethylene beads in a Falcon tube as described in the text. The nonwoven sample is placed on top 
of the beads, allowing liquid to be removed from the sample using centrifugation. This particular picture was 
taken on a sample with MTT, which explains the purple colour. Some remains of the solution, consisting of 
unreacted MTT and Nutrient Broth, is still in the bottom of the tube. 

Another tetrazolium salt, MTT, was then compared to TTC using the same method as 
described above. However, before extraction the samples were dried using centrifugation at 
2000 rpm, and instead of acetone absolute ethanol was used. All extracts were also sterile 
filtered before measuring absorbancy, which for MTT was done at 564 nm wavelength. 

The same method was then tested using whole treated samples as well, 1 %, 2 % and 5 % 
commercial medium molecular weight chitosan added as both a powder and as a solution, and 
the cell wall chitosan. MTT was used for this test. Due to whole test samples being used, 4 ml 
of inoculum was added and 1 ml of 25 mM TTC instead of the previously mentioned 
amounts. 

A last set of tests were done, however, this time commercial chitosan was added as a powder 
in known patterns, and no extraction was carried out. Instead, the colour pattern was observed 
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the day after, and compared with the patterns that the chitosan was added in. The patterns 
used were: four dots of chitosan, chitosan added to the entire sample, chitosan added to the 
entire sample except as a single dot in the middle, chitosan added to the entire sample except 
a line through, chitosan added as two dots and a line, and chitosan added to the entire sample 
except for two dots and a line. 

Following the idea behind existing methods [25-27] a method was determined. To treated 
samples, and a blank, placed in sealed Erlenmeyer flasks, 3 ml of 2 * 105 CFU / ml E. coli 
was added and then incubated for 5 hours, after which 0.75 ml 25 mM TTC was added. The 
samples were then put back into the incubator, and checked daily for 7 days for colour 
changes. The experiment was repeated and the other bacteria were also tested, using the same 
method. 

All absorption measurements were done where the product has the highest absorption, for 
TTC this was 482 nm and for MTT 564 nm. 

6.5 Determination of a different method for chitosan addition 

In order to determine whether it is possible to add chitosan during the earlier production 
stages, a test was done. Using the material provided, which consisted of lab sheets treated 
with 0.25 %, 0.5 % and 1 % commercial medium molecular weight chitosan in solution, 
either in citric acid or sulphuric acid. The test was done using the method described in 6.2, 
using 1 ml of E. coli inoculum. The test was done in duplicate, and all plates were done in 
duplicates. 

 

 20 



7. Results 

7.1 Determination of antimicrobial effect with CFU 

By using the AATCC test method, based on comparison of CFU between treated and 
untreated samples at time zero and after 24 h of incubation, the antimicrobial effect of the cell 
wall extract and commercial chitosan, as powder and in 2 % citric acid solution, was 
determined and compared with each other. As can be seen in Figure 11 and Figure 12 the 
antimicrobial effect is good for the commercial chitosan applied as a solution even without 
incubation, while the powder based form was far less effective. The cell wall extract showed 
mediocre effect without incubation. After incubation the antimicrobial effect was stronger for 
nearly all samples, particularly stronger for the cell wall extract while the effect of chitosan 
applied as a powder was somewhat uncertain, due to the steady growth of one of the 
microorganisms. 1 % powder based chitosan was not tested. 

The untreated test samples showed a steady decrease in viable microorganisms during the 
test: E. coli decreased from ~107 to 105 CFU / test sample, C. albicans decreased from 104 to 
103 CFU / test sample and the two remaining microorganisms, K. pneumoniae and S. aureus 
decreased from 105 to 104 CFU / test sample. 
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Figure 11: Antimicrobial effect of commercial chitosan, both applied in 2 % citric acid solution and as a 
powder, and cell wall extract without incubation. Concentrations measured as dry weight antimicrobial material / 
dry weight sample tissue.  
SLMW Solution Low Molecular Weight chitosan SMMW Solution Medium Molecular Weight chitosan  
PLMW Powder Low Molecular Weight chitosan PMMW  Powder Medium Molecular Weight Chitosan 
CWE Cell Wall Extract from zygomycetes  
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Figure 12: Antimicrobial effect of commercial chitosan, both applied in 2 % citric acid solution and as a 
powder, and cell wall extract with 24 h incubation. Concentrations measured as dry weight antimicrobial 
material / dry weight sample tissue.  
SLMW Solution Low Molecular Weight chitosan SMMW Solution Medium Molecular Weight chitosan  
PLMW Powder Low Molecular Weight chitosan PMMW  Powder Medium Molecular Weight Chitosan 
CWE Cell Wall Extract from zygomycetes 

