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Ágrip 
Kítósan er líffjölliða sem virk gegn örverum og hefur jafnframt marga aðra 
ákjósanlega eiginleika eins og lífsamræmanleika og lífniðurbrotshæfni jafnframt 
því að vera óeitruð. Kítósan og afleiður þess hafa mikið verið rannsakaðar sem 
bakteríudrepandi efni en þrátt fyrir það er þekking á sambandi byggingar og 
virkni takmörkuð. Í byrjun miðaði doktorsverkefnið að þvi að skilgreina samband 
byggingar og virkni fyrir nokkar vel þekktar afleiður kítósans. Í framhaldinu voru 
nýjar smellefnafræðiaðferðir fyrir smíðið kítosanafleiða og konjúgata þróaðar og 
notaðar til að smíða nýja gerð fjölliða sem einnig voru rannsakaðar og samband 
byggingar og virkni ákvarðað.  

Fyrsti hluti rannsóknarinnar beindist að því að skilgreina vel samband byggingar 
og bakteríudrepandi virkni fyrir vel þekktar og mikið notaðar kítósanafleiður og 
flokka þær eftir notagildi. Katjónískar (TACin, TMCNH2/TM, TMCTM/DM og HTCC), 
anjónísk (CMC) og óhlaðnar (HPC og TGC)  afleiður voru smíðaðar út frá 
kítósan og TBDMS-kítósan byrjunarefnum. Allar þessar afleiður voru efnagreindar 
með 1H NMR og FT-IR til að ákvarða byggingu og með  gelsúluskiljun (GPC) til 
að ákvarða mólþunga. Kítósanafleiðurnar voru smíðaðar með mismunandi 
hlutföllum af hvarfefnum þannig að myndefnin voru með setni (DS) frá 0,02 til 
1,1. Virkni geng S. aureus, E. coli, og P. aeruginosa var ákörðuð við pH 7,2 og 
5,5.  Katjónísku afleiðurnar voru virkastar gegn þessum bakteríum sérstaklega við 
pH 7,2. Samband mill virkni og setni (DS) var líka jákvætt fyrir TACin, TMCNH2/TM, 
og TMCTM/DM. HPC, sem var með óhlaðinn sethóp, var minna virkt og í því tilviki 
var neikvætt samband milli virkni og setni. CMC, sem var með anjónískan 
sethóp, var óvirkt gegn bakteríunum.  

Núorðið er æ algengara að nota kopar hvataða azíð-alkýn-hringálagningar 
(CuAAC) smellefnafræði til að smíða ýmiskonar lífefnakonjúgöt, þar með talið 
kítósan-konjúgöt. Annar hluti doktorsverkefnisins miðaði að því að hanna og 
smíða nýja gerð kítósanafleiða (kítótríazólan) þar sem öllum C-2 fyrstu gráðu 
amínóhópunum hefur verið umbreytt í 1,2,3-tríazól hópa. Amínóhópunum í 
kítósani var fyrst umbreytt í azíð sem voru svo hvörfuð við endastöðu-alkýn í 
viðurvist Cu (II) hvata og natríum askorbats. Hlutfall umbreytingar azíðs í 1,2,3-
tríazól var meira en 90%. Virkni gegn bakteríunum S. aureus og E. coli var mæld 
við pH 7.2. Tvö katjónísk kítótríazólan efni reyndust talsvert virk (lægsta MIC = 
64 µg/mL) en anjónísk kítotríazólan efni voru ekki virk gegn bakteríum.   



   

 

 
 

Þessi smellefnafræðiaðferð var líka notuð til að umbreyta fyrstu gráðu 
amínóhópum í hlutsetnum algengum kítósanafleiðum (TMC, TAC, HTC, HPC, 
and CMC) í tríazól. Virkni þessara blönduðu kítótríazólanefna gegn S. aureus, E. 
faecalis, E. coli, and P. aeruginosa við pH 7,2 var einnig mæld. Katjónísk 
kítótríazólanefnin og blönduð kítótríazólanefnin voru virk gegn bakteríunum, öll 
nema blönduð kítótríazólan afleidd af CMC, sem skorti virkni. CuAAC hvarfið var 
einnig notað til að smíða níu vatnsleysanleg kítótríazólanefni með mismunandi 
katjóníska eða basíska hópa. Metýlimidazól-któtrízólan afleiðan var virkust (lægsta 
MIC = 256 µg/mL) gegn bakteríunum.  

Lokahluti rannsóknarinar hafði það markmið að nota smellefnafræðiaðferðina til 
að tengja örverudrepandi peptíð við kítósan. CRAMP-18 peptíð sem innhélt 
endastæðan alkýn hóp var smíðað.  Kítósan-azíð og HPC-azíð voru smíðuð með 
lága setni azíðhópa, og smellefnafræðiaðferðin notuð til að tengja CRAMP-18 
peptíðið við fjölliðuna. Þessi konjúgöt voru mun virkari geng gram-neikvæðum 
bakteríum en gegn gram-jákvæðum bakteríum.  

Lykilorð:  

Kítósan, trímetýlkítósan, smellefnafræði, samband byggingar og virkni, 
örverudrepandi virkni.
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Abstract 
Chitosan is a biopolymer with significant antimicrobial activity and many 
attractive properties such as biocompatibility, biodegradability, and non-toxicity. 
Chitosan and its derivatives have been widely studied as promising new 
antibacterial agents, but the relationship between structure and activity is still 
poorly understood. The Ph.D. project first sought to map the structure-
antibacterial activity relationship for common and well-known chitosan 
derivatives. New “click chemistry” based procedures for the synthesis of 
derivatives and conjugates were then developed, and these novel polymeric 
compounds were used for further structure-activity relationship (SAR) studies. 

The first part of the research focused on establishing the SAR for some of the 
more widely used chitosan derivatives and trying to rank them according to 
activity and utility. Cationic trimethylated (TACin, TMCNH2/TM, TMCTM/DM, and 
HTCC), anionic (CMC) neutral (HPC), and TGC chitosans were synthesized 
using chitosan and TBDMS chitosan as precursors. All these derivatives are 
characterized by 1H NMR, FT-IR to determine the structure, and gel permeation 
chromatography (GPC) to determine the molecular weight. The chitosan 
derivatives were synthesized with different reagent ratios to give products with 
degree substitution (DS) ranging from 0.02 to 1.1. Most of these derivatives 
displayed antimicrobial activity against S. aureus, E. coli, and P. aeruginosa at 
pH 7.2 and 5.5. Cationic derivatives were most active against these bacteria, 
especially at pH 7.2. The relationship with DS was also positive for TACin, 
TMCNH2/TM, and TMCTM/DM. HPC, which has a neutral substituent, was less active 
and had a negative relationship with DS. CMC, which has an anionic substituent, 
was inactive against the bacteria. 

Nowadays, it is increasingly common to use copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) “click chemistry” to prepare bioconjugates, including 
chitosan derivatives and conjugates. The second part of the thesis work focused 
on designing and synthesizing a new class of chitosan derivatives where all C-2 
primary amino groups have been converted to aromatic 1,2,3-triazoles 
(Chitotriazolan). The chitosan amines were converted to azides and reacted with 
terminal alkynes in the presence of Cu (II) catalyst and sodium ascorbate. The 
conversion of the azide to 1,2,3-triazole was more than 90%. The antibacterial 
activity was evaluated against S. aureus and E. coli at pH 7.2. Two cationic 
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chitotriazolans exhibited (lowest MIC = 64 µg/mL) antibacterial activity, whereas 
the anionic chitotriazolans were inactive. 

The click chemistry strategies were used to convert primary amino groups of 
partially substituted common chitosan derivatives (TMC, TAC, HTC, HPC, and 
CMC) to triazole and thus obtain mixed chitotriazolans. The antibacterial activity 
was evaluated against S. aureus, E. faecalis, E. coli, and P. aeruginosa at pH 
7.2. The cationic chitotriazolans and mixed chitoriazolans were active against 
bacteria, except chitotriazolan derived from CMC, which lacked activity. In 
addition to preparing water-soluble chitosan derivatives, the CuAAC reaction was 
further used to synthesize nine chitotriazolans with various quaternary and basic 
protonable functional groups. These chitotriazolan derivatives were soluble in 
water. The methylimidazole-chitotriazolan derivative showed significant activity 
(lowest MIC = 256 µg/mL) against all bacteria and was generally the most active 
derivative. 

The final part of the research for the thesis focused on the conjugation of 
antimicrobial peptides onto the chitosan backbone using the click chemistry 
procedure. The CRAMP-18 peptide was synthesized with a terminal alkyne 
group. Chitosan azide and HPC azide were prepared with a low degree of 
azidation, and a click reaction was performed with the modified CRAMP-18 
peptide. The antimicrobial peptide chitosan conjugates were more active against 
gram-negative bacteria, E. coli, and P. aeruginosa than gram-positive bacteria. 

Keywords:  

Chitosan; Trimethyl chitosan; Click reaction; Structure-activity relationship; 
Antimicrobial activity.  
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1  Introduction 

1.1 Chitin and Chitosan 

Chitin is the second most abundant natural biopolymer after cellulose (Hudson 
and Smith 1998). Henri Braconnot first discovered chitin in 1811. It was isolated 
from certain types of mushrooms and first named fungine (Braconnot 1881). 
Chitin is a linear polymer composed of repeating units of β-1-4 linked N-acetyl D-
glucosamine mainly found in the exoskeleton of crustaceans, insect cuticles, and 
arthropod shells. Chitin is also present in the cell walls of many fungi, green 
algae, fish scales, and yeasts. (Ravi Kumar 2000, Munro and Gow 2001, 
Peniche, Argüelles-Monal et al. 2008). Chitosan (CS) is a linear hydrophilic 
polysaccharide consisting of D-glucosamine and N-acetyl D-glucosamine units 
linked through β-(1-4) glycosidic bonds. Charles Rouget first described chitosan in 

1859 (Rouget 1859) and showed that it could be derived from chitin by partial 
deacetylation under strong alkali. The chitin and chitosan structures are shown in 
the scheme. 1 (Rinaudo 2006). The glucosamine monomers in chitosan have 
three nucleophilic functional groups, the C-2 primary amino group, the C-3 
secondary OH group, and the C-6 primary OH group (scheme 1. C). Two 
parameters mainly define chitosan materials, the degree of deacetylation (DD) 
and the molecular weight (Mw). These are the most important aspects influencing 
physicochemical properties (Yuan, Chesnutt et al. 2011, Jiang, Fu et al. 2017). 
There is much interest in the biomedical application of chitosan due to its good 
biocompatibility, biodegradability, nontoxicity, and valuable biological 
properties (Kumar, Muzzarelli et al. 2004). Chitosan is much more soluble than 
chitin. The amino groups in chitosan can be protonated, so the polymer chain 

Scheme 1. Chitin, Chitosan structure, and reactive positions. 
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becomes polycationic, contributing to good solubility in acidic aqueous 
solutions. Chitosan has a number of biological properties relevant to medical 
applications, such as antibacterial activity (No, Young Park et al. 2002, Rabea, 
Badawy et al. 2003, Dutta, Tripathi et al. 2009), antifungal activity (Roller and 
Covill 1999, Martínez-Camacho, Cortez-Rocha et al. 2010), anticancer activity (S. 
Wimardhani, F. Suniarti et al. 2014), stimulation of tight-junction opening to aid 
drug delivery (Ilium 1998, Agnihotri, Mallikarjuna et al. 2004), as well as 
stimulation of bone regeneration (Aguilar, Zein et al. 2019), and wound healing 
(Jayakumar, Prabaharan et al. 2011, Qu, Zhao et al. 2018). It has also been used 
in gene delivery(Hejazi and Amiji 2003, Mao, Sun et al. 2010), and cosmetics 
applications (Aranaz, Acosta et al. 2018). 

