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ABSTRACT 

Comparison of different assay methods and sample preparation 

procedure for the evaluation of the antibacterial activity of chitosan 

Chitosan is a natural biopolymer obtained by deacetylation of chitin, which is a major 

structural component in the exoskeleton of crustaceans. The antimicrobial activity of 

chitosan and chitosan derivatives has been widely researched and these polymers 

have been shown to be effective against many Gram-negative and Gram-positive 

bacteria as well as fungi. However, the reported activity, against a given 

microorganism, can vary significantly from one study to another. This is partially due 

to the lack of a standardized procedure for the testing and sample preparation. The 

aim of this study was to investigate and compare different microbial assay methods 

that have frequently been reported for chitosan as well as the sample preparation 

procedures. Factors that may influence activity such as pH, NaCl concentration and 

aggregation of the polymer were also investigated. The Gram-positive bacteria 

Staphylococcus aureus and the Gram-negative Escherichia coli were used as model 

organisms in the study. 

 The study found that the commonly reported disk diffusion and well diffusion assays 

were not suitable for chitosan as the polymer cannot diffuse into the agar network. 

Broth microdilution assay was found to be suitable but neither acetic acid nor 

hydrochloric acid could be recommended as solvents because the pure solvents 

influenced the readout from the assay. Thus, chitosan samples were prepared by 

converting the poorly soluble chitosan polymer to water soluble chitosan-hydrochloride 

before performing the microdilution. When the assay was performed in this way it 

showed the best antibacterial activity at pH 5.5 – 6.5 for S. aureus and pH 4.5 - 6.5 for 

E. coli. NaCl concentration was tested against S. aureus and did not show much effect 

on the MIC of chitosan samples. Even though a solution with chitosan hydrochloride 

salts with various pH levels looked clear, there was an increase in aggregation of 

particles in sample with increasing pH level, above pH 6.5. 

These results provide an important foundation that a standardized procedure for 

antimicrobial testing of chitosan can be based upon. Such standardization gives rise 

to a reliable comparison between different laboratories, thus further advancing 

research of the antimicrobial activity of chitosan.  
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ÁGRIP 

Samanburður á greiningaraðferðum og aðferðum við undirbúning 

sýna fyrir mat á sýklahindrandi áhrifum kítósans 

Kítósan er náttúruleg fjölliða fengin með díasetýlingu kítíns, sem er megin 

byggingarhluti í skeljum krabbadýra. Sýklahindrandi virkni kítósans og afleiða hennar 

hefur víða verið rannsökuð og hefur sýnt virkni gegn mörgum Gram-neikvæðum og 

Gram-jákvæðum bakteríum sem og sveppum. Samt sem áður getur þessi tilgreinda 

virkni gegn ákveðinni örveru, verið verulega breytileg milli rannsókna. Þetta er að hluta 

til vegna skorts á staðlaðri aðferðarfræði. Markmið þessarar rannsóknar var að kanna 

og bera saman mismunandi aðferðir, sem oft hefur verið greint frá, til að meta 

sýklahindrandi áhrif kítósans, sem og aðferðir til undirbúnings sýna. Þættir sem hafa 

áhrif á virkni eins og pH, NaCl styrkur og samansöfnun fjölliðunnar voru einnig 

kannaðir. Gram-jákvæða bakterían Staphylococcus aureus og Gram-neikvæða 

bakterían Echerichia coli voru notaðar sem tilraunaörverur í þessarri rannsókn. 

 Í þessarri rannsókn var komist að því að flæðipróf með skífum og brunnum, sem oft 

hefur verið greint frá í rannsóknum á kítósani, henta ekki fyrir kítósan þar sem fjölliðan 

getur ekki flætt í agarnum. Míkrótíter raðþynning reyndist vera viðeigandi en hvorki er 

hægt að mæla með ediksýru né saltsýru sem leysum þar sem hreinir leysar höfðu áhrif 

á lestur niðurstaða. Því voru kítósan sýni útbúin með því að umbreyta illa leysanlegri 

kítósan fjölliðu í vatnsleysanleg kítósan-hýdróklóríð sölt fyrir framkvæmd míkrótíter 

raðþynningar. Þegar aðferðin var framkvæmd á þennan hátt sýndi hún að besta 

bakteríuhindrandi vikrnin var við pH 5.5 – 6.5 fyrir S. aureus og pH 4.5 – 6.5 fyrir E. 

coli. NaCl styrkur var rannsakaður á S. aureus en sýndi lítil áhrif á lágmarks heftistyrk 

kítósan sýnanna. Jafnvel þó lausnir með kítósan-hýdróklóríð við mismunandi pH gildi 

litu út fyrir að vera alveg glærar, var aukning á samansöfnun agna í sýnum með 

hækkandi pH gildi, fyrir hærri pH gildi en 6.5. 

 Þessar niðurstöður veita mikilvægan grunn sem hægt er að byggja á fyrir staðlaða 

aðferðarfræði á mælingum sýklahindrandi áhrifs kítósans. Slík stöðlun gerir 

áreiðanlegan samanburð milli mismunandi rannsóknarstofa á bakteríuhindrandi virkni 

kítósan mögulegan. 
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1 INTRODUCTION 

 

1.1 Chitosan 

Chitosan is a natural biopolymer obtained from chitin by deacetylation (Figure 1). It is 

composed of β-(1,4)-2-acetamido-D-glucose and β-(1,4)-2-amino-D-glucose units. 

Next to cellulose, chitin is the second most abundant natural biopolymer (Greenwood 

et al., 2007; Rinaudo, 2008). Chitin is a major structural component in the exoskeleton 

of crabs, shrimps, and other crustaceans, as well as insects and is also present in the 

cell walls of fungi (Kumirska et al., 2011). Chitosan only occurs naturally in certain 

types of fungi (R. A. A. Muzzarelli et al., 1994). Commercially available chitosan is 

mainly the deacetylated form of chitin that has been isolated from crustacean shells. 

Applications of chitin are limited because it is highly insoluble but chitosan is 

extensively investigated for use in biomedical applications (Lodhi et al., 2014) and is 

also used as a supplement and for different purposes in the food industry and 

agriculture (Table 1).  

 

 Chitosan is insoluble in water but is soluble in some dilute acidic solutions. The free 

amino groups of chitosan glucosamine units, that have an apparent pKa of 6.5, undergo 

protonation in dilute aqueous acidic solution and are converted into the ionizable 

soluble R-NH3
+ form (Ahmed et al., 2016).  

Chitosan is of interest to researchers in the biomedical field because it is 

biodegradable, non-toxic, biocompatible, non-antigenic, and it has antimicrobial and 

antioxidant activity (Sousa et al., 2009). 

 

Figure 1: Structure of chitosan. 
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1.2 Antimicrobial applications of chitosan 

The antimicrobial activity of chitosan and chitosan derivatives has been researched 

intensively for the past decades. It is unique as a low-cost antimicrobial natural polymer 

and is, therefore, attractive for use in various industries. Chitosan has shown to be 

effective against many Gram-negative and Gram-positive bacteria as well as fungi 

(Goy et al., 2009; Holappa et al., 2006; P. Sahariah et al., 2017).  

 

1.2.1 Food industry and agriculture 

Chitosan’s antimicrobial properties have proven useful in various industries including 

the food industry, where it can be used as an edible material for food packaging and 

coating (Elsabee et al., 2013), and agriculture, where it has been used for plant 

protection treatments (El Hadrami et al., 2010), as well as other uses (Table 1).  

 

Table 1: Applications of the antimicrobial properties of chitosan in food industry 
and agriculture. 

Industry Purpose Microorganism Chitosan sample Citation 

 

 

 

Food 

industry 

Prolonged shelf 

life of strawberries  

Botrytis cinerea Chitosan – lemon essential 

oil coatings 

(Perdones et 

al., 2012) 

Prolonged shelf 

life of green beans  

Escherichia coli 

O157:H7 and 

Salmonella 

Typhimurium 

Chitosan based coating 

containing carvacrol 

nanoemulsion, gamma 

irradiation and modified 

atmosphere packaging 

(Severino et 

al., 2015) 

Biodegradable 

packaging  

Staphylococcus 

aureus and 

Escherichia coli 

Thermoplastic corn starch – 

chitosan films 

(Lopez et al., 

2014) 

 

Agriculture 

–  

Plant 

protection 

Seed protection 

from fungi  

Rhizopus, Alternata, 

Aspergillus 

Chitosan coatings (Ziani et al., 

2010) 

Protection of 

cowpea plants  

Fusarium oxysporum Chitosan (Berger et al., 

2016) 

Protection against 

sheath blight  

Rhizoctonia solani Chitosan (H. Liu et al., 

2012) 

 

Chitosan is of great interest in the food industry because of its antifungal and 

antibacterial properties, also because it is edible and has good film-forming properties 

(Elsabee et al., 2013). The applications include coatings for prolonged shelf life of 

foods and biodegradable food packaging (Table 1).  
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In agriculture chitosan is mainly used to inhibit fungal growth as well as bacteria and 

viruses, and to induce host defence responses in plants (El Hadrami et al., 2010). The 

applications include seed treatment to prevent fungal damage and inducement of 

natural plant defences (Table 1). 

 

1.2.2 Biomedical and pharmaceutical industry 

Chitosan is used in many biomedical and pharmaceutical applications as well, 

including tissue engineering, wound healing, implant protection, and researched for 

potential use in drug delivery (Table 2).  

 

Table 2: Applications of the antimicrobial properties of chitosan in the 
biomedical and pharmaceutical industry. 

 

Along with its antimicrobial activity, chitosan’s porous structure, gel forming 

properties and ease of chemical modification makes it  ideal for tissue engineering and 

wound healing applications (I.-Y. Kim et al., 2008). Wang et al. (2012) developed a 

hydrogel sheet composed of chitosan, honey and gelatin as a dressing for burn 

wounds. The formulation showed high activity toward S. aureus and E. coli, relative to 

chitosan and honey tested separately. No toxic effect and irritation to skin or body could 

be observed when the ointment was tested on rabbits. Biomedical products containing 

Purpose Microorganism Chitosan sample Citation 

Tissue engineering  

Staphylococcus aureus Silk fibroin and chitosan 

scaffolds 

(Bhardwaj et al., 2011) 

Burn wound 

dressing  

Staphylococcus aureus, 

Escherichia coli 

Hydrogel sheet composed of 

chitosan, honey and gelatin 

(T. Wang et al., 2012) 

 

Reduction of 

bacterial adhesion to 

orthopaedic implants  

Staphylococcus aureus, 

Pseudomonas 

aeruginosa 

Chitosan – lauric acid 

conjugate 

(Zhao et al., 2014) 

Staphylococcus aureus Ciprofloxacin loaded chitosan 

nanoparticle-based 

(Mattioli-Belmonte et al., 

2014) 

 

 

Drug delivery  

Cutibacterium acnes 

(formerly 

Propionibacterium 

acnes) 

Chitosan Alginate 

nanoparticles 

(Friedman et al., 2013) 

Staphylococcus aureus, 

Escherichia coli 

Fucoidan-shelled chitosan 

beads 

(Yu et al., 2015) 



4 
 

chitosan are being sold, in the US for an example, such as wound dressing products 

(Tricol Biomedical, 2020). 

Chitosan’s primary amino groups are thought to be responsible for properties such 

as controlled drug release, mucoadhesion, in situ gelation, transfection, permeation 

enhancement, and efflux pump inhibitory properties (Bernkop-Schnürch et al., 2012). 