To further evaluate the antimicrobial effect, low and medium molecular weight chitosan 
added to the test samples in 2 % citric acid solution were tested again and compared with the 
antimicrobial effect of cell wall material from zygomycetes. As can be seen in Figure 13 and 
Figure 14, 5 % cell wall material is needed to provide any noticeable effect against all 
microorganisms, except C. albicans which only were inhibited by 5 % commercial medium 
molecular weight chitosan. All untreated test samples, except for S. aureus which showed a 
small decrease, had grown by a steady amount. 
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Figure 13: Antimicrobial effect of low and medium molecular weight chitosan applied in a 2 % citric acid 
solution, and cell wall extract without incubation. All plating were done in duplicate, and the means used for 
calculating the antimicrobial effect. Concentrations measured as dry weight antimicrobial material / dry weight 
sample tissue. 
SLMW Solution Low Molecular Weight chitosan SMMW Solution Medium Molecular Weight chitosan 
CWE Cell Wall Extract from zygomycetes 
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Figure 14: Antimicrobial effect of low and medium molecular weight chitosan applied in a 2 % citric acid 
solution, and cell wall extract with 24 h incubation. All plating were done in duplicate, and the means used for 
calculating the antimicrobial effect. Concentrations measured as dry weight antimicrobial material / dry weight 



sample tissue. Some microorganisms are not represented in the 1 % and 2 % CWE due to unexpectedly strong 
growth. 
SLMW Solution Low Molecular Weight chitosan SMMW Solution Medium Molecular Weight chitosan 
CWE Cell Wall Extract from zygomycetes 

Using the same method as before, cell wall material was compared with medium molecular 
weight chitosan added both as power and in 2 % citric acid solution. As can be seen in Figure 
15 and 16, the antimicrobial effect was similar to previous results, with the exception that all 
samples treated with cell wall material showed a good antimicrobial effect after 24 h against 
all microorganisms except C. albicans, which once again were only effected by 5 % 
commercial chitosan added in 2 % citric acid solution. 
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Figure 15: Antimicrobial effect of commercial medium molecular weight chitosan applied both as powder an in 
2 % citric acid solution, and cell wall extract without incubation. All plating were done in duplicate, and the 
means used for calculating the antimicrobial effect. Concentrations measured as dry weight antimicrobial 
material / dry weight sample tissue. 
PMMW Powder Medium Molecular Weight chitosan SMMW Solution Medium Molecular weight Chitosan 
CWE Cell Wall Extract 
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Figure 16: Antimicrobial effect of commercial medium molecular weight chitosan applied both as powder an in 
2 % citric acid solution, and cell wall extract with 24 h incubation. All plating were done in duplicate, and the 
means used for calculating the antimicrobial effect. Concentrations measured as dry weight antimicrobial 
material / dry weight sample tissue. 
PMMW Powder Medium Molecular Weight chitosan SMMW Solution Medium Molecular weight Chitosan 
CWE Cell Wall Extract 

7.2 Test of flocculation 

Due to the possibility of flocculation skewering the results for the antimicrobial effect using 
CFU measurement, the flocculation was investigated using turbidity measurements. As can be 
seen in Figure 17, the flocculation is quite severe at low concentrations, and seams to increase 
as the concentration increases. 
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Figure 17: Flocculation of commercial low molecular weight chitosan dissolved in 2 % citric acid and added to 
Nutrient Broth. Measurements were done after 2 h (left) and after 24 h (right). Concentration is measured as mg 
chitosan per g cell dry weight. 
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Since flocculation could provide a problem, it was investigated with higher concentrations of 
chitosan, as well as AIM, and in media more closely related to that of the CFU tests. As can 
be seen in Figure 18, the flocculation is not as severe in 0.9 % NaCl, and decrease after the 
peak at 100 mg / g. The possible flocculation caused by AIM is negligible. 