Two monomer units are present in the chitin and chitosan backbone structure: N-
acetyl-D-glucosamine and N-amino-D-glucosamine. The N-acetyl-D-glucosamine 
will be the main component in polymers defined as chitin. This will cause 
insolubility due to the strong hydrogen bonds between the acetyl groups of the 
same or adjacent chitin chains. On the other hand, 2-amino-D-glucosamine is 
more hydrophilic, especially when it becomes positively charged in an acidic 
solution. Chitin structure has a highly acetylated polymer and is insoluble in 
aqueous solvents and the most common organic solvents, limiting the 
application. Therefore, chitin polymer is mainly used as raw material for 
depolymerization or deacetylation to give chitosan. Chitosan is soluble in acidic 
aqueous solutions, but chemical modification can be used to improve water 
solubility further and enhance its biological properties. In most cases, the 
synthesis procedure target one or all three nucleophilic groups for 
functionalization. 

Figure 1. Chitosan publications per year from the source of the web of Science 
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The interest in various applications, properties, and modifications of chitosan has 
continually increased.  Figure 1 illustrates the number of publications listed on 
the Web of Science in the period from 2000 to 2021. In 2000 just 500 papers 
were published, whereas in 2021, more than 10,000 papers were published. 

1.2 Chitosan and antimicrobial properties  

Antimicrobial properties of chitosan were first reported in 1950 (Hatta, 
Kuwabara et al. 1950), but the interest and the number of studies have increased 
very significantly in the last two decades (Másson 2021). About 10-20% of all 
publications on chitosan focus on antimicrobial properties. Chitosan is active 
against various microorganisms such as bacteria, fungi, algae, and viruses 
(Rabea, Badawy et al. 2003, Raafat and Sahl 2009, Lopez-Moya, Suarez-
Fernandez et al. 2019). According to most publications, the antibacterial and 
antifungal activity is triggered by the binding of the positively charged 
protonated amino groups in chitosan to negatively charged groups in 
lipopolysaccharides, membrane proteins, and phospholipids found in the cell 
wall or the cell membrane of the microorganism (Liu, Du et al. 2004, Chung and 
Chen 2008, Másson 2021), which will cause the cell membrane disintegration 
and damage to the bacterial cell wall. The exact mechanism is still unknown. 
Most studies propose that electrostatic interaction with negatively charged cell 
surface increases cell membrane permeability leading to cell death (Raafat, 
Bargen et al. 2008, Krajewska, Wydro et al. 2011, Li and Zhuang 2020).  Others 
suggest that chitosan can penetrate the cytoplasmic membrane and bind to the 
DNA. The inhibition of DNA replication will then cause cell death (Xiu, Zhang et 
al. 2012, Yu, Zhang et al. 2018). Various possible antibacterial mechanisms 
have been proposed, including that chitosan acts as a chelating agent that binds 
to an essential metal ion to inhibit microbial growth. 

Gram-positive and Gram-negative bacteria exhibit remarkable differences in their 
cell wall structure, in which gram-positive bacteria have thicker peptidoglycans 
and no outer lipid membrane. In contrast, gram-negative bacteria have a thin 
peptidoglycan layer and an outer lipid membrane (Beveridge 1999, Pasquina-
Lemonche, Burns et al. 2020) (Beveridge 1999, Pasquina-Lemonche, Burns et al. 
2020). It has been proposed that the antibacterial action of chitosan is different 
for Gram-positive and Gram-negative bacteria (Fig. 2) (Rabea, Badawy et al. 
2003, Goy, Britto et al. 2009, Kong, Chen et al. 2010). However, Másson 
(Másson 2021) has criticized this idea as lacking experimental support. 
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The antimicrobial activity of chitosan is influenced by pH value, molecular weight 
(MW), degree of deacetylation, and temperature. Many publications have 
demonstrated that chitosan exhibits excellent antimicrobial activity under acidic 
conditions (Erdem, Kariptas et al. 2016, Varlamov and Mysyakina 2018). The 
pKa for the amino groups of chitosan is 6.3–6.5. Therefore, it will lack cationic 
charge and solubility in alkaline solutions and aqueous solutions with a pH 
higher than 6.5. The solubility increases with decreasing pH, as it leads to an 
increase in the positive charge of the primary –NH2 groups of chitosan and 
greater antimicrobial activity (TSAI and SU 1999). 

Chitosan properties depend on the average MW of the polymer in the material, 
including antibacterial properties. Several studies have focused, solely or in part, 
on the relationship between antibacterial activity and chitosan molecular weight. 
However, the conclusions from these studies have been inconsistent. Some 
studies have concluded that increasing the chitosan MW reduced the activity 
(Zheng and Zhu 2003). In contrast, other studies have found that high MW 
chitosan exhibits better activity than low molecular weight chitosan (No, Young 
Park et al. 2002). Jeon et al. reported that three fractions of chitosan 
oligosaccharide relative to MW (10, 5, 1 kDa) investigated the antibacterial 
activity. Oligosaccharide with MW is over 10000 Da required for the activity 
(Jeon, Park et al. 2001). Low MW chitosan 4.6 KDa and its derivatives exhibit 
better activity against bacteria E. coli, P. aureofaciens, yeast, and fungi 
(Tikhonov, Stepnova et al. 2006). Chang et al. studied six chitosan samples with 
MW ranging from 3.3 to 300 kDa. These were tested for activity against S. 
aureus and E. coli, which increased with increasing MW at low pH. Conversely, 
chitosan lost activity when MW >29.2 kDa at pH 7 (Chang, Lin et al. 2015). 
High MW chitosan (100 and 210 KDa) shows better antibacterial activity against 
S. aureus and E. coli than low MW chitosan (1800) (Shin, Yoo et al. 2001). 

Figure 2. Proposed antibacterial action of chitosan on Gram positive bacteria and 
Gram negative bacteria 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pseudomonas-aureofaciens


 Introduction 

5 

The preparation method will influence the DD of chitosan, especially the 
processing time and temperature used for chemical deacetylation. High DD 
polymers exhibit a more positive charge than low DD polymers in the same 
acidic medium. The chitosan with higher DD polymers has a higher positive 
charge will have a strong electrostatic interaction with anionic microbial cell 
surfaces and, which leads to stronger antibacterial activity (Jung, Youn et al. 
2010, Foster, Ho et al. 2015) 

The effect of temperature and pH was investigated for different molecular weight 
samples of chitosan. The results showed that the antibacterial activity increased 
when the temperature increased and the pH decreased (Chang, Lin et al. 2015). 
Temperature also influences the antimicrobial activity of chitosan. It has better 
antimicrobial activity at higher temperatures (37 °C) than at refrigeration 
temperatures (Erdem, Kariptas et al. 2016). 

Chitosan is also active against fungi. Both chitin and chitosan can inhibit the 
growth of many fungi, but chitosan has a stronger fungicidal effect than chitin 
(Allan and Hadwiger 1979). A recent study demonstrated the antifungal efficacy 
of different chitosan and various concentrations against Colletotrichum alatae 
fungi (L, G et al. 2021). The low molecular weight chitosan (LMWC) has been 
investigated for antifungal activity against 105 clinical isolates of Candida spp 
and exhibited antifungal activity inhibiting over 89.9% of the clinical isolates 
examined at pH 4 (Alburquenque, Bucarey et al. 2010). Another study 
investigated the antibacterial and antifungal efficacy of 15 samples of chitosan 
that varied in molecular weight and DA in homogeneous conditions (Younes, 
Sellimi et al. 2014). Low MW chitosan (1000 to 10000) displayed better 
antifungal activity against various pathogenic yeasts and hyphae-forming fungi 
without hemolytic effect (Park, Kim et al. 2008). 

The use of chitosan to aid drug delivery has been investigated by academics and 
the pharmaceutical industry (Ilium 1998). S.N.Chirkov showed that chitosan 
could inhibit viral infections in animal cells and investigated the effect of a 
physicochemical factor on antiviral activity (Chirkov 2002). Another study 
showed that chitosan could effectively inhibit the infection of Autographa 
californica Multicapsid Nucleopolyhedrovirus (AcMNPV), Bombyx mori nuclear 
polyhydrosis virus (BmNPV) (Ai, Wang et al. 2012). Tan et al. have reviewed 
chitosan and its structurally modified derivatives and found that (hydroxypropyl 
trimethylammonium, sulfate, carboxymethyl, bromine, peptide, phosphonium 
conjugates, and sialyllactose exhibit anti-viral activity against SARS-CoV-2, herpes 
simplex virus, influenza virus, NDV, human papillomavirus and F-MuLV (Tan, 
Hassandarvish et al. 2022). Chitosan has also been used in vaccines against viral 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autographa-californica
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autographa-californica
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/baculoviridae
https://www.sciencedirect.com/topics/chemistry/trimethylammonium
https://www.sciencedirect.com/topics/chemistry/bromine-atom
https://www.sciencedirect.com/topics/chemistry/phosphonium


Sankar Rathinam 

6 

infections. One study reported the production of a vaccine candidate composed 
of a recombinant matrix protein-2 (sM2) loaded into poly-γ-glutamic acid (γ-PGA)-

chitosan nanoparticles (PC NPs). The vaccine used cholera toxin subunit A1 (CTA1), 
and a fusion peptide of hemagglutinin (HA2) as a mucosal adjuvant was found to be 
effective as a broadly cross-protective influenza vaccine (Chowdhury, Kim et al. 
2017).  

 Antimicrobial applications 

Chitosan and its derivatives have been widely used in many fields, such as plant 
protection, wound treatment, food preservatives, and wastewater treatment. 
Chitosan is also cross-linked with other materials to form hydrogel, coatings, and 
nanoparticles. 