For this reason, chitosan has been of much interest as a potential for use in drug 

delivery systems. Yu et al. (2015) chose to use chitosan in their study because it can 

form polyelectrolyte complexes with naturally occurring polyanions. Their chitosan 

beads with nanoparticles showed inhibition of growth of S. aureus and E. coli. Chitosan 

is an attractive candidate as a coating layer as well, for it can promote cell adhesion 

when protonated in acid solutions, and it has been reported to improve specific cell line 

growth, such as osteoblasts (Bumgardner et al., 2003). Chitosan nanoparticles have 

also shown high loading capacity and good drug delivery properties for various 

compounds such as dopamine and antibiotics (Mattioli-Belmonte et al., 2014). 

Specifically, a ciprofloxacin loaded chitosan nanoparticle-based coatings for titanium 

substrates were developed, that could be used for orthopaedic implant surfaces to 

prevent post-operative infections. The coating reduced the growth of two nosocomial 

S. aureus strains of about 20 times compared to controls (Table 2). 

 

1.3 Microorganisms 

Chitosan and chitosan derivatives have shown antimicrobial activity against many 

Gram-negative and Gram-positive bacteria, as previously mentioned. The difference 

between Gram-negative and Gram-positive bacteria lies in their cell wall. The cell 

envelope of the Gram-positive bacteria consists of a thick peptidoglycan layer and 

teichoic acids. The cell envelope of the Gram-negative bacteria consists of an outer 

membrane, periplasm and a cytoplasmic layer (Figure 2).  

Bacteria that are a common cause of infections in humans include the Gram-positive 

Staphylococcus spp., Streptococcus spp. and Enterococcus spp., and the Gram-

negative Escherichia coli, Klebsiella spp. and Pseudomonas spp., among others. 

These bacteria are all problematic, both in the form of planktonic cells, and especially 

due to their tendencies to form biofilms. Biofilms are a compilation of microorganisms 

embedded in a polysaccharide matrix (Karunakaran et al., 2011). Many pathogenic 

microorganisms use biofilm formation for adhesion to prosthetic devices and implants.  



5 
 

 

Biofilm formation starts with initial attachment to a surface, followed by formation of 

micro-colony, then three dimensional structure formation, followed by biofilm 

formation, maturation and finally detachment (Jamal et al., 2015) (Figure 3).  

Figure 2: The components of the cell wall of Gram-positive 
bacteria (a) and Gram-negative bacteria (b) (Greenwood 
et al., 2007). 

Figure 3: The steps of biofilm formation (Jamal et al., 2015). 
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Antibiotics have very limited effects on bacteria in biofilms because of the density of 

the biofilm which makes it hard for antibiotics to reach single bacteria, and those 

bacteria are not in cell division which is the best time for antibiotics to work 

(Karunakaran et al., 2011).  

Many studies have reported chitosan’s antibacterial activity against Gram-positive 

Staphylococcus spp., Streptococcus spp., and Enterococcus spp. (Table 3). 

 

Table 3: Examples of antibacterial activity testing of chitosan on Gram-positive 
bacteria 

Species Strain Antimicrobial 
assay 

Antimicrobial 
activity 

Chitosan 
sample 

Citation 

Staphylo-
coccus 
spp. 

S. aureus (MTCC 
9542) 

Disk diffusion 12 mm  Chitosan-alginate 
microspheres 

(Thaya et 
al., 2018) 

Vancomycin-
resistant S. aureus 
(ATCC 700699) 
 

Broth 
macrodilution 

MIC: 0.25 mg/ml 
MBC: 4.00 mg/ml 
MBIC: 4.0 – 5.0 
(biomass), 8.0 – 9.0 
(metabolism) 

Chitosan (Eduardo 
M. Costa et 
al., 2017) 

S. aureus (ATCC 
25923)  
 

Well diffusion 9 – 16 mm Chitosan-based 
biodegradable 
conducting graft 
copolymers 

(Cabuk et 
al., 2015) 

Strepto-
coccus 
spp. 

S. mutans (CCUG 
45091) 
 

Adhesion assay, 
microtiter plate 
test, sub-MIC, 
mature biofilm 
assay 

Adhesion: 94-100% 
inhibition 
Biofilm formation: ca 
90% inhibition 
Dual-species biofilm 
formation: 60% 
inhibition 
Mature biofilms: 30-
95% inhibition  

Chitosan (E. M. 
Costa et al., 
2013) 

S. mutans 
(UA159) 

Live/dead 
staining assay 

20 – 25% and > 95% 
total cell damage 

Chitosan 
nanoparticles 

(de Paz et 
al., 2011) 

S. pneumoniae 
(RCMB 000101) 
 

Agar well 
diffusion method, 
and agar plate 
method to 
determine the 
MIC 

Well diffusion inhibition 
zone: 12.7 – 19.9 mm 
MIC: 125 µg/ml for 
chitosan, and 3.91 
µg/ml for crosslinked 
chitosan hydrogel 

Cross-linked 
chitosan 
hydrogels 

(Mohamed 
et al., 2012) 

Entero- 
coccus 
spp. 

E. faecalis (Acc. 
HQ693279.1) 

Disk diffusion 9 mm Chitosan-alginate 
microspheres 

(Thaya et 
al., 2018) 

Vancomycin-
resistant E. 
faecalis (BAA-
2365) 

Broth 
macrodilution, 
plate spread 
technique, MBIC 
determination 

MIC: 0.05 - 0.10 mg/ml 
MBC: 1.00 – 2.00 
mg/ml 
MBIC: 4.0 (biomass), 
10.0 (metabolism) 

Chitosan (Eduardo 
M. Costa et 
al., 2017) 

E. faecalis (ATCC 
7966)  
 

Well diffusion 9 – 18 mm Chitosan-based 
biodegradable 
conducting graft 
copolymers 

(Cabuk et 
al., 2015) 
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Many studies have reported chitosan’s antimicrobial activity against Gram-negative 

Escherichia coli, Klebsiella spp., and Pseudomonas spp. (Table 4). It is important to 

bear in mind that different clones and species of the same genus do not have all the 

same properties and differ in sensitivity to antibiotics, and strains of the same species 

may differ in pathogenicity factors. For that reason, it is important that the same strain 

of species is used when comparing results. For that purpose, easily available strains 

used for quality control of susceptibility testing are ideal.  

 

Table 4: Examples of antibacterial activity testing of chitosan against Gram-
negative bacteria 

Species Strain Antimicrobial 
assay 

Antimicrobial 
activity 

Chitosan 
sample 

Citation 

Escher-
ichia coli 

E. coli (MTCC 
723)  

Broth 
macrodilution, 
well diffusion, 
crystal violet 
biofilm assay 

MIC: 10 – 50 mg/ml 
Well diffusion inhibition 
zone: 5.3 – 14 mm 
Biofilm inhibition: 54 – 
97 % 

Chitin, chitosan 
and chitosan 
nanoparticles 

(Divya et 
al., 2017) 

E. coli (RCMBA 
5003) 
 

Agar well 
diffusion method, 
and agar plate 
method to 
determine the 
MIC 

Well diffusion inhibition 
zone: 8.3 – 13.9 mm 
MIC: 500 µg/ml for 
chitosan, and 125 
µg/ml for crosslinked 
chitosan hydrogel 

Cross-linked 
chitosan 
hydrogels 

(Mohamed 
et al., 2012) 

E. coli (ATCC 
11229) 
 

Well diffusion 9 – 16 mm Chitosan-based 
biodegradable 
conducting graft 
copolymers 

(Cabuk et 
al., 2015) 

Klebsiella 
spp. 

K. pneumoniae 
(strain not 
reported) 

Agar diffusion Increase in area: 21.76 
– 103.41 mm (9.10 – 
44.32%) 

Chitosan based 
films 

(Escarcega-
Galaz et al., 
2018) 

K. pneumoniae 
(MTCC 109) 
 

Broth 
macrodilution, 
well diffusion, 
crystal violet 
biofilm assay 

MIC: 20 – 50 mg/ml 
Well diffusion inhibition 
zone: 2.6 – 12 mm 
Biofilm inhibition: 57 – 
96 % 

Chitin, chitosan 
and chitosan 
nanoparticles 

(Divya et 
al., 2017) 

K. pneumoniae 
(RSKK 574) 
 

Well diffusion 9 – 16 mm Chitosan-based 
biodegradable 
conducting graft 
copolymers 

(Cabuk et 
al., 2015) 

Pseudo-
monas 
spp. 

P. aeruginosa 
(MTCC 121) 
 

Broth 
macrodilution, 
well diffusion, 
crystal violet 
biofilm assay 

MIC: 10 – 40 mg/ml 
Well diffusion inhibition 
zone: 7.6 – 15.3 mm 
Biofilm inhibition: 46 – 
85 % 

Chitin, chitosan 
and chitosan 
nanoparticles 

(Divya et 
al., 2017) 

P. aeruginosa 
(Acc. HQ400663) 
 

Disk diffusion 

 

6 mm Chitosan-
alginate 
microspheres 

(Thaya et 
al., 2018) 

P. aeruginosa 
(strain not 
reported) 

Agar diffusion Increase in area: 17.63 
– 106.39 (7.55 – 44.99 
%) 

Chitosan based 
films 

(Escarcega-
Galaz et al., 
2018) 
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Chitosan has shown antimicrobial activity against fungi as well. The walls of fungal 

cells consist of glycoproteins and polysaccharides, mostly glucan and chitin (Figure 4). 

The fungal cell membrane contains ergosterol which is the target of most antifungal 

drugs. 

 

 

Table 5: Examples of antifungal testing of chitosan on yeasts. 

 

 

Species Strain Antimicrobial 
assay 

Antimicrobial 
activity 

Chitosan 
sample 

Citation 

Candida 
spp. 

C. glabrata (ATCC 90030), 
C. albicans (ATCC 90028), 
C. parapsilensis (ATCC 
22019), C. kreusei (ATCC 
6258) 

Broth microdilution MIC: 0.156 – 5 
mg/ml 

Chitosan (Limam 
et al., 
2011) 

C. albicans (ATCC 10231) 
 

Spread plating 
colony 
enumeration 
technique 

>90% bactericidal 
ratio after 4 h, 
complete 
sterilization after 12 
h 

Chitosan-
TiO2 
composite 
film 

(Zhang et 
al., 2017) 

C. albicans (16 strains), C. 
parapsilosis (5 strains), C. 
krusei (4 strains), C. 
tropicalis (2 trains), C. 
glabrata (4 strains) 

Broth microdilution MIC range from 30 
strains: 16-250 
µg/ml 
Mean MIC: 83.4 
µg/ml 

Xanthone-
chitosan 

(Tocci et 
al., 2011) 

Crypto-
coccus 
spp.  

C. neoformans (2 strains 
from DSM, 10 strains from 
TMC) 

Broth microdilution MIC range from 12 
strains: 64-250 
µg/ml 
Mean MIC: 39.1 
µg/ml 

Xanthone-
chitosan 

(Tocci et 
al., 2011) 

C. neoformans (B3501) XTT reduction 
assay, MIC50 
determination and 
more  

XTT assay: >0.04 
mg/ml 
MIC50: 0.625 mg/ml 

Chitosan (Martinez 
et al., 
2010) 

Figure 4: Fungal cell wall components (Vega et al., 2012). 
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Infections caused by yeasts like Candida spp and Cryptococcus spp. often affect 

immunocompromised individuals. Molds like Aspergillus spp. and dermatophytes like 

Trichophyton spp. and Microsporum spp. can cause allergic reactions and respiratory 

problems in humans. 