-20%

-10%

0%

10%

20%

30%

40%

50%

25 50 100 500 1000

Fl
oc

cu
la

tio
n

 

-20%

-10%

0%

10%

20%

30%

40%

50%

25 50 100 500

Concentration (mg / g)

 

-20%

-10%

0%

10%

20%

30%

40%

50%

25 50 100 500

10 min

2h

24h

 
Figure 18: Flocculation of commercial low molecular weight chitosan dissolved in 2 % citric acid (left), AIM 
without pH adjustment (middle) and AIM with pH adjusted to 4.5 using H2SO4. All were done using E. coli 
resuspended in 0.9 % NaCl. 

Flocculation was also investigated using AAIM in broth and in 0.9 % NaCl solution. By 
looking at the results in Figure 19, it is clear that only the lower concentrations caused any 
flocculation, while the highest concentration showed no sign of flocculation at all. 
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Figure 19: Flocculation caused by AAIM in Nutrient broth (left) and in 0.9 % NaCl (right). The microorganism 
used was E. coli. 
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7.3 Cell viability by tetrazolium 

By diluting an overnight culture of E. coli to different final concentrations and subjecting 
them to the presence of TTC at time intervals, the colour produced by TTC was investigated. 
In Table 1 it is clear that for colour to be noticeable after 24 hours, E. coli should be allowed 
to grow for at least 3 h before adding TTC. However, 5 h incubation seemed ideal. 

Table 1: Test results from the first tetrazolium test, using TTC and nutrient broth. Dilution is related to the 
overnight culture of E. coli which would be approximately 108 CFU/ml. Both the solution itself and the pellet 
created by centrifugation were investigated. 

TTC test 1 
    colour 1h colour 24 h 
time (h) log10 dilution solution pellet solution pellet

0 Yes Yes Yes  Yes 
1 Weak Yes Weak Yes 
2 - - - - 

0 

3 - - - - 
0 Yes Yes Yes Yes 
1 Yes Yes Yes Yes 
2 - Yes - Weak

1 

3 - - - - 
0 Yes Yes Yes Yes 
1 Yes Yes Yes Yes 
2 - Yes Weak Yes 

2 

3 - Weak - Weak
0 Yes Yes Yes Yes 
1 Yes Yes Yes Yes 
2 Weak Yes Weak Yes 

3 

3 - Weak - Weak
0 Yes Yes Yes Yes 
1 Yes Yes Yes Yes 
2 Weak Yes Weak Yes 

4 

3 - Yes - Yes 
0 Yes Yes Yes Yes 
1 Yes Yes Yes Yes 
2 Yes Yes Yes Yes 

5 

3 Weak Yes Weak Yes 
– indicates that no colour was detected 

Following a similar procedure as above, the colour produced by TTC in nonwoven samples 
was investigated. In order to quantitatively determine the colour, the formazan was extracted 
using acetone, and for some samples the extract was filtered as well. As can be seen in Figure 
20, all samples showed absorption of above 0.5, even when no colour was present as was the 
case for samples from 3 h incubation with 103 dilution and 5 h incubation with 101 dilution. 
After filtration the absorption was lowered, but remained unacceptably high. 
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Figure 20: Test results from TTC added to E. coli in nonwoven samples, with extraction done using acetone. 
Filtering was carried out using a sterile filter. Dilution is related to overnight culture, which was approximately 
108 CFU / ml. The extracts from 3 h incubation with log10 dilution 3 and 5 h incubation with log10 dilution 1 
were colourless. 

Since the newer and more reactive MTT was available, it was tested and compared with TTC. 
The test was carried out as previously, but extraction was carried out with absolute ethanol 
instead of acetone. As can be seen in Figure 21, MTT caused considerably more colour than 
TTC. 
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Figure 21: Comparison between the absorption after using TTC and MTT in nonwoven samples, with extraction 
done using absolute ethanol.  Dilution is related to overnight culture, which had a concentration of 
approximately 108 CFU / ml. More absorption from the log10 3 dilution is due to a larger test sample being used. 

MTT, however, was rejected as a suitable tetrazolium salt as it could react in the presence of 
chitosan and form its formazan. This was discovered when using test samples with known 
patterns of chitosan added to them; in spots with chitosan the dark coloured formazan was 
produced. 