In agriculture, chitosan is used in many ways; one of the first applications that 
were considered was its use as a fungicidal antipathogen in plants (Allan and 
Hadwiger 1979). Chitosan is induced in the elicitation chain and could be used 
in plant disease control as a powerful elicitor for Mimosa pudica motor cells 
(Amborabé, Bonmort et al. 2008). The effect of chitosan on viral infection was 
investigated in potato plants, and it was found it could increase resistance to 
such infection (Chirkov, Il'ina et al. 2001). A study of strawberry plants exposed 
to probiotic bacteria Bph-4 and BTLK6a showed a significant increase in 
vegetative growth 56% and fruit yield 43 % compared to untreated control (Akter 
Mukta, Rahman et al. 2017). 

Wound treatment is possibly the most promising medical application for 
chitosan. A wound dressing material was prepared using commercial 
polyurethane film (Tegaderm) as a backing with a composition of chitosan (83% 
DD) film and 2 mg of minocycline hydrochloride. The substance exhibited a 
stronger wound-healing effect (Aoyagi, Onishi et al. 2007). The mortality of mice 
with P. aeruginosa infected wounds was reduced from 90% to 14.3% when 
treated with chitosan polyphosphate that incorporated silver nanoparticles (Ong, 
Wu et al. 2008). Jayakumar et al. have reviewed various forms (hydrogels, 
fibers, membranes, scaffolds, and sponges) of chitin chitosan and its derivatives 
as biomaterials for wound dressings (Jayakumar, Prabaharan et al. 2011). 

Chitosan can be used as a preservative, either in the form of films or coatings in 
food packing or preparation. A coating containing 2% chitosan and 0.2% of 
gallic acid incorporated coating proved to be a good preservative for fresh pork 
stored at 4 °C to ensure product safety and quality (Fang, Lin et al. 2018). The 
chitosan-sulfur nanoparticles composite film exhibited antimicrobial activity 
against food-borne pathogenic E. coli and Listeria monocytogenes bacteria 
(Shankar and Rhim 2018). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vegetative-growth
https://www.sciencedirect.com/topics/food-science/listeria-monocytogenes
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1.3 Antimicrobial chitosan derivatives 

Nowadays, many researchers are interested in chitosan derivatives obtained by 
modifying at least one of the three reactive functional groups. The aim is to 
improve physicochemical or biological properties, such as antibacterial activity 
and suitability for biomedical applications. Chitosan is insoluble under neutral 
physiological conditions, limiting antibacterial applications. This issue can be 
addressed by introducing hydrophilic and charged moieties. The antimicrobial 
activity can also be improved by conjugating antimicrobial substances.  

 Quaternary chitosan derivatives  

Chitosan can be modified on the C-2 amino group and hydroxyl groups, 
especially the more nucleophilic C-6 hydroxyl group, to introduce quaternary 
ammonium groups with a permanent cationic charge. The resulting chitosan 
quaternization improves the water solubility in a broad pH range and enhances 
the antimicrobial action compared to unmodified chitosan (Rúnarsson, Holappa 
et al. 2007, Sajomsang, Gonil et al. 2009). The N,N,N-trimethyl chitosan (TMC) 
is the most studied quaternary chitosan derivative (Muzzarelli and Tanfani 1985, 
Sieval, Thanou et al. 1998, Wu, Long et al. 2017), and 2-hydroxyl propyl-3-
trimethyl ammonium chitosan (HTC or HTCC) is second most studied quaternary 
ammonium salts derived from chitosan (Seong, Whang et al. 2000). The other 
quaternized chitosan derivatives have also been investigated the antimicrobial 
activity including N-betaine (Holappa, Hjálmarsdóttir et al. 2006), pyridinium 
salts (Omidi and Kakanejadifard 2019), phosphonium salts (Wang, Xu et al. 
2011), and fluorinated chitosan quaternary derivatives (Cele, Somboro et al. 
2020). 

1.3.1.1 N,N,N-Trimethyl chitosan (TMC) and N,N,N- trialkyl 
chitosan 

A cationic charge on the polymer backbone can be introduced by quaternizing 
the 2-amino groups in chitosan. The N,N,N-trimethyl chitosan (TMC) is the most 
common derivative. TMC can be obtained by treating chitosan excess methyl 
iodide or dimethyl sulfate in the presence of strong alkali using N-methyl 
pyrrolidone (NMP) as a solvent shown in Scheme 2. (Domard, Rinaudo et al. 
1986, Sieval, Thanou et al. 1998, Curti, de Britto et al. 2003, Goy, Morais et al. 
2016, Wu, Long et al. 2016). This method has been further improved by using 
DMF/H2O (Rúnarsson, Holappa et al. 2008) as solvent or DMSO and a mild 
base (Másson 2021) to obtain products with a high degree of trimethylation and 
no O-methylation. An alternative method is first to generate a Schiff's base 
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generated by reaction with formaldehyde, which is converted to N,N-dimethyl 
chitosan (DMC) using a suitably reducing agent (Verheul, Amidi et al. 2008). 
DMC is then reacted with methyl iodide to give trimethyl chitosan, shown in 
Scheme 2. The N,N,N-trimethylation is often accompanied by O-alkylation on C-
6 and C-3 positions, especially when the reaction is carried out in NMP with a 
strong base (Curti, de Britto et al. 2003). This will reduce solubility and may 
affect biological properties (Sieval, Thanou et al. 1998, Polnok, Borchard et al. 
2004). The C-6 position will also be blocked, preventing further chemical 
modification. This can be avoided by changing the reaction conditions, as 
previously mentioned, or by using protection groups. The C-3 and C-6 hydroxy 
groups have been selectively protected by reaction with tert-butyldimethylsilyl 
chloride (TBDMS) and imidazole in DMSO protection to obtain 3,6-O-diTBDMS 
chitosan (TBDMS-Chitosan) (Rúnarsson, Malainer et al. 2008). The advantage of 
using TBDMS as a protection group is not only that it allows selective N-
alkylations (Benediktsdóttir, Gaware et al. 2011) and N-acylation’s (Rúnarsson, 
Malainer et al. 2008, Rúnarsson, Holappa et al. 2010) but also that it changes 
the physicochemical characteristics of the polymer(Song, Gaware et al. 2010, 
Már Másson 2013) so that reactions can be carried out in moderately polar 
organic solvents like dichloromethane (DCM). TBDMS-chitosan has been reacted 
with methyl iodide using Cs2CO3 as a base and deprotected with tetra-n-
butylammonium fluoride (TBAF) to obtain TMC with 100 % N,N,N-trimethylation 
and no O-methylation (Benediktsdóttir, Gaware et al. 2011). 

Chitosan can also be quaternized with by N-alkylation with more than one alkane. 
For example, the mono N-alkylation was performed by making a Schiff-base 
intermediate by reaction with aldehydes (Scheme 2) and reduction. This was 
followed by quaternization with methyl iodide (Kim, Choi et al. 1997). Similarly, 
other quaternized N-alkyl chitosan derivatives like N–N-propyl-N,N-dimethyl 
chitosan, and N-furfuryl-N,N-dimethyl synthesized using a similar procedure (Jia, 
shen et al. 2001) or starting from TBDMS-chitosan (Sahariah, Benediktssdóttir et 
al. 2015).  

Quaternized N,N,N-trimethylation improves solubility in aqueous solutions 
relative to native chitosan and is soluble in a wide pH range (Mourya and 
Inamdar 2008). TMC is polycationic with a high density of positive charges on 
the polymer backbone, and strong electrostatic interaction with anionic cell 
membranes is therefore expected. 
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TMC biopolymers have been investigated for activity against gram-positive and 
gram-negative bacteria and found to be more active than chitosan against both 
types of bacteria (Rúnarsson, Holappa et al. 2010, Xu, Xin et al. 2010, Sahariah, 
Cibor et al. 2019). TMC has also been used in other biomedical applications 
such as enhancing drug delivery through mucosal membranes (Benediktsdóttir, 
Baldursson et al. 2014, Pardeshi and Belgamwar 2018), gene delivery(Kean, 
Roth et al. 2005), and wound treatment (Zhou, Yan et al. 2016, Abueva, Ryu et 
al. 2021).  

1.3.1.2 2-hydroxyl propyl-3-trimethyl ammonium chitosan (HTC) 

A quarternary ammonium moiety with a cationic charge can be introduced by 
linking it through a spacer group to the polymer backbone. The most common 
such is 2-hydroxyl propyl-3-trimethyl ammonium chitosan (HTC or HTCC for the 

chloride salt), which is synthesized by reacting glycidyl trimethylammonium 
chloride (GTMAC) with chitosan (Seong, Whang et al. 2000, Cho, Grant et al. 
2006). (Scheme 2). This nucleophilic reaction with the epoxide group favors 
the C-2 amine under acidic conditions. On the other hand, the C-6 hydroxyl 

Scheme 2. Synthesis of antimicrobial common chitosan derivatives based on 
literatures 
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group will be favored under basic conditions (Freitas, Moura et al. 2020). The 
HTCC DS was increased with increasing the reagent. GTMAC was used with 
various ratios, reaction times, and temperatures to obtain different degrees of 
substitutions (Seong, Whang et al. 2000). The O-HTCC compound was 
synthesized by reacting N-benzylidene chitosan with GTMAC and then removing 
the N-benzylidene substituent (protecting group) by treatment with 0.25 mol/L 
HCl alcohol solution (Sun and Wan 2007). A derivative similar to HTC can be 
synthesized by reaction with glycidyl triethylammonium chloride (GTEAC) to 
obtain N-(2-hydroxyl) propyl-3-triethyl ammonium chitosan chloride (Wan, Xu et 
al. 2013). Various derivatives of HTC have also been reported. One such 
derivative was synthesized by reductive N-alkylation with benzaldehyde and then 
by C-6-quaternization of the resulting N-benzyl chitosan with GTMAC. This 
derivative was investigated as an antibacterial finishing for cotton fabrics (Fu, 
Shen et al. 2011). HTC has been studied in several applications, including 
nanoparticles for controlled drug delivery (Li, Li et al. 2014), as an antimicrobial 
agent (Kim, Nam et al. 2003), permeation enhancer for mucosal membranes 
(Hecq, Siepmann et al. 2015), and for gene delivery (Xiao, Wan et al. 2012). 