Many studies have proved chitosan’s antifungal activity against yeasts Candida 

spp., and Cryptococcus spp. (Table 5), molds like Aspergillus spp. (Table 6), and 

dermatophytes like Trichophyton spp. and Microsporum spp. (Table 7).  

 

Table 6: Examples of antifungal testing of chitosan on molds. 
 

Asper-
gillus 
spp. 

A. niger (strain not 
reported) 
 

Mycelia radial 
growth 
technique 

Maximum mold 
growth in the 
stationary phase: 
2.40 ± 0.02. 
Maximum specific 
growth rate: 0.85 ± 
0.01  
Lag phase: 0.00 ± 
0.01  

Chitosan films (Avila-Sosa et 
al., 2012) 

A. fumigatus (RCMBA 
06002), A. niger 
(RCMBA 06106) 
 

Agar well 
diffusion 
method, and 
agar plate 
method to 
determine the 
MIC 

Well diffusion 
inhibition zone: 11.7 
– 20.1 m 
MIC: 125-250 µg/ml 
for chitosan, and 
3.91-15.63 for 
crosslinked chitosan 
hydrogel 

Cross-linked 
chitosan 
hydrogels 

(Mohamed et 
al., 2012) 

A. niger (NRRL 3) Mycelia radial 
growth 
technique 

Colony radial growth 
(CR) (cm) at 96h: 
1.07 ± 0.17 to 2.19 ± 
0.10 
Fungistatic index on 
CR (%): 29.11 to 
56.16 
Germinated spores 
(%) at 18h: 46.7 ± 
2.7 to 87.0 ± 1.0 
Fungistatic index on 
GE (%): 1.25 to 
39.50 

Chitosan 
composite 
films 

(Martinez-
Camacho et 
al., 2010) 
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Table 7: Examples of antifungal testing of chitosan on dermatophytes. 
 

Species Strain Antimicrobia
l assay 

Antimicrobial 
activity 

Chitosan 
sample 

Citation 

Tricho-
phyton 
spp. 

T. mentagrophytes 
(NBRC5466), T. 
rubrum (NBRC5807), 
T. tonsurans 
(NBRC5946) 

Mycelia radial 
growth 
technique 

Colony diameter:  
0.4 – 2.0 mm 

Chitosan 
nanofiber 
sheets 

(Egusa et al., 
2015) 

T. mentagrophytes 
(ATCC 9972, 
DSM4870, 6 strains 
from PMC), T. rubrum 
(DSM4167, PMC6612) 

Broth 
microdilution 

MIC range from 16 
dermatophytes 
(Trichophyton and 
Microsporum): 64-
125 µg/ml 
Mean MIC: 114 
µg/ml 

Xanthone-
chitosan 

(Tocci et al., 
2011) 

T. interdigitale (strain 
not reported) 

Absorption 
method and 
CFU count 

Maximum microbial 
reduction of 61.45% 
for sample A b/1C 
and a minimal of 
27% for sample A 
g/5C. 54.18% 
reduction for sample 
B/5C. 

Textile 
material 
treated with 
chitosan 

(Surdu et al., 
2016) 

Micro-
sporum 
spp. 

M. gypseum (strain not 
reported) 
 

Disk diffusion Inhibition zones: 
PC1Cs2 14.50 ± 
0.58 mm 
PC2Cs2 16.75 ± 
0.50 mm 

Chitosan/Soy 
Phosphatidyl-
choline 
Topical Films 
Containing 
Griseofulvin 

(Bavarsad et 
al., 2015) 

M. canis (NBRC9182), 
M. gypseum 
(NBRC5948) 

Mycelia radial 
growth 
technique 

Colony diameter: 
0.8 – 3.0 mm 

Chitosan 
nanofiber 
sheets 

(Egusa et al., 
2015) 

M. canis (DSM10708, 
PMC7426), M. 
gypseum (DSM3824, 3 
strains from PMC) 
 

Broth 
microdilution 

MIC range from 16 
dermatophytes 
(Trichophyton and 
Microsporum): 64-
125 µg/ml 
Mean MIC: 114 
µg/ml 

Xanthone-
chitosan 

(Tocci et al., 
2011) 

 

 

1.4 Influencing factors of the antimicrobial activity 

Various factors may affect the antimicrobial activity of chitosan, both intrinsic and 

extrinsic, including type of microorganism, pH, molecular weight (MW), degree of 

deacetylation (DD), source of chitosan, viscosity, hydrophobicity, cationic charge, 

concentration in solution and type of solvent (Goy et al., 2009; Hosseinnejad et al., 

2016; Raafat et al., 2008; E. I. Rabea et al., 2003). 

Some studies have reported a correlation between the MW of chitosan and the 

antimicrobial activity (No et al., 2002; Zheng et al., 2003). Although, more recent 
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studies have reported that the antimicrobial activity of chitosan is dependant on other 

factors, like the properties of microorganism tested, rather than the MW (P. Sahariah 

et al., 2017). Sahariah et al. (2019) found that the antibacterial activity for chitosan 

against S. aureus increased with increasing MW until 50 kDa. Increase in MW above 

this value did not affect activity. Degree of deacetylation (DD) is reported to affect the 

antimicrobial activity of chitosan. Researchers have shown that with an increase in the 

degree of chitosan deacetylation, the antimicrobial activity of chitosan increases (Jung 

et al., 2010; Vishu Kumar et al., 2005). The more chitosan is deacetylated, the more 

free amino groups can protonate at chitosan’s pKa. The pH, therefore, also affects the 

antimicrobial activity. Chitosan is insoluble in water but soluble below pH 6. Chitosan‘s 

primary amino group will then be positively charged, and the electrostatic interaction 

between the anionic bacteria surface and the cation ionic polymer is thought to 

contribute to the activity (E. I. Rabea et al., 2003). 

 Diverse properties of isolates of microorganisms towards chitosan can also vary. 

This can vary considerably for different types of Gram-negative bacteria, Gram-positive 

bacteria and fungi (Eaton et al., 2008; Palma-Guerrero et al., 2008; Park et al., 2011). 

Presumably this is because of the differences in the cell wall components of 

microorganisms (Goy et al., 2009; P. Sahariah et al., 2017). 

The type of solvent used to dissolve chitosan for antimicrobial testing is known to 

affect the viscosity of chitosan and therefore affect the antimicrobial activity (Kumirska 

et al., 2011). Not much has been reported on the antimicrobial activity of the pure 

solvent when the antimicrobial activity of chitosan dissolved in a type of solvent is 

reported.  

All these factors affect the antimicrobial activity of chitosan. When comparing results 

from different laboratories of the antimicrobial activity of chitosan, it is important 

consider these factors. Modification of chitosan to make different derivatives and 

conjugates has been studied to eliminate the effects of some of these factors (Ahmed 

et al., 2016). 

 

1.5 Antimicrobial chitosan derivatives and conjugates 

Derivatization of chitosan is one approach to overcome the limitations in solubility and 

also to further increase the activity. 
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Quaternized chitosan derivatives, where cationic quaternary ammonium groups 

have been introduced on the backbone of chitosan, are common (Jia et al., 2001; Lim 

et al., 2003; Rúnarsson et al., 2010; P. Sahariah et al., 2017). Jia et al. (2001) reported 

the MIC of N,N,N-Trimethyl chitosan (TMC), N-N-Propyl-N,N-dimethyl chitosan and N-

Furfuryl-N,N-dimethyl chitosan, was ten times lower than that of chitosan, against E. 

coli. Rúnarsson et al. (2010) found that in their study the chitosan derivatives with 

longer alkyl chained were less active than the ones with shorter alkyl chains, against 

Gram-positive bacteria S. aureus, both methicillin sensitive and resistant (MRSA), and 

Gram-negative bacteria E. coli and P. aeruginosa, and that TMC was the most active 

compound. 

Carboxyl alkyl chitosan derivatives have shown improved antimicrobial activity. A 

carboxyl alkyl chitosan derivative is a chitosan derivative with a carboxyl group 

substituted with one of chitosan’s reactive groups, the C-2 NH2 group, the C-3 or C-6 

OH groups. Muzzarelli et al. (1990) prepared N-Carboxybutyl chitosan that showed 

antibacterial and antifungal activity against various pathogens. Mourya et al. (2010) 

reported increased antimicrobial activity for O-carboxymethyl chitosan compared to 

chitosan and N,O-carboxymethyl chitosan. They explain the antibacterial activity being 

because the -OH position was substituted so the number of -NH2 was not changed. 

The number of -NH3
+ groups of O-carboxymethyl chitosan was more than that of 

chitosan and therefore the antibacterial activity increased. A characteristic feature of 

carboxyalkylated chitosan is its amphotericity. Kim et al. (1998) reported a higher 

antibacterial activity of their carboxyalkyl chitosan derivatives, prepared by reacting 

chitosan with 4-chlorobutyric acid or 5-chlorovaleric acid, against both S. aureus and 

E. coli, compared to chitosan.  

Chitosan has been conjugated to several cationic amino acids as well as peptides. 

Many research groups are interested in the combination of chitosan and other 

antimicrobial agents. Sahariah et al. (2015) reported the improved antibacterial activity 

of their chitosan conjugated with the antimicrobial peptide anoplin against Gram-

positive S. aureus and E. faecalis, and Gram-negative P. aeruginosa, especially E. 

coli, compared to unmodified anoplin.  

Other soluble chitosan derivatives known with good antimicrobial activity include 

chitosan derivatives with sulfonyl groups, carbohydrate-branched chitosan derivatives 

and chitosan-iodine complexes (Lim et al., 2003). 
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Water-soluble chitosan salts can be prepared by neutralization with acids such as 

hydrochloric acid, acetic acid, lactic acid, or formic acid (Lim et al., 2003; E. I. Rabea 

et al., 2003). These salts have better solubility than chitosan, and same as chitosan, 

these salts have shown strong antimicrobial effects against bacteria and fungi. 

However, chitosan salts precipitate in an alkaline condition so the antimicrobial activity 

will depend on pH (Lim et al., 2003).  

 

1.6 Chitosan‘s antimicrobial mechanism of action 

Studies in the past few decades have shed some light on the antimicrobial mechanism 

of action for chitosan. Several theories have been proposed but none is universally 

accepted. 

 One of the most commonly suggested basis for activity is the electrostatic attraction 

between the positively charged chitosan and the negatively charged cell surfaces of 

microorganisms (Goy et al., 2009; Tsai et al., 1999; Young et al., 1983). Chitosan‘s 

NH3+ groups  presumably compete with Ca2+ for negatively charged sites on the cell 

surfaces (Goy et al., 2009). This affects the cell wall permeability and the internal 

osmotic pressure which inhibits growth. It also causes hydrolysis of peptidoglycans in 

the cell wall which causes intracellular leakage. Helander et al. (2001) explain the loss 

of barrier function of the outer membrane of Gram-negative bacteria by binding of 

chitosan. Electron microscopy showed chitosan causing extensive surface alterations 

and covering the outer membrane with vesicular structures. Je & Kim (2006)  describe 

chitosan derivatives that disrupt the outer and inner membranes of bacteria. Their 

dimethylaminoethyl-chitosan showed a high potential to suppress the growth of 

bacteria, with the outer and inner membrane of E. coli showing increased permeability 

and both E. coli and S. aureus showing an increased release of intracellular 

components. Pavinatto et al. (2010) show that their phospholipid monolayers, 

mimicking cell membranes, are not affected merely by the charges in the amine groups 

of chitosan, and declare that chitosan action depends strongly either on its functional 

uncharged groups and/or on its specific conformation in solution. 