The antimicrobial effect of chitosan from cell wall material was also confirmed by a second 
set of tests, done using TTC and checking the samples for colour changes daily. As the only 
colour changes detected were from the untreated samples after 1-2 days, and 1 day later for 
1 % cell wall extract inoculated with E. coli or 3 days later for 1 % cell wall extract inoculated 
with K. pneumoniae, it was clear that no bacterial growth had taken place in the vast majority 
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of the samples. None of the samples inoculated with S. aurues showed any detectable colour, 
including the untreated sample, and was thus discarded. 

7.4 Determination of a different method for chitosan addition 

The success of addition of chitosan to the nonwoven material during the production of said 
material was tested by scanning for antimicrobial effect using the AATCC test method. As all 
samples, regardless of if the chitosan was added in citric acid solution or sulphuric acid 
solution and regardless of the supposed concentration of chitosan, showed no antimicrobial 
effect that could be considered for certain, the method was determined not to have worked. 

8. Discussion 

Considering the rather clear test results, a number of conclusions can be drawn. First of all, as 
has already been reported [12, 28], chitosan does have a strong antimicrobial effect. More 
importantly, the cell wall material does compare to the commercially available chitosan, even 
if it seems to require longer exposure for it to work, and somewhat higher concentrations. 
However, it is important to point out that the percentages reported for the cell wall material is 
based on the total amount of material added, and thus the actual concentration of chitosan is 
lower. This could explain why the cell wall material seems to be only effective against 
C. albicans when no incubation is carried out, since higher concentrations are needed for to 
inhibit the microorganism than the others. 

The results for C. albicans were rather unexpected, since chitosan did have a strong 
antimicrobial effect on C. albicans when it was investigated elsewhere [3] (an investigation 
which for the record even used the same strain.) However, this may be due to the first method 
that was used in this report, which only focuses on the number of CFU, and thus makes the 
mass of C. albicans / sample considerably higher than that of the prokaryotes. This is not 
contradicted with the other report, since a much lower cell concentration was used there.  

Even if the test results from the AATCC Test Method showed over 99.9 % reduction of the 
viable bacteria in almost all cases , the possibility remained that the results were caused by 
agglomeration since chitosan is a reported flocculant [10], or that the microorganisms adhered 
to the nonwoven textile and thus were not extracted. This was solved by using a second 
method based on tetrazolium, which did not require extraction of the microorganisms and was 
not susceptible to the possible agglomeration. 

Since TTC was not converted to its formazan in the presence of chitosan, it was deemed to be 
better than MTT which was too reactive. Furthermore, due to the good results obtained 
without extraction of the formazan, which proved to contain some background noise, simple 
observation of colour changes proved to be the best method. This also allowed the samples to 
be examined during a longer time perspective, as any colour extraction would have stopped 
any continued growth in the samples. 

With the results from the tetrazolium test showing no growth (except for the 1 % cell wall 
material sample which proved that growth could start if not all microorganisms were killed) it 
was quite clear that the earlier results were not due to agglomeration or the microorganisms 
adhering to the nonwoven samples and actually representing of the true value. This is further 
supported by the mechanism for antimicrobial activity, which is damage or disruption of the 
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cell wall [20-22], since they eliminate the only other alternative: that the microorganism are 
only unable to grow but still left in the sample. 

For future works another interesting conclusion can be drawn from the test results: addition of 
chitosan in a solution to the nonwoven textiles is more effective than addition of chitosan in 
powder form, which is most likely due to the greater contact between chitosan and the 
microorganisms. Thus, work focused on increasing the antimicrobial effect should always 
consider increasing the solubility of the chitosan material, and to improve the contact between 
the material and the microorganisms. 

9. Conclusion 

Data shows that chitosan from cell wall material has a very strong antimicrobial activity, able 
to decrease the amount of E. coli K. pneumoniae and S. aureus present by as much as 
>99.9 %, clearly comparable with the today available commercial chitosan. Only C. albicans 
was proven to require a higher concentration of cell wall material to be inhibited after 24 h 
incubation, but then it was only inhibited by 5 % medium molecular weight chitosan applied 
in 2 % citric acid solution to the test samples. 

10. Future work 

Even though the results are quite clear, more work is required. The critical inhibition 
concentration of cell wall material for fungi such as C. albicans needs to be investigated, and 
if it is possible to increase the antimicrobial activity of the cell wall material. Furthermore, the 
cell wall material in general should be investigated further. 
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