1.3.1.3 N-(2-(N,N,N-Trimethylammoniumyl)acetyl)-chitosan (TAC) 
and other quaternary N-acyl derivatives 

N-(2-(N,N,N-trimethylammoniumyl)acetyl)-chitosan (TAC) is another relatively 
common quaternary ammonium derivative, although less studied than TMC and 
HTC derivatives. It is also known as betaine chitosan derivative or chitosan 
betaine because it can be considered a betaine (N,N,N-trimethylglycine) 
derivative. Holappa et al. reported the synthesis of chitosan N-betaine (Scheme 
2) in five steps; First three-step reaction to obtain 6-O-triphenylmethyl chitosan 
and then N-acylation and deprotection. The derivative was prepared with various 
degrees of substitution (DS). The highest DS (0.90 was obtained in reaction with 
four equivalents of N-chlorobetainyl chloride (Holappa, Nevalainen et al. 2004). 
Later the antimicrobial activity was studied and found that it increased with 
decreasing DS (Holappa, Hjálmarsdóttir et al. 2006). Rúnarsson et al. 
synthesized betaine chitosan starting from TBDMS chitosan and TBDMS chitosan 
oligomer.  The minimal inhibitory concentration (MIC) for the polymer derivative 
was 32-128, ≥8192, 512, and 64 µg/mL against  S. aureus, E. coli, E. faecalis, 
and P. aeruginosa, respectively (Rúnarsson, Holappa et al. 2010). The oligomer 
derivatives were generally less active with MIC = 4096 µg/mL or more. The N-
betaine derivative with a low degree of substitution (0.05) was effective, and the 
activity decreased with increasing DS (Korjamo, Holappa et al. 2008). The N-
betaine chitosan derivative shows good antibacterial activity (Rúnarsson, Holappa 

https://www.sciencedirect.com/science/article/pii/S0014305710001138#!
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et al. 2010, Blagodatskikh, Vyshivannaya et al. 2018). TAC derivatives are also 
used as drug delivery (Mannila, Järvinen et al. 2009) and gene delivery (Gao, 
Zhang et al. 2009). 

  Water-soluble chitosan derivatives with neutral 
hydrophilic substituents 

The water solubility of polymers can be improved by introducing neutral 
hydrophilic groups. One example is hydroxypropyl methylcellulose (HPMC), a 
water-soluble cellulose derivative. HPMC is a common excipient in drugs (Levina 
and Rajabi‐Siahboomi 2004) and is used as thickener food (Burdock 2007) 
and other consumer products (Laguna, Primo-Martín et al. 2014). Hydroxypropyl 
chitosan (HPC) is a well know and commercially available derivative. Glycol 
chitosan is another derived from chitin that is also commercially available 
(Saravanakumar, Min et al. 2009, Mitra, Han et al. 2014). Thioglycolate chitosan 
(TGC) has been studied, mainly focusing on its biological properties. The added 
functional groups in these derivatives can help to improve water solubility. These 
derivatives can be defined as “neutral” chitosan derivatives, although they 
contain protonatable amino groups, like chitosan, and will therefore be positively 
charged at low pH (Kast and Bernkop-Schnürch 2001).  

1.3.2.1 Hydroxypropyl chitosan (HPC) and glycol chitosan 

Hydroxypropyl groups can be introduced by alkylation of the C-2 amino the C-3, 
and C-6 hydroxyl groups in chitosan by reaction with propylene oxide under the 
alkaline. (Scheme 2) Investigation of hydroxypropyl chitosan (HPC)  synthesized 
with DS ranging from 1.5 to 3.1 showed no antibacterial effect against S. aureus 
and E. coli. In contrast, antifungal activity was observed against A. mali, C. 
diplodiella, F. oxysporum, and P. piricola (Peng, Han et al. 2005). Xie et al. 
reported the synthesis of HPC derivative and the grafted with maleic acid 
sodium, showing good antibacterial activity against S. aureus and E. coli bacteria 
by the cut plug method (inhibition zone method) (Xie, Xu et al. 2002). However, 
most investigations involving the use of HPC have not focused on antimicrobial 
activity. Wan et al. prepared the hydroxyethyl chitosan and HPC with a maximum 
degree of substitution of 25%. The modified chitosan showed increasing ionic 
conductivity and did not exhibit significant changes in its tensile strength 
properties (Wan, Creber et al. 2004). HPC polymer has been photo-crosslinked 
to make wound dressing (Lu, Ling et al. 2010) and grafted with cyclodextrin 
copolymer for drug delivery applications (Xie, Qin et al. 2019). 
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Glycol chitosan is a derivative of chitosan with ethylene glycol branches linked 
through the C-6 oxygen. Iron oxide nanoparticles coated with glycol chitosan 
have shown good antibacterial activity against S. aureus, E. coli, and S. enteritidis 
(Stephen Inbaraj, Tsai et al. 2012). Glycol chitosan-based materials are used for 
encapsulation and drug delivery (Lin, Jia et al. 2019, Yu, Shi et al. 2020). 

1.3.2.2 Thioglycolic chitosan (TGC) 

The thiol functional group (-SH) is present in many natural compounds. The 
amino acid cysteine has a methanethiol side group that plays a significant role in 
its biological properties. The thiols present in our body are very reactive, so they 
are mostly found in the oxidized form as disulfide linkages. A thiol derivative of 
chitosan (Scheme 2), chitosan can be obtained by reaction with thioglycolic 
acid in the presence of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
coupling reagent(Geisberger, Gyenge et al. 2013). This derivative is active 
against the bacteria Streptococcus sobrinus and Neisseria subflava and the fungi 
C. albicans. The analysis is based on the reaction of thiolate anions. Thiolated 
chitosan increases water solubility and enhances antimicrobial activity (Croce, 
Conti et al. 2016), showing several pharmaceutical applications (Kast, Frick et al. 
2003). TGC polymers with the thiol group interact with cysteine-rich glycoprotein 
in mucous membranes, forming a disulfide bond between the polymer and 
enhanced mucoadhesive property (Kast and Bernkop-Schnürch 2001).   

  Anionic chitosan derivatives  

Carboxymethylcellulose is a well-known water-soluble and anionic derivative of 
cellulose. It is used as a pharmaceutical excipient (Li, Song et al. 2010) and in 
other applications (Ogushi, Sakai et al. 2007). Carboxymethyl chitosan is 
probably the best-known chitosan derivative commercially available from many 
vendors. The carboxyl groups will become anionic at pH between 4 and 5, 
whereas the amino groups of carboxymethyl chitosan will become cationic at low 
pH (below 6-7), so the net charge of this polymer will depend on pH. The 
abbreviation CMC is used for carboxymethyl chitosan, which can be confusing 
because the same abbreviation is also used for carboxymethyl cellulose. Anionic 
sulfonated (Lima, Pereira et al. 2013) and phosphorylated (Wang and Liu 2014) 
chitosan derivatives have also been reported.  

1.3.3.1 Carboxymethyl chitosan (CMC) 

Carboxymethyl chitosan is the most well-known chitosan derivative. It is widely 
used for research and various applications. It has an amphoteric character as it 
contains amino groups that can be protonated to become cationic and carboxylic 
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groups that can be deprotonated to become anionic. The net charge will depend 
on the degree of substitution and pH. Monochloroacetic is reacted with chitosan 
to obtain CMC (Scheme 2). The selectivity of the reaction can be controlled by 
adjusting the alkalinity, solvent system, and temperature to give mainly N-CMC, 
O-CMC, or N,O-CMC (Jayakumar, Prabaharan et al. 2010, Mourya, Inamdara et 
al. 2010, Song, Zhang et al. 2011). N-CMC can also be prepared by reductive 
alkylation (Muzzarelli, Tanfani et al. 1982, Di Colo, Zambito et al. 2004). El-
Shafei found that CMC was active against E. coli (DSMZ 498) and Micrococcus 
luteus and could be used for multifunctional cotton finishing (El-Shafei, Fouda et 
al. 2008). O-CMC and N,O-CMC nanoparticles were prepared by ionic gelation 
with CaCl2 and TPP, respectively, and studied for antibacterial activity against S. 
aureus. Nanoparticles prepared from N,O-CMC were more active, and activity 
increased with concentration. (Anitha, Divya Rani et al. 2009). Carboxymethyl 
chitosan (CMC) was prepared, and then the quaternized carboxymethyl 
chitosan (QCMC) was synthesized by using glycidyl trimethyl ammonium 
chloride reagent, QCMC was evaluated for antibacterial activity; the results show 
that it had stronger activity and it can be used as a dental pulp-cap (Sun, Du et 
al. 2006). CMC has been used in a broad range of biomedical and 
pharmaceutical applications, including its use as an anticancer agent (Jeong, Jin 
et al. 2010), an antioxidant (Zhao, Huang et al. 2011), for tissue engineering 
(Jayakumar, Rajkumar et al. 2009), wound healing (Weng, Romanov et al. 
2008), drug delivery (Wang, Chen et al. 2010), and cosmetics (Jimtaisong and 
Saewan 2014). 

  Other chitosan derivatives 

Various other chitosan derivatives have been reported and investigated for 
biological activity, including antibacterial activity. A reaction with 
cinnamaldehyde can form Schiff‘s base derivatives of chitosan. Similarly, sorbyl 
chitosan, and p-aminobenzoyl chitosan derivativescan be prepared by reacting 
chitosan with sorbic acid and p-aminobenzoic acid, respectively. These 
derivatives have been investigated for antibacterial activity against S. aureus and 

E. coli. They showed good activity, especially against S. aureus (Wang, Lian et 
al. 2012). (Fig. 3B) Various chitosan-sulfonamide derivatives have been 
synthesized (Fig. 3A) and reported to show good activity against S. aureus, E. 
coli, Sarcina lutea, and Bacillus cereus, as well as effect wound healing effects 
(Dragostin, Samal et al. 2016). To obtain N-heterocyclic chitosan (Fig. 3C), 
chitosan can be with furan-2-carbaldehyde, 5-methylfuran-2-carbaldehyde, 3-
pyridine carboxaldehyde, benzo[d][1,3]dioxole-5-carbaldehyde and 4-oxo-4H-
chromene-3-carbaldehyde by reductive amination reaction. This modification of 

https://www.sciencedirect.com/topics/chemistry/carboxymethyl-chitosan
https://www.sciencedirect.com/topics/chemistry/carboxymethyl-chitosan
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/micrococcus-luteus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bacillus-cereus
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the chitosan structure was found to improve the biological activity against plant 
pathogenic fungi F. oxysporum, P. debaryanum and P. grisea (Badawy 2008). 

N-guanidinium chitosan derivatives were prepared and reported to show good 
activity against various strains of E. coli, P. aeruginosa, S. aureus, B. subtilis, and 
C. albicans (Fig. 3D) (Salama, Hasanin et al. 2020). Benzoyl, acetyl, and 
chloroacetyl thiourea derivatives of chitosan (Fig. 3E) were synthesized and 
tested for their antibacterial effect. These derivatives exhibited better antibacterial 
activity against various bacteria E. coli, P. aeruginosa, S. aureus, and Sarcina sp, 
and plant pathogenic fungi Alternaria solani, Fusarium oxysporum f. sp. 
vasinfectum, Colletotrichum gloeosporioides (Penz.) Saec, and Phyllisticta 
zingiberi than chitosan (Zhong, Xing et al. 2008). The anionic N-(3-sulfonic) 
chitosan (sulfonated chitosan) derivative was synthesized by using 1,3-propane 
sultone, and the sulfonated derivative was tested for antimicrobial activity against 
E. coli, S. aureus, Arthrinium sacchari, and Botrytis cinerea (Sun, Shi et al. 2017). 