Another theory involves chitosan molecules passing through the cell wall and the 

cytoplasmic membrane to the nuclei (Goy et al., 2009; Sebti et al., 2005). There they 

are said to bind to DNA of microorganisms and inhibit the mRNA and protein synthesis. 

Hadwiger et al. (1986) explain this with the interaction between the positively charged 



14 
 

amino groups of chitosan and the negatively charged phosphate groups of nucleic 

acids, and that chitosan causes DNA to be precipitated from solution. Liu et al. (2001) 

concluded from observing the fluorescence-labelled chitosan oligomers at the inside 

of E. coli cells, that the antibacterial activity of their chitosan oligomers may mainly be 

caused by blocking of the transcription of DNA and interference with the RNA and 

protein synthesis. Chitosan polymers might behave differently than chitosan oligomers.  

Tokura et al. (1997) suggest, when observing a fluorescent labelled chitosan 

oligomer on E. coli, that the antimicrobial activity is not caused by a block in the 

transcription from DNA, but rather suppression of the metabolic activity of the bacteria 

by blocking of nutrient permeation through the cell wall.  

The last theory involves chitosan’s ability to act as a chelating agent that selectively 

binds trace metals, resulting in the inhibition of toxin production, suppression of spore 

elements and binding to essential nutrients, leading to inhibition of microbial growth 

(Goy et al., 2009; E. I. Rabea et al., 2003). Wang et al. (2005) prepared chitosan metal 

complexes that showed better antimicrobial activity than free chitosan and metal salts, 

indicating that the inhibitory effects were dependent on the property of metal ions. 

Cuero et al. (1991) demonstrated a reduction of aflatoxin production and fungal growth 

of cultures treated with their N-carboxymethylchitosan (NCMC). Test media were 

amended with various concentrations of zinc which did not obviate the NCMC-

mediated antifungal activity, except aflatoxin yields were less inhibited at the highest 

zinc concentration. Therefore, they suggest that a fraction of the antifungal activity can 

be attributed to zinc binding.  

Raafat et al. (2008) speculate that there might not be a single mechanism explaining 

the antimicrobial activity of chitosan. According to their results, there is an indication 

that the initial contact between the polycationic chitosan and the negatively charged 

cell wall of Gram-positive bacteria is mainly driven by electrostatic interactions of 

teichoic acids, leading to a disruption of the equilibrium of cell wall dynamics. That, 

along with potential extraction of membrane lipids, which results in a sequence of 

events, ultimately leading to bacterial death. 
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1.7 Antimicrobial assays for chitosan materials 

The antimicrobial activity of chitosan can be determined using various assays, both 

qualitative and quantitative methods. The following antimicrobial assays are commonly 

used for chitosan.  

 

1.7.1 Diffusion assays 

Diffusion assays, like disk diffusion and well diffusion, are qualitative tests that are very 

common in microbiology studies. Disk diffusion assay is commonly used for confirming 

the susceptibility of bacteria (Khan et al., 2019). It is a practical and convenient method 

for testing multiple antimicrobial agents against bacterial strains, and testing for 

antimicrobial resistance. Disks containing a known concentration of antimicrobial 

agents are placed on the surface of freshly inoculated agar plate where the antibiotic 

diffuses gradiently from the disks into the agar (Figure 5a). The diameter of the zone 

of inhibition around each disk is measured in millimeters after incubation and compared 

to breakpoints for susceptibility/resistance of a given bacterial species against a given 

antimicrobial agent (CLSI, 2018a). 

 

The well diffusion assay is similar to the disk diffusion in a way that the agar surface 

is inoculated in the same way and the zone of inhibition is measured after incubation. 

Instead of a disk being placed on the agar surface, a hole is punched in it with a cork 

Figure 5: Disk diffusion (a) (Sandle, 2016) and well diffusion assay (b)  
(Benabbou et al., 2009). 
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borer or tip and the antimicrobial agent is placed in the well (Figure 5b) (Balouiri et al., 

2016).  

Both disk and well diffusion assays are often used to determine the antibacterial 

effect of various versions of chitosan (Almasi et al., 2018; Arshad et al., 2018; Huang 

et al., 2016; Niamlang et al., 2017; Ruiz-Navajas et al., 2013; Salama et al., 2018). The 

antibacterial activity of chitosan is more often reported poor or non-existent when 

tested with diffusion assays. However, for chitosan derivatives and nanoparticles 

tested with diffusion assays, especially when incorporated with other compounds, the 

activity is reported higher. Ruiz-Navajas et al. (2013) reported no activity for chitosan 

edible films in their disk diffusion assay against five different bacterial strains. However, 

when incorporated with essential oils of herbs Thymus moroderi or Thymus piperella 

the inhibition zones were 12 – 30 mm. Almasi et al. (2018) reported an inhibition zone 

of 8.65 – 13.32 mm in the disk diffusion assay against three bacterial strains for their 

chitosan nanofibers, and an inhibition zone of 18.76 – 27.19 mm for their copper oxide 

chitosan nanofibers. Huang et al. (2016) performed a disk diffusion assay in their study 

on catechol-conjugated chitosan silver nanoparticles. A figure is shown which shows 

an inhibition zone but an exact inhibition zone measure is not reported. They 

hypothesize that the antibacterial mechanism seen with the disk diffusion assay is 

mainly attributable to the silver nanoparticles rather than chitosan, due to chitosan‘s 

weak inhibitory properties as the control. Vásconez et al. (2009) found in their well 

diffusion assay that chitosan coatings had an inhibition zone of 17.0 mm against Gram-

positive bacteria Lactobacillus spp. but for chitosan coatings with potassium sorbate 

and/or blended with tapioca starch the inhibition zone was smaller, 8.0 – 9.7 mm.  

 

1.7.2 Minimal inhibitory concentration (MIC) 

Determination of the minimal inhibitory concentration (MIC) is a simple and useful way 

to examine the antimicrobial activity of antimicrobial agents and new substances. The 

MIC is recorded as the lowest antimicrobial concentration that inhibits visible bacterial 

growth in a series of dilutions (Figure 6). The MIC can be determined using an agar 

dilution method or a broth dilution method. It is detected visually or with an automated 

method (CLSI, 2018b). 
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Determining the MIC of chitosan is a popular assay among researchers to measure 

its antimicrobial activity (Entsar I. Rabea et al., 2009; Runarsson et al., 2007; Wiarachai 

et al., 2012; Zhong et al., 2008; Zhou et al., 2013).  

 

  

  

Rabea et al. reported a MIC of >2400 mg/L for chitosan against bacteria Agrobacterium 

tumefaciens (A. tumefacuens) and Erwina carotovora (E. carotovora) and 750 – 1550 

mg/L for their N-(benzyl)chitosan derivatives (Entsar I. Rabea et al., 2009). Rúnarsson 

et al. (2007) reported MIC values against S. aureus of 64 and ≥8192 µg/ml for their 

chitosans and 8 – ≥8192 µg/ml for their derivatized chitosans. Zhong et al. (2008) 

reported the MIC of chitosan 62.49 – 249.98 µg/ml against bacteria E. coli, P. 

aeruginosa, S. aureus, and Sarcina, and 15.62 – 62.49 µg/ml for their acyl thiourea 

chitosan derivatives. Wiarachai et al. (2012) reported the MIC of chitosan particles of 

different sizes, 234 – 2000 µg/ml against bacteria S. aureus and E. coli, and 62.5 – 

1000 µg/ml for their chitosan derivatives.  

Figure 6: Broth microdilution assay for determining the MIC values of 

compounds. 
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1.7.3 Minimal lethal concentration (MLC) 

The minimal lethal concentration (MLC) is also referred to as the minimal bactericidal 

concentration (MBC) for bacteria, or the minimal fungicidal concentration (MFC) for 

fungi. The MLC is determined as the minimal concentration of a substance needed to 

kill >99.9% of the viable organisms used. The number of microorganisms used is found 

by doing a viable count from a growth control used in the MIC testing. Determination 

of the MLC is performed following the determination of the MIC as the MIC value is 

used to determine what concentrations will be used for the MLC testing. After reading 

of the MIC, a sample from each dilution showing inhibition of visible growth, is sub-

cultured to an agar medium. The plates are evaluated after overnight incubation, and 

the colony forming unit (CFU) counted (CLSI, 1999). 

This assay has been used to evaluate the bactericidal and fungicidal activity of 

chitosan (Chowdhuri et al., 2015; Guo et al., 2014; Rúnarsson et al., 2010). The MIC 

and MLC of chitosan and chitosan derivatives are often the same or similar 

concentration (P. Sahariah et al., 2017). 

 

1.7.4 Time-kill assay 

Another method used to examine microbicidal activity is the time-kill assay. It involves 

exposing a microbial isolate to a concentration of antibiotic in a broth medium. The rate 

of killing is then measured over a period of time and compared to the growth rate of 

untreated microorganisms. Viable cell count is done at the starting point of the test and 

at regular intervals for a set time. The time-kill curve is a graph drawn up from the 

results of the count presented on a logarithm scale and the difference is usually 

presented in the number of logs between the results for treated and untreated 

microorganisms. The time-kill assay is often performed following MLC testing (CLSI, 

1999).  

This assay has been used for chitosan and is ideal to show how fast it takes chitosan 

to work (Aziz et al., 2012; Geng et al., 2013). Aziz et al. (2012) reported the time-kill 

efficacy of their chitosan dextran-based hydrogels with dextran aldehyde against S. 

aureus and E. coli, producing a gradual reduction of 2.5 – 3 log10 in viable counts of 

the bacteria over a 6 hour time period compared with the untreated controls with an 

increase of 3- to 4-log10. Geng et al. (2013) reported the time-kill efficacy of their chitin 

and chitosan derivatives against Salmonella cholerae-suis (S. cholerae-suis) and 
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Bacillus subtilis (B. subtilis). All compounds managed to kill S. cholerae-suis before 3 

hours and B. subtilis in 2-6 hours, at the concentration 4x MIC. For some compounds, 

there was a reduction at the concentration 2x MIC, but always an increase at the MIC 

concentration and for the control. 

 

1.7.5 Crystal violet biofilm assay 

The crystal violet biofilm assay is an important tool in the detection of bacterial biofilm 

formation. The assay is performed in a microtiter dish where the biofilm forms on the 

wall or bottom or both. The extent of the biofilm formation is measured using the crystal 

violet dye (Figure 7). This microtiter assay is used to evaluate the early formation of 

biofilm for microbes including Staphylococcus spp., Enterococcus spp., Pseudomonas 

spp. and also types of fungi (O'Toole, 2011).  

 

Chitosan derivatives have shown antibiofilm activity and the most commonly used 

assay for detection of that is crystal violet assay. The crystal violet biofilm assay is very 

simple and has often been used for measuring the antimicrobial effect of chitosan 

towards biofilm-producing bacteria (Divya et al., 2017; Kandimalla et al., 2013; S. F. 