1.4 Antimicrobial chitosan conjugates  

Biopolymers that are produced by linking some biologically active substance to 
the chitosan backbone can be defined as chitosan conjugates. These chitosan 
conjugates have been prepared in order to introduce new or enhanced 

Figure 3. Chitosan with various structures 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pseudomonas-aeruginosa
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/staphylococcus-aureus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sarcina
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alternaria-solani
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fusarium-oxysporum
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glomerella-cingulata
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biological properties such as antioxidant, antibacterial, antiviral, and anti-
inflammatory activity. The bioactive molecules that have been linked to chitosan 
are mainly polyphenols, amino acids, peptides and proteins, natural products, 
and small bioactive molecules (Berezin, Lomkova et al. 2012). 

Polyphenols are antioxidant compounds found in many plants, fruits, vegetables, 
herbs, and spices. This includes flavonoids (catechin), and phenolic acids 
(cinnamic acid, salicylic acid, gallic acid, ferulic acid, caffeic acid, and p-
coumaric acid) that have been grafted onto chitosan. The substituents have been 
introduced to improve the antioxidant effect and to realize novel functional 
properties such as radical scavenging activity. The methods used for grafting 
include enzyme-mediated synthesis, activated ester-mediated synthesis, and free-
radical grafting (Hu and Luo 2016, Qin and Li 2020). These conjugates have 
been investigated as potential food packaging materials, preservatives, drug 
delivery, and antimicrobials (Božič, Gorgieva et al. 2012, Jiang, Lin et al. 2012, 
Woo and Je 2013, Lei, Wang et al. 2014). Cho et al. investigated the activity of 
chitosan-catechin conjugates against 20 methicillin-resistant S. aureus (MRSA) 
strains, three-gram positive bacteria, and six gram-negative bacteria. The MIC for 
MRSA was 64 – 128 µg/mL, 64 µg/mL for the gram-positive bacteria B. subtilis, 
E. faecalis, and L. monocytogenes, and 256 – 512 µg/mL for gram-negative 
bacteria. (Cho, Lee et al. 2013). Chitosan conjugated with caffeic acid, ferulic 
acid, or sinapic acid was investigated for activity against acne-related bacteria, 
such as P. acnes, S. epidermidis, S. aureus, and P. aeruginosa. The MIC was 
between 8 and 512 μg/mL. Caffeic acid conjugates were most effective against 
acne-related bacteria (Kim, Yu et al. 2017). Nagy et al. synthesized a series of 
chitosan hydroxycinnamic acid conjugates and investigated them for antibacterial 
activity (Nagy, Sahariah et al. 2022). In contrast to the previously mentioned 
publication, the conjugation of antioxidants did increase the activity against E. 
coli and S. aureus. Conversely, the activity decreased with increasing DS. 

Antimicrobial peptides (AMPs) are oligopeptides, also called host defense 
peptides, consisting of between 10 to 100 amino acid units. These peptides 
generally have two or more positively charged groups and a substantial portion 
of hydrophobic residues (Karle, Gopi et al. 2003). They are found in a wide 
variety of bacteria, fungi, plants, invertebrates, and vertebrates (Hancock and 
Sahl 2006, Jenssen, Hamill et al. 2006). Most AMPs can directly interact with the 
microbial cell membrane. The cationic peptides are also known as innate 
immune modulators. AMPs are classified based on their secondary structure, 
which can be α-helical, β-sheet, β-hairpin, or extended. (Zasloff 2002, Bowdish, 

Davidson et al. 2005). Antimicrobial peptides show diversity in structure and broad 



Sankar Rathinam 

16 

antimicrobial spectrum. Human AMPs include cathelicidin and defensins. The 
gene family of cathelicidin is identified from a full-length cDNA sequence of 
mouse marrow cells, and it's named as CRAMP, a cathelicidin-related 
antimicrobial peptide (Gallo, Kim et al. 1997). The CRAMP peptides consisting 
of amino acids segments 16 to 33 and 18 to 35, display potent antimicrobial 
activity without hemolytic activity and antibiofilm activity against E. coli, 
P.aeruginosa (Ha, Shin et al. 1999, De Brucker, Delattin et al. 2014).  

Antimicrobial peptides have been conjugated to chitosan biopolymer and 
investigated antimicrobial activity. Sahariah et al. used CuAAC to conjugate 
anoplin to chitosan with the peptide linked through the N or C-terminal. A series 
of conjugates were synthesized with DS varying from 6 – 23 % and were 
evaluated for activity against S. aureus, E. coli, E. faecalis, and P. aeruginosa. 
The results showed that conjugates with linkage through the N-terminal were 
significantly more active against E. faecalis and P. aeruginosa, whereas 
conjugates with C-terminal linkage were more active against E. coli. An increase 
in the degree of substitution (DS) for the anoplin peptide significantly increased 
activity against S. aureus and reduced hemolytic activity (HC50) for human 
erythrocytes (Sahariah, Sørensen et al. 2015). The potent antimicrobial peptide 
Dhvar-5 was grafted onto chitosan via copper (I) catalyzed azide-alkyne 
cycloaddition reaction (CuAAC) (Barbosa, Vale et al. 2017). Dhvar-5 was linked 
through the N-terminal and the C-terminal residues. The C-terminal Dhvar-5 
conjugates showed more antimicrobial activity against Gram-positive bacteria 
S.epidermidis, and S.aureus and reduced adhesion of Gram-negative bacteria 
E.coli, and P.aeruginosa than the N-terminal Dhvar-5 conjugates. Antibiofilm 
properties were confirmed for chitosan-conjugate thin-films, and the Dhvar-5 
conjugates showed no cytotoxic effect against HFF-1 cells (Barbosa, Costa et al. 
2019). In another study, chitosan was first functionalized with N-succinimidyl-S-
acetylthiopropionate and glutathione and short peptides (RWAAC-NH2 CAAWR-
NH2, and PWKISIHLAAC-NH2), grafted with the formation of disulfide bond linkage. 
These conjugates showed antimicrobial activity against S. aureus and E. coli. The 
activity was enhanced relative to unmodified chitosan and peptide and showed 
selectivity towards S. aureus with low cytotoxicity (Petrin, Fadel et al. 2019).  

The AMP’s ε-poly-L-lysine was grafted onto chitosan polymer using copper-free 

thiol–ene ‘click’ chemistry. The peptide was conjugated with low, medium, and high 
molecular-weight chitosan. Conjugates with low MW chitosan (CSL-g-EPL50%) 
showed good antibacterial activity towards gram-negative E. coli and P. 
aeruginosa, gram-positive bacteria E. faecalis and S. aureus, and antifungal 
activity against C. albicans and F. solani and very low hemolytic activity (Su, Tian 
et al. 2017). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pseudomonas-aeruginosa
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antimicrobial-activity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gram-positive-bacterium
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/staphylococcus-epidermidis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/staphylococcus-aureus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gram-negative-bacterium
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pseudomonas-aeruginosa
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1.5 The structure-activity relationship for antimicrobial 
chitosan derivatives 

Medicinal chemistry research aims to establish the relationship between 
molecular structure and biological activity, the so-called structure-activity 
relationship (SAR). This approach is mainly used for small molecules but can be 
applied to chitosan derivatives and conjugates. Many factors affect the SAR for 
chitosan derivatives. This includes the molecular weight, the structure of the 
substituent, the degree of acetylation (DA), and DS. The pH of the medium can 
also influence charge density and pH, and derivatives can have more than one 
type of substituent. The number of possible variations in structure and other 
factors influencing activity is limitless, but SAR studies can help understand the 
contribution and importance of all these variants.  

Several studies have focused on the influence of molecular weight activity on 
antimicrobial activity, but conflicting results have been reported. The MW of 
chitosan is thought to determine to what extent it can penetrate the cell surface 
and cause an intracellular effect (Sudarshan, Hoover et al. 1992). Chitosan with 
an MW below 305 kDa has been investigated for antibacterial activity against S. 
aureus and E. coli. The antimicrobial activity against S. aureus increased with 
increasing MW of chitosan. In contrast, for E. coli bacteria, the effect was 
enhanced with degreasing MW of chitosan (Zheng and Zhu 2003).  

Three chitosan polymers with average MW  628, 591, and 107 kDa and two 
chitooligosaccharides with average MW 5 and 3 kDa have investigated the 
relationship between molecular weight and antimicrobial activity. The activity 
increased when  MW was less in the case of E. coli, K. pneumoniae, and P. 
aeruginosa, and the reverse relationship in the case of the Gram-positive S. 
aureus and S. epidermidis bacteria (Fernandes, Tavaria et al. 2010). Similarly, 
Younes et al. found, based on the investigation of samples in the MW range 
from  42.5 to 135 kDa chitosan, that activity against gram-negative bacteria 
increased with decreasing MW and a reverse trend for gram-positive bacteria 
(Younes, Sellimi et al. 2014). Másson's group studied 49 hydrolyzed TMC and 
chitosan samples with molecular weight (MW) ranging from 2 to 144 kDa 
(Sahariah, Cibor et al. 2019). They showed that the activity against S. aureus 
increased with MW until a specific MW (CMW) was reached and that further 
increase did not affect the activity. The CMW was found to be 20 and 50 kDa for 
TMC and chitosan, respectively. 

A chitosan polymer's degree of acetylation (DA) can influence the solubility in an 
aqueous solution and antimicrobial activity. Highly N-acetylated chitosan 
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increased is more hydrophobic and has less antimicrobial activity. Younes et al. 
investigated the antimicrobial activity of fifteen chitosan samples with different 
DA and MW. The DA ranged from 2 to 61%, the activity of chitosan with 2 ≤ DA 
≤ 24 (%) showed a strong bactericidal effect, higher for Gram-negative than for 
Gram-positive bacteria and chitosan with DA above 41% no activity (Younes, 
Sellimi et al. 2014). Omura et al. have also evaluated the antimicrobial activity of 
chitosan with various MW and DA against Gram-positive and Gram-negative 
bacteria and yeasts. They found that increased DA reduced activity in all cases 
(Omura, Shigemoto et al. 2003). Another study investigated N-reacetylated 
oligochitosan (MW ≤ 11 kDa) with DA from 1 to 35 % for antibacterial activity 
against E. coli and S. aureus. The maximum activity for oligochitosan was found 
for DA from 16 to 28 % (Blagodatskikh, Kulikov et al. 2017). 

The degree of substitution (DS) is one of the main factors to consider for the 
structure-activity relationship of chitosan derivatives. In general, it should be 
expected that the biological effect of a substituent will increase with the DS, but 
the possibility that there is some optimal value cannot be excluded either. In a 
study reported by our group, chitosan and chitooligomer were N,N,N-
trimethylated with the degree of quaternization ranging from 0 – 70 %. The 
degree of N,N-dimethylation, N-monomethylation, and O-methylation also varied 
in the samples. The antibacterial activity was investigated against S. aureus at pH 
5.5 and 7.2. The significant activity showed against S. aureus at pH 5.5. At pH 
7.2, non-quaternized derivatives were inactive, but their highly N-quaternized 
derivatives showed MIC as low as 8 µg/mL (Rúnarsson, Holappa et al. 2007). 
Chitosan-arginine derivatives with DS ranging from 8.7 to 28.4 % have been 
studied for antibacterial activity against S. aureus and E. coli.  The results showed 
that the higher DS of the CS-N-Arg samples, the better the antimicrobial ability 
(Xiao, Wan et al. 2011). In another study, N-(6-carboxyl cyclohex-3-ene carbonyl) 
chitosan synthesized with five different DS values from 0.09 to 0.86 and 
evaluated against plant pathogenic bacteria Erwinia carotovora, Ralstonia 
solanacearum, Rhodococcus fascians, and Rhizobium radiobacter. The highest 
DS derivative was more active than the lowest DS derivative (Badawy and Rabea 
2016). Peng et al. synthesized hydroxypropyl chitosan derivatives with DS 
ranging from 1.5 to 3.1. These derivatives showed no antibacterial activity 
against S. aureus and E. coli, but DS correlated less with enhanced antifungal 
activity (Peng, Han et al. 2005). A series of guanidinylated chitosan derivatives 
synthesized with DS ranging from 0.1 to 1.0 and chitosan N-acyl 
trimethylammonium derivatives with DS 0.15 to 1.0 were tested for antibacterial 
activity against S. aureus and E. coli; the activity increased with DS up to 0.55, 

https://www.sciencedirect.com/topics/immunology-and-microbiology/bactericidal-activity
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and then activity reached a plateau in most cases (Sahariah, Óskarsson et al. 
2015). 

The structure, charge, size, and physicochemical properties of the substituents 
added to make chitosan derivatives are very important when considering the 
structure-activity relationship. Rúnarsson et al. investigated the antibacterial 
activity of quaternary N-(2-(N,N,N-trimethylammiumyl)acetyl) chitosan, N,N-
dimethyl-N-dodecylammoniumyl and N,N-dimethyl-N-butylammoniumyl 
derivatives of chitosan against S. aureus, S. aureus (MRSA) and  E. faecalis, E. 
coli and P. aeruginosa. They have increased alkyl chain length with improved 
activity for the monomer, in contrast to chitosan polymer derivatives, where long 
alkyl chains reduced the activity (Rúnarsson, Holappa et al. 2010). N,N-dialkyl, 
and mono N-alkyl chitosan derivatives synthesized and then quaternized with 
different alkyl chain lengths and investigated antibacterial activity against Gram-
positive S. aureus and E. faecalis and Gram-negative E. coli and P. aeruginosa. 
The short alkyl chain derivatives showed high activity against S. aureus, whereas 
more hydrophobic N-hexyl derivatives were most active against E. coli and E. 
faecalis (Sahariah, Benediktssdóttir et al. 2015). The activity of chitosan acyl 
thiourea derivatives against E. coli, P. aeruginosa, S. aureus, and Sarcina sp 
(Gram-positive cocci bacteria) was investigated. The results show that most acyl 
thiourea derivatives were more active than native chitosan; the MIC value against 
E. coli was 15.62 μg/mL. In addition, the antibacterial activity of these 
derivatives against E. coli, P. aeruginosa was stronger than against S. aureus and 
Sarcina sp (Zhong, Xing et al. 2008). 

1.6 Synthesis of chitosan derivatives 

The C-2 amino group in chitosan is more nucleophilic than the C-2 and C-6 
hydroxyl groups. Modifications based on reactions with electrophiles such as 
alkyl halides, carboxylic acids, and epoxides often target this group (Másson 
2021). This reaction will take place under basic conditions. N,N,N-trialkylation of 
chitosan to give TMC is possible by reaction with methyl iodide or another 
methylation reagent (Fig. 4). Product of this reaction will be partially substituted 
with N-methyl, N,N,-dimethyl, C-3-O-methylated, and C-6-O-methylated also 
produced (Curti, de Britto et al. 2003).  

Various approaches have been used to control the specificity and regioselectivity 
of chitosan modification reactions to avoid side reactions and polymer chain 
degradation. One example is the condensation between the reaction carbonyl 
(aldehyde and ketone) groups and the C-2 amino group to form imines (Schiff 
bases) (Antony, Arun et al. 2019). (Fig. 4). The imine (C=N) bond is easily 
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reduced with a suitable reducing agent, such as sodium cyanoborohydride 
(Verheul, Amidi et al. 2008), to get N-alkyl derivatives. Mono and dialkyl 
chitosan derivatives can be synthesized by such reductive alkylation. These 
products can then be converted by reaction with alkyl halides to give N,N,N-
trialkylated quaternized derivatives (Benediktsdóttir, Gaware et al. 2011). The C-2 
amino group of chitosan can react with carboxylic acids in the presence of 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) activator under mild 
conditions to give N-acylated products (Khan, Ullah et al. 2016). The chitosan 
amino group can also be reacted with acyl halides to obtain N-acylated chitosan 
derivatives (Fig. 4) (Rúnarsson, Holappa et al. 2010). 

 

 Structural elucidation of chitosan derivatives  

Many published studies reporting new chitosan derivatives only use IR 
spectroscopy or elemental analysis for structure elucidation, which is probably 
not sufficient to confirm successful synthesis. The studies often also fail to 
provide information about DA and MW. With such limited structure information, 
the value of the biological data, for example, antimicrobial activity, is 
questionable. Therefore, it is important to provide NMR data with a detailed 
interpretation to confirm the actual structure and gel permeation chromatography 
analysis to determine the molecular weight.  

Figure 4. Synthesis of N-Trimethylation, Alkylation, and acylation derivatives. 
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1.7 Synthesis of chitosan derivatives employing protection 
groups 

Chemoselective (N/O selective) and regioselective modifications of chitosan are 
possible by adjusting the reaction conditions. Still, as detailed in the previous 
section, achieving a fully selective reaction can be challenging, especially when 
the DS is high.  Protection groups, commonly used in the organic synthesis of 
small molecules, have been introduced to achieve this objective (Ágoston, 
Streicher et al. 2016).  The advantage of using protection groups in chitosan 
chemistry is that it allows selective modification of the polymer and can also 
improve solubility in organic solvents (Kurita, Ikeda et al. 2002, Már Másson 
2013). This is especially useful when basic conditions are needed as this is 
incompatible with the solubility of chitosan aqueous solutions. The disadvantage 
of this approach is that more than one deprotection step may be required to fully 
remove the protection groups from all monomer units in the polymer chain. This 
can reduce yield and molecular weight due to the degradation of the polymer 
chain. The most common approaches are phthaloyl protection of the amino 
groups, triphenylmethyl (Trityl) protection of the C-6 hydroxyl group, and TBDMS 
protection of C-3 and C-6 hydroxy groups. 

 Phthaloyl protection 

The amino group of chitosan can be protected by a reaction with phthalic 
anhydride in N,N-dimethylformamide (DMF) to give phthaloyl chitosan. This 
conversion will also improve solubility in organic solvents (Scheme 3) 
(Nishimura, Kohgo et al. 1991, Kurita, Ikeda et al. 2002). The phthaloyl 
protection is beneficial to aiding regioselective modification of the C-6 position. 
(Kurita 2006). N-phthaloyl-chitosan has thus been used as a precursor for the 
regioselective introduction of ortho ester of d-mannose at the C-6 position 
(Kurita, Shimada et al. 1998). The deprotection to remove phthalate from the 
amino and O-acetyl groups is achieved by treatment with hydrazine. This method 
has been used to synthesize chitosan 1,2,3-triazole derivatives (Gao, Zhang et al. 
2009, Ifuku, Wada et al. 2011) and O-alkylated chitosan derivatives (Liu, Wang 
et al. 2018). The selective introduction of N,N,N-trimethylammonium triazole 
moieties (Scheme 3) was employed successfully at the C-6 position through 
click chemistry. N-phthaloyl chitosan is one of the precursors to preparing 
selective modification of chitosan derivatives (Gao, Zhang et al. 2009). The 
derivative 6-amino-6-deoxychitosan, where the 6-hydroxy groups in chitosan have 
been substituted by amino groups, was obtained by N-phthalate protection, 
tosylation on C-6 hydroxyl group, azidation, and finally reduction of azide group 
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to an amine. This derivative was active against S. aureus, E. coli, P. aeruginosa, 
and A. niger (Yang, Cai et al. 2012). 

 Trityl protection 

Triphenylmethyl (trityl) is used to protect the C-6 hydroxyl group in carbohydrate 
chemistry. This group is introduced by reacting trityl chloride with phthaloyl 
chitosan and then deprotecting with hydrazine to obtain C-6 O-trityl chitosan. 
Trityl-protected chitosan has been used to synthesize N-acylated chitosan 
derivatives such as N-acyl, betaine derivatives (Kurita 2006), and N-alkylated 
chitosan derivatives (Rúnarsson, Holappa et al. 2007). Trityl chitosan has also 
been used to connect laminin pentapeptide was conjugated to chitosan. The 
chitosan peptide shows better inhibitory activity against experimental lung 
metastasis of B16BL6 melanoma cells in mice (Nishiyama, Yoshikawa et al. 
2000). Prepare quaternary chitosan piperazine derivatives using the C-6 O-trityl 
chitosan method (Scheme 3) (Holappa, Nevalainen et al. 2006). The N-phthalyl 
protection and C-6 O-trityl protection strategies were used for the chemoselective 
conjugate of chitosan with L-leucine (Boc-L-leucine hydroxysuccinimide ester) in 
pyridine; the conjugates were utilized in drug delivery applications (Muhsin, 
George et al. 2014). 