Shi et al., 2016). Kandimalla et al. (2013) measured the absorbance of crystal violet 

stained P. aeruginosa biofilms grown on 96-well plates that had been exposed to 

Figure 7: Weak, moderate, strong and none biofilm producing strains can be 
seen with the crystal violet staining assay (Darwish et al., 2013). 
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chitosan gels, and described a significant decrease in absorbance, compared to 

polycarbophil gels, which points to a great biofilm disruption. Divya et al. (2017) 

determined biofilm inhibition with crystal violet assay for their chitosan nanoparticles 

against four different biofilm-producing bacteria, E. coli, K. pneumoniae, P. aeruginosa, 

and S. aureus. The chitosan nanoparticles inhibited 85 - 97% of the biofilms at 

concentrations 500, 400 and 200 mg/ml. Shi et al. (2016) assessed the inhibition of S. 

aureus biofilm growth with crystal violet assay, treated with their chitosan-coated 

magnetic nanoparticles. A significant reduction in biofilm formation was for all 

concentrations of the compound, compared to the blank control, 53% reduction on 

average. 

 

1.7.6 Live/dead staining assay 

Live/dead staining assay is a fluorescent staining method used to determine the 

enumeration of viable and total bacteria in a sample. It is composed of a mixture of 

SYTO 9 and propidium iodide which are nucleic acid-binding stains. SYTO 9 stains all 

bacterial cells green that have undamaged cell membranes, while propidium iodide 

stains cells red that have damaged cell membranes (Figure 8) (Boulos et al., 1999).  

 

The live/dead staining assay has been used to determine inhibition of bacterial 

growth after treatment with chitosan (S. F. Shi et al., 2016; Z. Shi et al., 2006; Yang et 

al., 2016). Z. Shi et al. (2006) used the assay to show the inhibition of S. aureus growth 

with the treatment of chitosan nanoparticles and quaternary ammonium chitosan 

Figure 8: Live/dead staining assay (Park et al., 2011). 
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derivative nanoparticles. The number of viable cells decreases, and the number of the 

dead cells increases with the addition of chitosan, and further with the chitosan 

nanoparticles. In the case of quaternary ammonium chitosan derivative nanoparticles 

there were very few viable cells and the vast majority of the cells were dead. S. F. Shi 

et al. (2016) used live/dead staining assay to observe a reduction in live bacteria count 

in S. aureus biofilm and significantly higher percentages of dead bacteria, after 

treatment with their chitosan-coated magnetic nanoparticles. Yang et al. (2016) used 

live/dead staining assay to show the effect of their quaternized chitosan-loaded titania 

nanotubes against methicillin-resistant S. aureus biofilm. There was considerably less 

green fluorescence and more discontinuous scattered red fluorescence observed, 

compared to the control. Spread plating and a colony count was when performed as a 

confirmation of the live/dead staining assay.  

   

1.7.7 Antimicrobial assays based on microscopy studies 

1.7.7.1 Fluorescent microscopy 

Fluorescent microscopy is a microscopic method that exploits the enhanced contrast 

and detection of dyes called fluors or fluorochromes that can be raised to a higher 

energy level after absorption of ultraviolet light. The intensity of the contrast obtained 

with this method is an advantage over other microscopies.  

Confocal microscopy is an advanced florescence microscopy technique used to 

perform cell and subcellular visualization. It uses a pinhole stop to observe a particular 

specimen and eliminates the out-of-focus portion of the image. Confocal microscopy 

has been used for many purposes when researching the antimicrobial activity of 

chitosan, for an example to determine results from a live/dead staining assay. It has 

been used to observe chitosan oligomers at the inside of bacterial cells and theorize 

about the mechanism of the antibacterial activity (Figure 9) (X. F. Liu et al., 2001; 

Tokura et al., 1997).  

It has been used to show bacterial attachments to chitosan composites (Sanpui et 

al., 2008), to show the proportions of live vs dead cells in an live/dead staining assay 

(S. F. Shi et al., 2016), to evaluate biofilm formation (Tan et al., 2012), and to 

characterize fibroblast cells migration and proliferation within chitosan hydrogels 

(Miguel et al., 2014). 
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1.7.7.2 Electron microscopy 

Electron microscopy uses electrons instead of light to visualize small objects. The 

magnification is a hundred times that of what the light microscopy provides. The 

electrons are focused by electromagnetic fields and form an image on a fluorescent 

screen. Electron microscopes allow visualization of internal structures or provide three-

dimensional views of surface structures and are therefore a great tool to study 

morphology.  

Electron microscopy has been shown to be helpful in the investigation of the 

antimicrobial properties of chitosan. Helander et al. (2001) used a transmission 

electron microscope (TEM) to demonstrate that chitosan caused extensive cell surface 

alterations on Gram-negative bacteria E. coli and Salmonella typhimurium (S. 

typhimurium) (Figure 10).  

Scanning electron microscope (SEM) is a type of electron microscope that scans 

sample surfaces with a beam of electrons that interact with the atoms. The specimen 

chamber of the scanning electron must be held at high vacuum during operation, and 

a biological specimen must be dried beforehand, for example by air drying, freeze-

drying or critical point drying (Boyde et al., 1972). 

Many researchers have used this tool to study chitosan, for example for 

characterizing chitosan hydrogel composite bandages (Kumar et al., 2012), to explain 

Figure 9: Confocal microscopy image of chitosan inside the bacterial cells 
(Tokura et al., 1997). 
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structure-property relationships with chitosan-based films (Ojagh et al., 2010), or to 

study the morphology of freeze-dried nanoparticles (Hosseini et al., 2013). 

 

 

1.7.8 Cytotoxicity assays 

Cytotoxicity assays are an important part of antimicrobial studies, testing the potential 

toxicity of a test substance on human cells alongside testing the effect on 

microorganisms. Minimal to no toxicity of the tested substance on human cells is 

crucial for continuation in the development of a pharmaceutical drug. An example of 

commonly used cytotoxicity assays are the XTT and MTT assays. XTT and MTT are 

both yellow tetrazolium salts. MTT is reduced to purple formazan dye by the 

mitochondria in living cells, and XTT is reduced to an orange formazan dye by 

metabolically active cells.  

 Cytotoxicity on human cells has been studied alongside the antimicrobial activity of 

chitosan. Sahariah et al. (2015) measured the cytotoxicity for their chitosan derivatives 

using the XTT assay on human epithelial colorectal adenocarcinoma-derived cell line, 

and the MTT assay on immortalized human bronchial epithelial cell line, that resulted 

in the compounds being significantly more active against bacteria than human cells. 

 

Figure 10: Transmission electron micrograph of bacteria treated with chitosan 
(Helander et al., 2001). 
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1.7.9 Contamination on in vitro assays 

The combination of the sensitivity of in vitro cell-based and antimicrobial assays, and 

the lack of knowledge by researchers in the field, can lead to inaccurate evaluation of 

biomaterials.  

 Lieder et al. (2013) showed that the presence of bacterial endotoxins in chitosan 

derivatives can result in false-positive results, but can be avoided by proper endotoxin 

testing.  

 

1.7.10 Summary of antimicrobial assays for chitosan 

Tables 3-7 (pages 6-10) show that there is considerable variation in the approach and 

assay methods used for antimicrobial testing of chitosan-based materials. In order to 

further understand the current status, a summary was done of 100 published articles 

from 2018 that include some form of chitosan materials being tested for antimicrobial 

activity (Figure 11).  

Figure 11: Summary from 100 articles listing the antimicrobial assays most used 
for testing chitosan. The most used assay is disk diffusion assay, and 
second most used assay is the determination of the MIC. 
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A search engine was used to filter out the most recent studies, when the summary took 

place, that include an antimicrobial assay being used to test chitosan in some form1. 

In those 100 studies, nine assays were used in four or more studies. Some studies 

include more than one assay. In about half of the studies, a disk diffusion or well 

diffusion assay was used. A quarter of the studies included a method for testing the 

MIC. Other methods used in these studies were spread plate method, live/dead 

staining, mycelia radial growth technique, crystal violet biofilm assay, time/kill assay 

and methods testing the minimal lethal concentration (MLC).  

 

1.8 Limitations of current antimicrobial investigations for chitosan 

The antimicrobial activity of chitosan is studied using a variety of assays. Researchers 

all over the world, studying chitosan, also report their results differently using different 

assay conditions. Different studies often report different activity of chitosan, even when 

studying the activity against the same bacterial species. Good example of this is 

microdilution assay results where the antimicrobial activity of chitosan against E. coli 

was studied. One study (Sun et al., 2010) reported a MIC value of 1280 µg/ml, whereas 

other studies reported much lower MIC of 250 µg/ml (CS% 0.025, w/v) (X. Wang et al., 

2004), a MIC value of 20 µg/ml (ppm) (X. F. Liu et al., 2001), and a MIC value of 2.5 

µg/ml (Jia et al., 2001). There is a 500-fold difference in the reported activity of chitosan 

in these four studies. It can be difficult to assess the reason for this because the 

antimicrobial activity of chitosan can be influenced by DD, for an example. Assay 

conditions such as pH will also have an effect as well as the type of strain of 

microorganism that is used in the study. The sample preparation can also be a factor, 

but this has not received much attention in previous studies. It is not as easy to 

compare results from other assays as they are not reported in the same quantitative 

manner as seen in tables 3-7 (pages 6-10), but there can be a significant difference in 

the results obtained with disk and well diffusion assays. A more standardized 

procedure for the study of the antimicrobial activity of chitosan is needed, as the results 

from different studies would then be more comparable.  

 
1 The search engine Web of Science, apps.webofknowledge.com, was used with filters: “chitosan” 

and “antimicrobial, antifungal or antibacterial” for January – May 2018. 



26 
 

2 AIM 

 

The antimicrobial properties of chitosan have been extensively investigated with a 

substantial number of published research papers. However, the lack of standardization 

for antimicrobial assay conditions has led to some confusion and apparently conflicting 

results. Thus, there is a need to evaluate and develop suitable assay procedures that 

can be used to study the antimicrobial activity of chitosan. 

The aim of this project was to compare different assays that can be used to study the 

antimicrobial activity of chitosan and the assay conditions, to determine the appropriate 

setup for standardization. Furthermore, the aim was also to investigate and develop 

procedures for sample preparation. Assay conditions and factors that may influence 

the activity were also investigated including, pH, salt (NaCl) concentration and 

aggregation of the polymer. 

The specific aims are to  

- Evaluate different antimicrobial assays most commonly used for chitosan. 

- Investigate the effect of different ways to solubilize chitosan at variable pH 

ranges and NaCl concentrations on the antibacterial activity.  

- Use particle size analysis to study the influence of chitosan aggregation on 

the activity of chitosan. 
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3 MATERIALS AND METHODS 

3.1 Materials 

Five types of chitosan from the company Primex ehf (Iceland) were used and one type 

of chitosan from Heppe Medical Chitosan (HMC+) (Germany) (Table 8). Acetone and 

sodium hydroxide (NaOH) were obtained from Sigma Aldrich (Germany). Hydrochloric 

acid (HCl) and acetic acid (AcOH) were obtained from Merck (Germany). Paper disks 

were obtained from BBLTM (USA). Mueller Hinton (MH) broth and Gentamicin (CN30) 

paper disks were obtained from Oxoid (UK).  

Average MW determination was carried out using gel permeation chromatography 

(GPC) (see Appendix), by Dr. Svetlana Solodova, similar to previously published 

(Priyanka Sahariah et al., 2019). 

The DD of the chitosan samples was obtained from calculations from Dr. Priyanka 

Sahariah and Vivien Nagy, using 1H-NMR spectroscopy and obtained from the 

integrals of the 1H-NMR spectrum. 1H spectrum was recorded at 300 K using a Bruker 

Advance 400 MHz spectrometer.  

Table 8: MW (kDa) and DD (%) of the chitosan samples. 

 

3.1.1 Bacterial strains  

The antibacterial activity was tested against two different bacterial species, Gram-

positive bacteria Staphylococcus aureus (S. aureus, ATCC 29213) and Gram-negative 

bacteria Escherichia coli (E. coli, ATCC 25922), representing clinically important 

species and strains. The strains are used in quality control in susceptibility tests and 

are easily available (American Type Culture Collection, USA). 

 

Chitosan samples MW (kDa) DD (%) 

Primex ChitoClear Batch 
TM3623 

269.5 82.07 

Primex ChitoClear Batch 
TM4878 

577.8 69.00 

Primex ChitoClear Batch 
TM3695 

563.8 81.80 

Primex ChitoClear Batch 
TM4590 

609.1 75.40 

Primex ChitoClear Batch 
TM3511 

374.1 87.50 

HMC+ 95/200 Batch-no:212-
060515-01 

246.2 82.91 
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3.2 Methods 

3.2.1 In vitro antibacterial testing 

Before doing any antibacterial testing, all utensils, containers, surfaces and media 

were sterilized by autoclavation before use. The chitosan samples were not sterilized, 

but the deionized water used to dissolve the salts was autoclaved. MH broth was 

prepared by weighing 10.5 g of MH broth powder, adding 500 ml deionized water and 

dissolving in a microwave oven (Samsung). Broth microdilution assay was used to 

determine the MIC of the chitosan samples, following standards from the Clinical 

Laboratory Standards Institute (CLSI) (CLSI, 2018b). Disk diffusion and well diffusion 

were used as susceptibility tests, following standards from CLSI (CLSI, 2018a). 

Bacteria S. aureus and E. coli were used in all antibacterial testing.  

 

3.2.1.1 Sample preparation 

Chitosan samples prepared for broth microdilution were weighed and dissolved for a 

concentration of 4096 µg/ml. Solvents used to dissolve the chitosan samples were 

either 0.03 M HCl or 1% AcOH. 

 Chitosan hydrochloride salts were prepared by dissolving chitosan in 0.03 M HCl for 

a concentration of 12.5 mg/ml. Chitosan was precipitated using acetone. Samples 

were then filtered with a sintered funnel and placed in a vacuum oven for 5 hours. The 

salts were weighed and dissolved in sterilized deionized water, for a concentration of 

4096 µg/ml. 

 Chitosan samples and chitosan HCl salt samples were prepared for disk and well 

diffusion at concentrations of 30, 25, 20, 15, 10, 5 and 2,5 mg/ml. Solvents for chitosan 

samples were 0.1 M HCl and 1% AcOH.  

 

3.2.1.2 Disk diffusion 

Bacterial inoculum was prepared and adjusted to 0.5 McFarland and swabbed on MH 

agar plates. 6 mm paper test disks were placed on the agar plates and 20 µl of each 

chitosan sample was added on to a paper disk. Gentamicin paper disks were used as 

a performance control. The agar plates were incubated for 24 h at 36°C.  
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3.2.1.3 Well diffusion 

Bacterial inoculum was prepared and adjusted to 0.5 McFarland and swabbed on MH 

agar plates. For the wells, 4 mm holes were punched into the agar plates using a 

sterilized steel straw and a rubber bulb. Approximately 70 µl of each sample was added 

into a well. Gentamicin 320 µg/ml was used as a performance control. The agar plates 

were incubated for 24 h at 36°C. 

 

3.2.1.4 Broth microdilution  

Bacterial inoculum was prepared in saline at 0.5 McFarland, then diluted by 100 with 

MH broth, giving a cell density of 106 CFU/ml.  

Firstly, 50 µl of broth was placed in wells 2-12 of a 96-well microtiter plate (Thermo 

Scientific), then 50 µl of sample solution was added to the first two wells and a double 

dilution series was prepared from wells 2-10 for 4 – 2048 µg/ml concentrations of the 

Primex chitosan samples and for 4 – 16384 µg/ml concentrations of the HMC+ 

chitosan samples. Two rows were used for the HMC+ chitosan sample. 50 µl of the 

bacterial inoculum was then added to wells 1-11. Performance control, Gentamicin, 

was diluted with 0.03 – 16 µg/ml concentrations. The growth control was in well 11 with 

broth and bacterial inoculum, and the sterility control was in well 12 with just broth. 

Samples were incubated for 24 h at 36°C.  

The MIC was defined as the lowest concentration of chitosan that inhibited visible 

growth after 24h of incubation. 

 

3.2.1.4.1 Variable pH ranges 

The pH of MH broth was adjusted to pH 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.2, 7.5, 8.0 

and 8.5, using 0.1 M HCl or 1 M NaOH. Thermo Scientific pH meter was used to 

measure the pH levels. Few drops of HCl or NaOH were added to the MH broth until 

the desired pH level was reached and finally the broth was autoclaved.  

 

3.2.1.4.1.1 pH of Mueller Hinton broth 

The pH of the MH broth was adjusted to pH 5.0, 6.0, 7.0 and 8.0, using 0.1 M HCl or 

1 M NaOH. After the broth had been autoclaved and let cool overnight, the pH was 

measured again. The pH of all six chitosan hydrochloride salts was measured without 
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broth. Chitosan hydrochloride salt was added to broth of all pH levels with a 

concentration of 0.1% chitosan in solution, and the pH then measured again. All pH 

measures were performed five times for each sample and the mean calculated.  

 

3.2.1.4.1.2 Precipitation of chitosan 

The pH of the MH broth was adjusted to pH 6.5, 7.0, 7.2, 7.2, 8.0 and 8.5 using 0.1 M 

HCl or 1 M NaOH.  A broth microdilution method was performed using broth with these 

pH levels, without bacteria. 

 

3.2.1.4.2 Variable NaCl concentrations 

NaCl was weighed and added to MH broth, with pH 5.5 and 7.2, to give 0.005 M, 0.01 

M, 0.02 M, 0.05 M, 0.10 M and 0.20 M concentrations. Lastly the broth was autoclaved. 

The MIC was discovered for two hydrochloric chitosan salt samples, at two pH levels, 

at 7 NaCl concentrations.  

 

3.2.2 Particle characterization 

The analysis of chitosan hydrochloride particles was performed with NanoSight NS300 

(Malvern), fitted with an O-ring top-plate. Chitosan HCl salt samples were pH adjusted 

with 1% AcOH and 0.1 M NaOH to pH 4.5, 5.5, 6.5, 7.4, 8.5 and 10, and were analyzed 

with solutions pH adjusted the same way without chitosan HCl salts. Sample 

measurement was done in static mode using a capture time of 60 seconds and 5 

repeats. Data was collected and analyzed with detection level between 4 – 12 and 

camera level 8. Data were further processed in the Nanoparticle tracking analysis 

(NTA) software program representing the concentration, size distribution and intensity 

of particles in the sample. The result for each sample is based on the average of five 

measurements obtained from the NTA and represented by average particle 

concentration, average particle size (i.e. mean size) and mode size (i.e. the size that 

displays the highest peak).  

 

 

  



31 
 

4 RESULTS 

4.1 In vitro antibacterial testing 

4.1.1 Disk diffusion 

A disk diffusion assay was performed on chitosan samples to determine if it was an 

appropriate antimicrobial assay for chitosan.  

None of the disks treated with chitosan solution showed an inhibition zone around 

the disks (Figure 12). The performance control, Gentamicin, on the other hand, showed 

an inhibition zone which had 31 mm in diameter for both S. aureus (Figure 12b and 

12d) and E. coli (Figure 12h and 12j). 

 

 

4.1.2 Well diffusion 

A well diffusion assay was performed on chitosan samples to determine if it was an 

appropriate antimicrobial assay for chitosan.  

The inhibitory zones for the samples were small to none (Figure 13), mostly spills 

from samples that were hard to handle (see 3% chitosan in Figure 13d), or the pure 

solvents (Figures 13b and 13f). Other chitosan samples that seem to show a small 

Figure 12: Chitosan samples at various concentrations tested with disk diffusion 
assay. Figures a – f show chitosan samples tested against S. aureus. 
Figures g – l show chitosan samples tested against E. coli. Figures a, b, 
g and h show chitosan dissolved in HCl, including the pure solvent and 
the performance control, Gentamicin. Figures c, d, i and j show chitosan 
dissolved in AcOH, including the pure solvent and the performance 
control, Gentamicin. Figures e, f, k and l show chitosan HCl salts 
dissolved in water. No chitosan samples show an inhibition around the 
disks for neither bacteria. 
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inhibition zone are most likely due to the solvent. The performance control, Gentamicin, 

had 30 mm in diameter for S. aureus (Figure 13b) and 31 mm for E. coli (Figure 13f). 

 

 

4.1.3 Broth microdilution 

The best way to prepare chitosan for broth microdilution was evaluated by preparing 

chitosan in three ways and seeing if the MIC was affected. The three approaches were 

dissolving chitosan in HCl, dissolving chitosan in AcOH, and preparing chitosan HCl 

salts and dissolving in water. The MIC was tested at pH 5.5.  

 Chitosan samples showed MIC values of 256 – 1024 µg/ml for S. aureus and 128 – 

512 µg/ml for E. coli (Table 9). Both the pure AcOH and HCl solvents showed bacterial 

inhibition. The pure HCl solvent inhibited bacterial growth for 3x dilutions for both S. 

aureus and E. coli. The pure AcOH solvent inhibited bacterial growth for 4x dilutions 

for both S. aureus and E. coli. The pure solvents inhibit bacterial growth in the same 

or one dilution from the chitosan samples (Figure 14, which shows the difference 

Figure 13: Chitosan samples at various concentrations tested with well diffusion 
assay. Figures a – d show chitosan samples tested against S. aureus. 
Figures e – h show chitosan samples tested against E. coli. Figures a and 
e show chitosan dissolved in HCl. Figures b and f show 0.25% chitosan 
dissolved in HCl, and dissolved in AcOH, pure HCl and AcOH solvents, 
and the performance control, Gentamicin. Figures c and g show chitosan 
dissolved in AcOH. Figures d and h show chitosan HCl salts dissolved 
in water. 
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between pure AcOH solvent and chitosan dissolved in AcOH) which makes it difficult 

to determine whether the bacterial inhibition is because of chitosan or the solvent. 

 

Table 9: MIC values for chitosan dissolved in either HCl or AcOH tested against 
S. aureus and E. coli. 

 

 

MIC 

Primex 
ChitoClear 
chitosan 
sample 

S. aureus E. coli 

HCl solvent AcOH solvent HCl solvent AcOH solvent 

Chitosan 
conc. 

Solvent 
dilution 

Chitosan 
conc. 

Solvent 
dilution 

Chitosan 
conc. 

Solvent 
dilution 

Chitosan 
conc. 

Solvent 
dilution 

Batch 
TM3623 

1024 

µg/ml 

2x 256 

µg/ml 

4x 256 

µg/ml 

4x 128 

µg/ml 

5x 

Batch 
TM4878 

512 

µg/ml 

3x 256 

µg/ml 

4x 256 

µg/ml 

4x 128 

µg/ml 

5x 

Batch 
TM3695 

512 

µg/ml 

3x 256 

µg/ml 

4x 256 

µg/ml 

4x 128 

µg/ml 

5x 

Batch 
TM4590 

512 

µg/ml 

3x 256 

µg/ml 

4x 512 

µg/ml 

3x 128 

µg/ml 

5x 

Pure 
solvent 

3x dilutions 4x dilutions 3x dilutions 4x dilutions 

Gentamicin 8 µg/ml 16 µg/ml 

Figure 14: Broth microdilution assay for chitosan samples dissolved in AcOH 
(rows A - E) and pure AcOH solvent (row G). 
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The MIC of the chitosan HCl salts prepared from different batches of chitosan 

samples from Primex ehf were 128-256 µg/ml for S. aureus and 256-512 µg/ml for E. 

coli (Table 10). The chitosan HCl salts prepared from chitosan samples from HMC+ 

showed MIC at 2048 µg/ml for both S. aureus and E. coli. The solvent for the chitosan 

HCl salts is just water so the pure solvent inhibiting bacterial growth is not an issue.  