  TBDMS protection 

The synthesis of trimethylsilyl ether derivatives of starch, amylose, amylopectin, 
and glycogen polysaccharides using hexamethyldisilazane dissolved in 
formamide as the silylating reagent was first reported nearly a half-century ago 
(Harmon, De et al. 1973). Later, full O-trimethylsilylation of chitin was 
successfully achieved with hexamethyldisilazane and chlorotrimethylsilane in 
pyridine (Keisuke, Masaaki et al. 1999). Trimethylsilylated chitin exhibited higher 
reactivity than native chitin. It was evaluated as a reagent for reactions with 
triphenylmethyl chloride and acetic anhydride (Kurita, Sugita et al. 2005). The 
trimethylsilylated chitin was found to be readily soluble in acetone and pyridine 
but insoluble in other organic solvents. The trimethyl ethers are rather unstable 
and have limited use, but other silyl ether are commonly used as protection 
groups.  (Már Másson 2013). To perform TBDMS protection reaction on 
chitosan. Rúnarsson et al. (Rúnarsson, Malainer et al. 2008) introduced the first 
O-selective protection on chitosan using tert-butyldimethylsilyl chloride (TBDMS-
Cl) as a reagent. In the reported procedure, chitosan was converted to chitosan 
mesylate salt, which is soluble in DMSO solvent. The protection was carried out 
by chitosan salt in DMSO in the presence of TBDMS-Cl and imidazole. The 
TBDMS-protected chitosan is soluble in an organic solvent such as 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pseudomonas-aeruginosa
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dichloromethane and chloroform (Rúnarsson, Malainer et al. 2008). The TBDMS 
chitosan could be used in durable superhydrophobic films (Song, Gaware et al. 
2010). and for chemoselective alkylation and acylation of the amino group. The 
deprotection to remove the  TBDMS can be done by treatment with hydrochloric 
acid or tetra-n-butylammonium fluoride (TBAF) (quarternary ammonium salt) in 
methanol(Gaware, Håkerud et al. 2013). The TBDMS chitosan has been used for 
fully selective synthesis of N-alkyl, N,N-dialyl, N,N,N-trialkyl, and N-acyl chitosan 
derivatives (Scheme 3) with a 100% degree of substitution (DS) (Benediktsdóttir, 
Gaware et al. 2011, Sahariah, Benediktssdóttir et al. 2015). This method is very 
beneficial and has been used by Mássons research group to synthesize chitosan 
derivatives which have been evaluated for antibacterial activity (Sahariah, 
Gaware et al. 2014, Sahariah, Benediktssdóttir et al. 2015, Sahariah, Óskarsson 
et al. 2015) and drug delivery applications (Gaware, Håkerud et al. 2013, 
Benediktsdóttir, Gudjónsson et al. 2014). 

Ref a: (Kurita, Ikeda et al. 2002), Ref b: (Nishimura, Kohgo et al. 1991), Ref c: (Rúnarsson, Malainer 
et al. 2008), Ref d: (Benediktsdóttir, Gaware et al. 2011), Ref e: (Sahariah, Gaware et al. 2014), Ref 
f: (Hu, Meng et al. 2016), Ref g: (Holappa, Nevalainen et al. 2006), Ref h: (Gao, Zhang et al. 
2009). 

Scheme 3. Synthesis of chitosan derivatives by using protection strategies. 
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1.8 Click Chemistry 

 “Click Chemistry” is a term that K.B. Sharpless introduced in 2001. The term 
describes an organic reaction that gives a very high yield and product selectivity 
to form carbon-carbon or carbon-heteroatom bonds (Kolb, Finn et al. 2001).  

The Nobel price in chemistry in 2022 was awarded to scientists K. Barry 
Sharpless, Morten Meldal, and Carolyn R. Bertozzi for their development of click 
chemistry and biorthogonal chemistry. The click is a term used to describe a 
reaction where two molecules are quickly joined together to produce a single 
molecule, like fastening two straps together in a seat-belt buckle (Rostovtsev, 
Green et al. 2002, Tornøe, Christensen et al. 2002). More than 100 years ago, 
Posner reported that thiols could react by addition to carbon-carbon double 
bonds (Posner 1905). This work has been frequently cited, and the reaction is 

commonly used, especially in biochemistry, and nowadays, sometimes referred 
to as thiol-ene click chemistry (Hoyle and Bowman 2010, Lowe 2010).  

Figure 5. Click chemistry by using CuAAC reactions 

Scheme 4. Mechanism of the Copper-catalyzed azide-alkyne 
cycloaddition reaction 
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One of the most widely employed click reactions is the copper (I) catalyzed 
azide-alkyne cycloaddition reaction (CuAAC). This reaction joins an azide and a 
terminal alkyne to produce 1,2,3-triazole five-membered ring derivatives (Fig. 5) 
(Tornøe, Christensen et al. 2002). The reaction gives a high conversion yield 
without by-products in practically any solvent, including most organic and 
aqueous solvents requiring only simple purification. It can also be performed at 
a wide range of temperatures (0-160 °C) and over a wide pH range. The reaction 
mechanism (Scheme 4) (Worrell, Malik et al. 2013) involves the formation of π-
alkynyl with copper, followed by the complexation of azide by a copper π-
coordinated triple bond. After cyclization, a metallacycle is formed, followed by 
reductive elimination to afford the relevant 1,2,3-triazole (Himo, Lovell et al. 
2005, Rodionov, Fokin et al. 2005). CuAAC has impacted many research fields, 
such as polymer chemistry (Nielsen, Wintgens et al. 2010), biochemistry (Best 
2009), medicinal chemistry (Tron, Pirali et al. 2008, Hou, Liu et al. 2012), and 
surface chemistry (Yaakov, Chaikin et al. 2017). Because of its advantages and 
increased potential applications relative to other chemical transformations, it has 
become popular in many fields. This reaction proceeds under various conditions 
and accommodates multiple functional groups to provide quantitative yield and 
stereospecific product. 

Another reaction called strain-promoted [3 + 2] cycloaddition click reaction (Kim 
and Koo 2019), also known as copper-free click reaction (Scheme 5), is a 
bioorthogonal reaction to overcome the cytotoxicity of the CuAAC reaction due 
to Cu(I) (Agard, Baskin et al. 2006). In the copper-free reaction, cyclooctenes 
are activated by ring strain and electron-withdrawing groups. The strain-

promoted click reaction does not require toxic reagents and has therefore been 
used in the metabolic incorporation of an azide and alkyne probe into a 
biomolecule (Agnew, Buck et al. 2008).  

1.9 CuAAC Click chemistry for the synthesis of chitosan 
derivatives and conjugates  

The CuAAC has been used to synthesize chitosan derivatives containing 1,2,3-
triazole groups. Small molecules, antimicrobial peptides, and other biological 

Scheme 5. Strain-promoted azide-alkyne cycloaddition reaction 
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molecules have been linked to chitosan using the click chemistry procedure. The 
triazole moiety has been introduced to the C-6 position or C-2 amino group by 
various approaches. Cationic chitosan derivative with 6-N,N,N-trimethyltriazole 
groups was synthesized via click chemistry performed on N-phthaloyl-protected 
chitosan. The 6-N,N,N-trimethyltriazole-chitosan (Scheme 6) could bind strongly 
to DNA and increase cellular uptake of DNA to transfect HEK 293 cells and 
MDA-MB-468 cells (Gao, Zhang et al. 2009). 

The synthesis of chitosan-1,2,3-triazole derivatives has also been performed by 
CuAAC reaction. First, the N-phthaloyl chitosan and the C-6 hydroxyl group were 
converted to azidation through bromination. Then the azide was successfully 
converted to chitosan-1,2,3-triazole with ethynyl compounds having 
hydroxymethyl and phenyl groups (Scheme 6) (Ifuku, Wada et al. 2011). The 
same research group has published the synthesis of other chitosan derivatives 
via click reaction (Ifuku, Matsumoto et al. 2013). 

Sarwar et al. reported that chitosan triazolyl derivatives on C-6 hydroxyl position 
via CuAAC, five different chitosan derivatives were synthesized, and the chitosan 
triazolyl derivatives and their nanoparticles showed enhanced antibacterial and 
antifungal activities (Sarwar, Katas et al. 2015). The chitin C-6 hydroxyl group 
was successfully converted to azide by nucleophilic substitution, and then the β-
cyclodextrin was conjugated via click reaction (chitin-6-cyclodextrin). 

Scheme 6. Synthesis of chitosan derivatives by using CuAAC reaction 
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Deacetylation was then carried out to obtain chitosan-6-cyclodextrin (Chen, Ye et 
al. 2015). The chitosan C-6 hydroxyl group was converted to azide by 
bromination, and then click reaction, a chitosan-1,2,3-triazolyl ring containing 
aliphatic alcohol (Scheme 6) with various chain lengths was used as a functional 
group to enhance the antifungal activity. These derivatives show antifungal 
activity increased with increasing hydrophobic chain lengths (Li, Tan et al. 2015). 
The chemical modification of the trimethyl chitosan-1,2,3-triazole group exhibited 
increased radical scavenging activity than unmodified chitosan (Li, Sun et al. 
2018). The preparation of chitosan O-prop-2-ynyl carbamate was achieved by N-
phthaloyl protection; the PEG-azide (Scheme 6) was conjugated to the 
alkynylated polymer through copper-catalyzed Huisgen 1,3-dipolar cycloaddition 
(Oliveira, Martins et al. 2012). 

Zhang et al. investigated the conversion of the amino group in chitosan to azide, 
prepared chitosan azide via C-6 O-trityl protection, and then Click reaction by 
using various alkynes to obtain chitosan-1,2,3-triazole derivatives, the derivatives 
were insoluble, so the structure was confirmed by solid-state NMR (Zhang, 
Bernet et al. 2008). The chitosan azide was prepared from four different 
methods by using azide epichlorohydrin, sodium azide with sodium nitrite, 
trifluoromethane sulfonyl azide, and imidazole-1-sulfonyl azide hydrochloride. 
The degree of azidation was calculated by FTIR, and the range was 28 – 65 %; 
the N-azidated chitosan conversion above 60 % was insoluble in aqueous and 
organic solvents but dissolved in 5% LiCl solution in N-methyl-2-pyrrolidone 
(NMP). The click reaction was carried out by chitosan azide and methoxy 
poly(ethylene glycol) alkyne (Scheme 6) (Kulbokaite, Ciuta et al. 2009). The 
synthesis of N-azidated chitosan in the C-2 position and then conversion of 
triazole derivatives obtained by using Cu (I) catalyzed cycloaddition reaction of 
azide with various alkynes (aromatic and aliphatic chain lengths) (Zhang, Bernet 
et al. 2008). 

Figure 6. Chitosan antimicrobial peptide conjugation through CuAAC 
reaction (Sahariah et al. 2015). 

https://www.sciencedirect.com/topics/chemistry/carbamate


Sankar Rathinam 

28 

There were some reports for the chitosan peptide derivatives, the conjugation of 
antimicrobial peptide (Fig. 6) to chitosan backbone was successfully performed 
by click reaction as mentioned in section 1.4 (Sahariah, Sørensen et al. 2015, 
Barbosa, Vale et al. 2017, Barbosa, Costa et al. 2019). 
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2 Aims 
The project aimed to develop antimicrobial conjugates of the biocompatible 
biopolymer chitosan derived from chitin. This investigation of chitosan 
conjugates was expanded in the project to include conjugates of short peptides 
and other cationic compounds. The synthesis was to be based on TBDMS 
protection to allow chemoselective modification and precise control of the 
degree of substitution and direct modification of chitosan amino-functional 
moieties. These materials were to be tested for activity against clinically essential 
strains of Gram-positive and Gram-negative bacteria. A detailed investigation of 
the structure-activity relationship was also to be carried out in this study. 