 

Table 10: MIC values for chitosan HCl salts tested against S. aureus and E. coli. 

 

 

 

 

 

 

 

 

 

4.1.3.1 Variable pH ranges 

The MIC was measured at variable pH ranges to see how the pH would affect the MIC, 

and to determine at which pH level would be best to measure the MIC for chitosan. 

The MIC was determined for two chitosan HCl salt samples, to see if similar results 

would be obtained, at 11 pH ranges. 

 Chitosan HCl salts showed the best antimicrobial activity, with the lowest MIC, at 

pH 5.0 – 6.5 for S. aureus and at pH 4.5 – 6.5 for E. coli (Table 11, Figure 15). At pH 

7 the antibacterial activity of chitosan starts to decrease for both bacteria, and for S. 

aureus it is also decreased at pH 4.5. The broth was too acidic at pH 4.0 for both S. 

aureus and E. coli to grow in (data not shown). At pH 4.5 and 5.0 for S. aureus and pH 

4.5 for E. coli, the pH was still too low and bacterial growth was limited, when growth 

controls of various pH levels were compared. With that in mind, the ideal pH for 

measuring the MIC of chitosan using broth microdilution is pH 5.5 - 6.5 for S. aureus 

and pH 5.0 - 6.5 for E. coli. 

MIC (µg/ml) 

Chitosan hydrochloric sample S. aureus E. coli 

Primex ChitoClear Batch TM3623 128 256 

Primex ChitoClear Batch TM4878 256 512 

Primex ChitoClear Batch TM3695 256 512 

Primex ChitoClear Batch TM4590 256 512 

Primex ChitoClear Batch TM3511 256 256 

HMC+ 95/200 Batch-no:212-060515-01 2048 2048 

Gentamicin 2 8 
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Table 11: MIC values for chitosan HCl salts at variable pH ranges tested against 
S. aureus and E. coli. 

 

 

4.1.3.1.1 pH of Mueller Hinton broth 

The pH of MH broth was adjusted to four different pH ranges, and then measured 

before and after autoclavation of the broth and cooling overnight, to see if the pH would 

remain the same. The pH of the broth was then measured again after chitosan sample 

had been added to it, to see if the pH would remain the same.   

MIC (µg/ml) 

 
 
pH 

Chitosan sample TM3623 Chitosan sample TM3511 Gentamicin 

S. aureus E. coli S. aureus E. coli S. aureus E. coli 

4.5 1024 256 1024 128 16 16 

5.0 256 256 256 128 16 8 

5.5 128 256 256 256 4 8 

6.0 128 256 256 256 2 4 

6.5 128 256 256 256 0.5 2 

7.0 512 512 2048 256 0.25 1 

7.2 512 512 2048 512 0.25 1 

7.5 1024 1024 >2048 2048 0.125 0.5 

8.0 >2048 >2048 >2048 >2048 0.06 0.25 

8.5 >2048 >2048 >2048 >2048 0.06 0.125 

Figure 15: Effect of pH on the MIC of chitosan against S. aureus (left) and 
E. coli (right). 
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The change in pH when measured again, after autoclavation and cooling overnight, 

was +0.18 to -0.13 (Table 12). The pH of chitosan hydrochloride salts dissolved in 

water was measured and was 3.787 – 4.077. The change in pH after addition of 

chitosan HCl salts was +0.027 to -0.086 (Table 12). These changes were so small that 

it is safe to say the pH doesn’t change after autoclavation and the addition of chitosan. 

 

Table 12: Change in pH after autoclavation of Mueller Hinton broth and addition 
of chitosan HCl salts. 

pH of broth Change in pH after 
autoclavation 

Change in pH after addition 
of chitosan HCl salts 

5 +0.18 +0.020 

6 +0.10 +0.027 

7 -0.13 -0.033 

8 +0.06 -0.086 

 

4.1.3.1.2 Precipitation of chitosan 

A broth microdilution method with pH levels 6.5 – 8.5 without bacteria was performed 

to see if there was a precipitation of the sample that might be confused with bacterial 

growth when evaluated with the naked eye.  

In the first few wells with the highest concentration of chitosan, there is a clear 

precipitation of the sample which decreases with decreasing concentration of chitosan 

(Figure 16). 

 

Figure 16: Precipitation of chitosan in a broth 
microdilution assay at pH levels 6.5 - 8.5. 
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4.1.3.2 Variable NaCl concentrations 

The MIC was measured at variable NaCl concentrations to see if the NaCl would affect 

the MIC of chitosan. The MIC was discovered for two HCl chitosan salt samples, to 

see if similar results would be obtained, at six NaCl concentrations in MH broth at pH 

5.5 and 7.2. The bacterial strain used was S. aureus because it is known to be very 

salt tolerant.  

At pH 5.5 for S. aureus, the MIC decreased a bit with increasing NaCl concentration 

but at pH 7.2 the MIC increased a bit with increasing NaCl concentration (Table 13). 

However, the MIC values only changed very little, of 1-4 dilutions between 0 and 2 M 

NaCl.  

 

Table 13: MIC values of chitosan HCl salts at variable NaCl concentration at pH 
5.5 and 7.2 tested against S. aureus. 

 
 

4.2 Particle characterization  

Chitosan HCl salt samples, at pH 4.5, 5.5, 6.5, 7.4, 8.5 and 10, were analyzed using 

NanoSight NS300. Figure 17 shows the particle concentration for chitosan HCl salts 

at variable pH values. All sample solutions looked clear with the naked eye. However, 

the particle concentration increases nine-fold from 6.97 x 107 particles/ml at pH 6.5 to 

7.84 x 108 particles/ml at pH 7.4 and increases again twofold from 8.41 x 108 

particles/ml at pH 8.5 to 1.70 x 109 particles/ml at pH 10. Compared to the MIC values 

of chitosan HCl salt samples at variable pH ranges (Table 11, page 35), there seems 

to be a correlation between increasing particle concentration and decreasing 

antibacterial activity. The particle concentration of only the pH adjusters, AcOH and 

MIC (µg/ml) 
NaCl 

concentration 

pH 5.5 pH 7.2 Gentamicin 

control pH 5.5 

Gentamicin 

control pH 7.2 Chitosan 

sample 

TM3623 

Chitosan 

sample 

TM3511 

Chitosan 

sample 

TM3623  

Chitosan 

sample 

TM3511 

0 M 256 512 512 128 4 0.5 

0.005 M 128 128 512 128 4 0.25 

0.01 M 128 128 512 256 4 0.25 

0.02 M 128 128 512 256 4 0.25 

0.05 M 128 128 512 512 8 0.5 

0.1 M 128 128 512 512 8 0.5 

0.2 M 128 64 1024 512 8 1 
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NaOH, at the same pH values were also measured but showed little particle 

concentration compared to the chitosan hydrochloride salts (Appendix Figure 1, page 

58).  

 

Figure 18 shows laser-based light scattering of chitosan HCl salt particles at pH 4.5, 

5.5, 6.5, 7.4, 8.5 and 10. At pH 4.5, 5.5 and 6.5 are single particles, but at pH 7.4, 8.5 

and 10 is aggregation of particles.  
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Figure 18: Chitosan HCl salts at pH 4.5 (A), 5.5 (B), 6.5 (C), 7.4 (D), 8.5 (E) and 10 
(F) seen in NanoSight NS300. 

Figure 17: Particle concentration of chitosan HCl salt particles at various 
pH values. The figure shows mean values obtained from five 
consecutive measurements of the same sample. 
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5 DISCUSSION 

These results indicate a correlation between increased aggregation of chitosan 

particles and decreased antibacterial activity. However, the charge density does not 

seem to be a large factor in the antibacterial activity.  

 

5.1 In vitro antibacterial activity 

5.1.1 Diffusion assays 

All the chitosan samples measured with the disk diffusion assay showed no 

antibacterial activity. The performance control, Gentamicin, was within its normal range 

for both bacteria (EUCAST, 2020). 

The inhibitory zone for the chitosan samples in the well diffusion assay had a small 

to no diameter. The samples that showed any activity around the wells were the 

samples that flowed over the wells in an attempt to pipette very viscos chitosan 

samples with high concentration. Also, the pure solvents seemed to partly inhibit the 

bacteria closest to the wells. The performance control, Gentamicin, was within its 

normal range for both bacteria (EUCAST, 2020). Naz et al. (2018) performed a well 

diffusion assay using chitosan derivatives against E. coli and B. subtilis. O-

Carboxymethyl chitosan gave an inhibition zone of 8 mm for B. subtilis and 5 mm for 

E. coli. When grafted to nano-silica-silane and further metallated with Cu (II) the 

inhibition zones grew bigger and ended in 22 mm for B. subtilis and 18 mm for E. coli. 

No controls were tested.  

 Disk diffusion assay is the most commonly used method to measure the 

antimicrobial activity of chitosan (Figure 11, page 24). Many researchers have reported 

antimicrobial activity of chitosan based on results from disk diffusion assay. 

Küçükgülmez et al. (2012) reported an inhibition zone from disks of chitosan dissolved 

in various solvents including acetic and hydrochloric acid. The inhibition zones were 

7.0 – 13.9 mm for S. aureus and E. coli.  

The disk diffusion test is based on dynamics of diffusion of antibiotics simultaneous 

to bacterial growth in agar, following the equation: 
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X2 = 4DT 2.3(log Mo / M) 

where 

    X = zone radius 

     D = diffusion coefficient 

     T = critical time for zone demarcation 

     Mo = antibiotic concentration at the reservoir 

     M = critical concentration of antibiotic inhibiting the organism 

 

The inhibition zone correlates with the diffusion coefficient (Wanger, 2007). Increasing 

MW of a compound also correlates with decreasing diffusion coefficient and therefore 

the decreasing size of inhibition zone (Valencia et al., 2011). Antibiotics generally have 

a small MW, Gentamicin for an example has a MW of 477.6 Da. The MW of chitosan 

samples in this study ranged from 250.000 to 600.000 Da, so the inhibition zone for 

chitosan would be expected to be at least 500 – 1200 times smaller or less than 0.1 

mm. Such small inhibition zones would not be detectable in the assay. Chitosan is a 

polydisperse polymer so the sample will contain molecules with a range of MWs and 

different diffusion coefficients. The inhibition zone would therefore differ in size. Based 

on these considerations, diffusion assays cannot be recommended to assess the 

antimicrobial activity of chitosan and this was confirmed in the current study.  

Inhibition zones that are sometimes observed around chitosan samples are likely 

due to the solvent or a small molecule contaminants in the sample. Currently there are 

no standards of how to interpret the results of diffusion assays for natural antimicrobial 

compounds like chitosan. Diffusion methods have many good qualities as susceptibility 

assays. However, they are not necessarily the right choice when testing the 

antimicrobial activity for natural compounds like chitosan.  

An interesting idea would be to prepare fluorescent end labelled chitosan to 

investigate if there is any diffusion into the agar. 

 

5.1.2 Broth microdilution 

All three methods of preparation of chitosan, dissolving in AcOH, dissolving in HCl, 

and preparing chitosan HCl salts, have been used by researchers for preparation of 

chitosan for antimicrobial testing, each with its own deviations.  
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Costa et al. (2017) dissolved chitosan in 1% AcOH. Before determining the MIC for 

vancomycin resistant S. aureus and E. faecalis, using broth microdilution, they adjust 

the sample pH with NaOH to a pH value of 5.6-5.8. The solvent wasn’t measured for 

antibacterial activity. The MIC values were 50 – 250 µg/ml. Aliasghari et al. (2016) 

dissolved low molecular weight chitosan (>85% DD) in 0.25% AcOH, and chitosan 

nanoparticles in 1% AcOH, with the MIC values in the range of 625 – 1250 µg/ml for 

four different Streptococci species. The solvent was not measured for antibacterial 

activity. The MIC values in the current study for chitosan dissolved in 1% AcOH were 

256 – 1024 µg/ml and the AcOH inhibited the bacteria at 4x dilutions and higher (Table 

9, page 33).  

Chang et al. (2015) dissolved chitosan in 0.2 N HCl. First adding chitosan to distilled 

water, then sterilizing by autoclavation, and then adding HCl. Chitosan in HCl was 

added in broth and pH adjusted using NaOH. The antimicrobial activity was measured 

using spread plate method with 10-fold dilutions for S. aureus and E. coli. Chitosan at 

various pH values was measured, but not the antibacterial activity of the pure solvent.  

Mellegård et al. (2011) prepared chitosan HCl salts which they did by first adjusting 

to pH 5, dialyse against NaCl and distilled water, filter and lyophilize. The original 

chitosans were partially depolymerized with nitric acid to obtain different degrees of 

polymerization. The MIC was measured using broth microdilution for S. typhimurium, 

E. coli and Bacillus cereus (B. cereus). The MIC values were 30 - >2000 µg/ml. The 

MIC values of the current study for the chitosan hydrochloride salts are 128 – 2048 

µg/ml.  

When performing antibacterial assays on new compounds it is important to choose 

a solvent that offers a balance between dissolving the compound but doesn’t interfere 

with the bacterial growth. In the current study, the two solvents used to dissolve 

chitosan, both inhibited bacterial growth with the same dilution as chitosan, or one 

dilution lower. Therefore, it is not reliable because it is impossible to know whether the 

solvent or the chitosan has the antibacterial effect. To correlate for this is to prepare 

chitosan HCl salts that can be dissolved in water, which does not inhibit bacterial 

growth. In most cases the MIC values of chitosan samples with solvents, and chitosan 

HCl salts were the same or with one dilution difference (Tables 9 and 10, pages 33-

34). Therefore, it is recommended to prepare chitosan HCl salts, when measuring the 

MIC of chitosan.  
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5.1.2.1 Variable pH values 

The recommended pH for measuring the MIC of chitosan using broth microdilution is, 

5.5 - 6.5 for S. aureus and 5.0 - 6.5 for E. coli. This pH range is where the pH of the 

broth is not so low that it inhibits the bacterial growth, and the pH isn’t too high, so it 

causes aggregation of chitosan particles and therefore causes the antibacterial activity 

to drop.   

 Multiple studies have reported results of the similar pH range. Aleanizy et al. (2018) 

reported significant antimicrobial activity for their chitosan nanoparticles against P. 

aeruginosa at pH 5 to 7, however at pH 7.5 to 9, there was no activity and both the 

chitosan treated and untreated cultures showed the same growth curves. Park et al. 

(2011) reported more antimicrobial activity for their chitosan oligosaccharides at pH 

5.4 than 7.4 against all 10 bacterial species tested. Meng et al. (2012) reported the 

best activity was found around pH 6.5 for all their chitosan derivatives with different 

MWs against E. coli, but higher or lower pH seemed to compromise the antibacterial 

activity. All these results are similar to the results in the current study, in a way to what 

pH range is best suitable for measuring the antimicrobial activity. 

Researchers have studied ways to overcome some of chitosan’s limitations with pH 

by developing derivatives that increase activity and eliminate pH dependency (P. 

Sahariah et al., 2017) (Zhong et al., 2008) (Masson et al., 2008) (Rúnarsson et al., 

2010).  

5.1.2.1.1 pH of Mueller Hinton broth 

The change in pH of the broth after autoclavation, and of the broth after addition of 

chitosan, was too small to say it affected the pH of the broth and interfered with the 

broth microdilution results (Table 12, page 36). 

5.1.2.1.2 Precipitation of chitosan 

The wells with the highest concentration of chitosan show a precipitation of the sample 

(Figure 16, page 36). For this reason, the best way to differentiate between bacterial 

growth and precipitation of the chitosan sample is to plate out the wells in question. 

The MIC and MLC of chitosan and chitosan derivatives is often the same or similar 

concentration (P. Sahariah et al., 2017). When the following wells with lower 

concentrations are clear, it indicates that there is a precipitation of the sample in the 

first wells. 
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5.1.2.2 Variable NaCl concentrations 

The MIC values only changed very little, of 1-4 dilutions between 0 and 2 M NaCl 

(Table 13, page 37).  

As previously mentioned, a popular theory of the antimicrobial mechanism of action 

for chitosan is that the activity is driven by the electrostatic attraction between positively 

charged chitosan and negatively charged cell surface of microorganisms. Because of 

that, we though that with this experiment we might see a decrease in antibacterial 

activity of chitosan for S. aureus with increasing NaCl concentration, because the ions 

would compete with the charged sites of the surface of bacteria. However, the 

difference in MIC values between 0 and 0.2 M NaCl was very little, which makes one 

wonder if the electrostatic attraction between chitosan and the cell surfaces of 

microorganisms is indeed causing the antimicrobial activity of chitosan. 

 

5.2 Particle characterization 

With increasing pH levels, there seems to be a correlation between increasing particle 

concentration (Figure 17, page 38), aggregation of particles (Figure 18, page 38) and 

decreasing antibacterial activity (Table 11, page 35). The explanation for this could be 

that when chitosan is aggregated it becomes less accessible to the bacteria and 

therefore its antibacterial activity decreases. 

Chang et al. (2015) reported that at pH 5 and 6 the chitosan activity, against S. 

aureus and E. coli, increased as the MW increased, but contrast at pH 7, the chitosans 

with higher MW greatly lost their activity but the activity of the smaller chitosans 

increased as the MW increased. Tian et al. (2015) studied the MW dependence on the 

structure and properties of chitosan oligomers. They suggest that chitosan molecular 

chains form aggregates spontaneously before phase separation and precipitation 

occurrence during the soluble-insoluble transition induced by pH changes in the 

solution. With decreasing MW, the tendency toward aggregation is decreased, 

because the soluble-insoluble transition takes place at a higher pH value. So, with an 

even further decrease in MW, the chitosan would be completely water soluble.   
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Similarly, it was observed in the current study that chitosan HCl salts have a high 

charge density below pH 6, none or minimal aggregation, and full antimicrobial activity. 

At around pH 7 the charge density is reduced, because of the amino group’s pKa, and 

there is some aggregation, but this did not impact reduction of the activity. At pH 7.5 

and above however, the charge density is low, the chitosan hydrochloride polymer 

chain is mostly aggregated, and the antimicrobial activity is decreasing (Figure 19). 

Our chitosan has higher MW than all the chitosan used by Tian et al., therefore, our 

chitosan aggregating at higher pH, agrees with their theory.  

 This might explain some cases when chitosan derivatives are prepared and look 

clear and dissolved to the naked eye, but do not exhibit antimicrobial activity, they 

might be in nano or micro aggregates. 

 

 
  

Figure 19: Particle characterization of the chitosan hydrochloride salts at 
various pH values. 
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6 CONCLUSIONS 

Various assay conditions for evaluation of the antibacterial activity of chitosan were 

investigated.  

 A summary was done of assays used to study the antimicrobial activity of chitosan. 

The most common assay is the disk diffusion assay, and next the determination of the 

MIC. Disk diffusion and well diffusion were investigated if appropriate antibacterial 

assays for chitosan. Since the chitosan samples showed no antibacterial activity by 

diffusion, diffusion assays cannot be recommended for detecting the antibacterial 

activity of chitosan.  

The preparation of chitosan for antibacterial assays disk diffusion, well diffusion and 

broth microdilution for MIC determination, was evaluated. Since chitosan is only 

soluble in acidic solutions and the pure solvents showed antibacterial activity, equal or 

similar to the chitosan samples, the best way to prepare chitosan for antibacterial 

activity assays is to prepare chitosan salts that dissolve in water.  

  The recommended pH for measuring the MIC of chitosan using broth microdilution 

is, 5.5 - 6.5 for S. aureus and 5.0 - 6.5 for E. coli. This pH range is where the pH of the 

broth isn’t so low that it inhibits the bacterial growth, and the pH isn’t too high, so it 

causes aggregation of chitosan particles and therefore causes the antibacterial activity 

to drop.   

The NaCl concentration in broth was investigated and it showed that it does not 

seem to have a big effect on the MIC, which suggests that electrostatic interaction is 

not as important as previously thought.  

 The characterization of chitosan particles was investigated at various pH levels. At 

around pH 7 there was noticeable aggregation of chitosan particles which increased 

with increasing pH level. There is a correlation with decreasing antibacterial activity 

and increasing aggregation of chitosan particles with increasing pH level. This 

suggests that aggregation of the chitosan particles is the cause of the decrease of 

antibacterial activity. 

These results are an important step towards creating a standardized procedure for 

antimicrobial testing of chitosan which is truly needed to facilitate comparison of results 

from different laboratories in the future.   
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APPENDIX 

 

Molecular weight analysis by gel permeation chromatography 

GPC measurements were done using the Polymer Standards Service (PSS) (GmbH, 

Mainz, Germany), Dionex Ultimate 3000 HPLC system (Thermo Scientific-Dionex 

Softron GmbH, Germering, Germany), Dionex Ultimate 3000 HPLC pump and Dionex 

Ultimate 3000 autosampler (Thermo Scientific-Dionex Softron GmbH, Germering, 

Germany), Shodex RI-101 refractive index detector (Shodex/Showa Denko Europe 

GmbH, Munich, Germany), PSS’s ETA-2010 viscometer and MALLS detector ( PPC 

SLD 7100). WINGPC Unity 7.4 software (PSS GmbH, Mainz, Germany) was used for 

data collection and processing. A series of three columns [PSS Novema 10 µ guard 

(50 x 8 mm), PSS Novema 10 µ 30 Å (150 x 8 mm) and PSS Novema 10 µ 1000 Å 

(300 x 8 mm)] (PSS GmbH, Mainz, Germany) were used in the HPLC system. 

ReadyCal-Kit Pullulan standards with Mp (180 – 708000 Da) from PSS (GmbH, Mainz, 

Germany) were used for calibration. The eluent used was 0.1 M NaCl/0.1 % TFA 

solution. Each sample was dissolved in the same eluent as mentioned above at a 

concentration of 1 mg/mL at 25 °C using a flow rate of 1 mL/min. They were filtered 

prior to analysis using a syringe filter containing PTFE membrane with pore size 0.45 

µm and 25 mm in diameter (PHENEX). The dn/dc was equal 0.150. Each sample had 

an injection volume of 100 µL and a retention time of 30 min. All the measurements 

were done in triplicates. 
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Appendix Figure 1 

 

Appendix Figure 1: Particle concentration of chitosan HCl salts at various pH 
values compared to pH adjusters, AcOH and NaOH, without chitosan HCl 
salts. 
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