The project utilized a newly developed “click chemistry” procedure for efficient 
one-pot synthesis of chitosan conjugates with different functional groups linked 
through aromatic 1,2,3-triazole moiety in the C-2 amino group position on the 
biopolymer. The conjugates were synthesized in different functional moieties 
such as cationic, anionic, and neutral side chains, contributing to improved 
aqueous solubility and enhanced antimicrobial activity. The click chemistry 
strategies were used to conjugate the antimicrobial peptide (CRAMP-18) on the 
chitosan biopolymer, and these derivatives were evaluated for activity against 
Gram-positive bacteria and Gram-negative bacteria. 

The six studies listed below were undertaken to successfully achieve these aims 
of the study. 

I. The first study is the synthesis of cationic chitosan derivatives like 
TMC, TACin, and TMC/DMC by utilizing TBDMS and Boc 
protection strategies at different degrees of substitution and 
investigating the antibacterial activity to determine the structure-
activity relationship. 

II. The synthesis of common chitosan derivatives with cationic, anionic, 
and neutral moieties. Then investigation of the structure-antibacterial 
activity relationship for common chitosan derivatives. 

III. Optimization and synthesis of chitosan-1,2,3-triazole (chitotriazolan) 
derivatives via click reaction using starting TBDMS chitosan and 
native-chitosan and investigation of antibacterial activity. 
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IV. Further extension of III that involved the synthesis of partially 
substituted chitotriazolan starting from common chitosan derivatives. 
Then the remaining C-2 amino group will be converted to the 1,2,3-
triazole group on chitosan structure and evaluate antibacterial 
activity. 

V. The fifth study was the synthesis of a series of quaternary and basic 
water-soluble chitosan-1,2,3-triazole derivatives to investigate the 
structure-activity relationship and antimicrobial activity. 

VI. The final study was the conjugation of antimicrobial peptides 
(CRAMP-18) on chitosan via click reaction strategies and 
investigation of antimicrobial activity. 
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3 Experimental section 

3.1 Materials 

Chitosan (S160302-1-2-3-4, Degree of acetylation 17% and Mw 108 kDa) and 
(TM3623) was provided by Primex ehf Siglufjördur, Iceland. Reagent grade 
methanesulfonic acid, acetic acid, tert-butyldimethylsilyl chloride (TBDMS-Cl), 
imidazole, bromoacetyl bromide, acetyl chloride, trimethylamine solution, 
hydrochloric acid, di-tert-butyl dicarbonate, N-Methyl-2-pyrrolidone (NMP), 
cesium carbonate (Cs2CO3), sodium chloride (NaCl), iodomethane, formic acid, 
formaldehyde solution, sodium hydroxide (NaOH), glycidyltrimethylammonium 
chloride (GTMAC), propylene oxide, thioglycolic acid, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide HCl (EDC), chloroacetic acid, sodium azide, 
sulfuryl chloride, copper (II) sulfate pentahydrate (CuSO4 5H2O, purity ≥98.0%), 
sodium ascorbate, propargyl bromide, N-methylpropargylamine, N,N-
dimethylpropargylamine, 3-butynoic acid, 3-methyl-1-pentyn-3-ol, 2-methyl-3-
butyn-2-ol, 3-butyn-2-ol, sodium sulfite, N,O-bis(trimethylsilyl)acetamide, 
tris(trimethylsilyl) phosphite, 4-bromo-1-butyne, triethylamine, triethanolamine, 
diethanolamine, piperazine, N-methylpiperazine, 1,4-dimethylpiperazine, 
pyridine, 1-methylimidazole, potassium carbonate, sodium sulphate, trifluoracetic 
acid, 4- pentynoic acid, Nα-9-fluorenylmethoxycarbonyl (Fmoc) amino acids, N,N-
dimethylformamide (DMF), N-methyl-pyrrolidone (NMP), N-[(1H-benzotriazol-1-
yl)(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-
oxide (HBTU), 1-hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA), 
piperidine and N,N-diisopropylethylamine (DIPEA), tris-
hydroxypropyltriazolylmethylamine (THPTA) were purchased from Sigma Aldrich 
(Germany). All solvents, including dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), dichloromethane (DCM), isopropyl alcohol, acetone, 
methanol, ethanol, and acetonitrile were also obtained from Sigma Aldrich. De-
ionized water produced from tap water using a Milli-Q™ filtration system. Dialysis 

membranes (RC, Spectra/Por, MW cutoff 3500 Da 45 mm) were purchased from 
Spectrum® Laboratories Inc. (Rancho Dominguez, USA) and Pur-A-Lyser Mega 3500 
dialysis kit. 

https://www.sciencedirect.com/topics/chemistry/sodium-sulfite
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3.2  Methods and Characterization 

  NMR Spectroscopy 

The chitosan derivatives were characterized by 1H NMR and 2D NMR 
techniques, COSY and HSQC. 1H and most COSY NMR spectra were recorded 
on a Bruker Avance 400 spectrophotometer operating at 400 MHz. The 13C 
NMR and HSQC spectra were recorded on a Bruker 500 MHz spectrometer 
equipped with a cryoprobe at the University of Copenhagen, Denmark. NMR 
samples were prepared in CDCl3, D2O, or D2O/DCl in concentrations of 8-15 
mg/mL. The samples were measured at 298 K. The N-acetyl peak at 2.08 ppm 
was used as an internal reference in all proton NMR spectra of chitosan 
derivatives and conjugates. 

  DS Calculation 

The degree of substitution (DS) and acetylation (DA) for all chitosan derivatives 
was calculated based on the integral values of relevant peaks in the 1H NMR 
spectra. The following equations were used to calculate the DS and DA for 
TACin polymers. 

A1 = ∫(H2-H6)/6  

DS = ∫TM/(A1×9)  

DA = ∫Ac/(A1×3)  

Where ∫H2 ̵ H6 is the integral of hydrogen at C-2 to C-6 (observed as a 
multiplet at 3.54 to 3.83 ppm) in the glucosamine and acetylglucosamine units; 
∫TM is integral of the 9 protons in the N,N,N-trimethyl group (singlet at 3.33 
ppm) and ∫Ac is the integral of the 3 protons in the N-Acetyl group (singlet at 
2.08 ppm).  

The following equations were used to determine the DS and DA for TMCNH2/TM 
polymer and the relative number (DNH2) of unmodified glucosamine monomer 
units with primary amino groups. 

A2= ∫TM2/9 + ∫H2 Pri NH2 + ∫Ac/3  

DS = ∫TM2/(A2×9)  

DNH2= ∫ H2 Pri NH2/(A2) 

DA = ∫Ac/(A2×3)  
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Where ∫TM2 is the integral of N,N,N-trimethyl group (singlet at 3.35 ppm) and 
∫H2 pri NH2 is the integral of the C-2 hydrogen peak (observed at 2.9 ppm) on 
monomers with primary amino groups.  

The following equations evaluate the DS, DDM and DA for TMCDM/TM polymer. 

A3 = ∫TM2/9 + ∫DM/6 + ∫Ac/3  

DS = ∫TM2/(A3×9)  

DDM = ∫TM2/(A3×6)  

DA = ∫Ac/(A3×3)  

∫DM is the integral of N,N-dimethyl group (observed as a broad singlet at 2.6-
2.8 ppm) DDM is the degree of dimethylation.  

The following equations are used for evaluating the DS and DA for HTC 
polymer. 

A1 = (∫ H3–H6
1 − ∫ TM3/9 − ∫ Ac/3)/5  

DS = ∫ TM3/(A1×9)  

DA = ∫ Ac/(A1×3)  

Where ∫ H3–H6
1 is the integral of hydrogen at C-3 to C-6 (observed as a 

multiplet at 3.67 to 3.86 ppm) in the glucosamine unit as well as the CH(OH) 
proton from the HTC side chain and C-2 hydrogen for N-acetylated units; TM3 is 
the integral of N,N,N-trimethyl group of glycidyl trimethylammonium 9 protons 
(singlet at 3.25 ppm).  

The following equations are used for evaluating the DS and DA for HPC 
polymer. 

A2 = (∫ H3–H6
2 − ∫ MHP/3 − ∫ Ac/3)/5  

DS = ∫ MHP/(A2×3) 

DA = ∫ Ac/(A2×3) 

Where ∫ H3–H6
2 is the integral of hydrogen at C-3 to C-6 (observed as a 

multiplet at 3.69 to 4.05 ppm) in the glucosamine unit as well as the CH(OH) 
proton from the HPC side chain and C-2 hydrogen for N-acetylated units; MHP is 
the integral of hydroxypropyl methyl proton (singlet at 1.19 ppm).  

The following equations evaluate the DS and DA for TGC polymer. 
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A3 = (∫ H3–H6
3 − ∫ Ac/3)/5 

DS = ∫ AcTG/(A3×2) 

DA = ∫ Ac/(A3×3) 

AcTG is the integral of thioglycolic acyl protons (singlet peak at 2.1 ppm). The DS 
for the CMC polymer was calculated according to the equation previously 
reported in the literature (M El-Nesr, Raafat et al. 2014). 

  IR Spectroscopy 

The infrared (IR) spectra of the CS and chitosan derivatives were measured by 
Thermo Scientific™ Nicolet™ iZ10 FT-IR spectrometer with provided “Omnic” 
software in the 500-4000 cm˗1 wavelength regions at room temperature. The set 

number of scans was 64, and the resolution was 4.0 cm˗1. A few milligrams of the 

sample material were used for each IR spectra, and all compounds were measured 
against a blank background. 

  Gel permeation chromatography 

Average Molecular weight (Mw) determination was carried out using gel 
permeation chromatography (GPC). 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 × 8 mm), PSS Novema 10 µ 30 Å (150 × 8 mm) and PSS Novema 10 
µ 1000 Å (300 × 8 mm)] (PSS GmbH, Mainz, Germany) were used in the HPLC 
system. Ready Cal-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. Each sample had an injection volume of 100 µL, and the time between 
injections was 30 min. 

  Solubility analysis 

The polymer solubility was measured in water at room temperature. The CS and 
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their derivatives were weighed, and milli-Q water pipetted to give a 2.5% 
concentration (12.5 mg/0.5 mL). The sample solutions were stirred at room 
temperature for 1 h to 24 h to dissolve the solid material. Samples that, by visual 
inspection, were not fully dissolved (became a gel or were partially soluble) were 
tested again at lower concentrations (1.25, 0.625, and 0.416%). Materials were 
recorded as soluble when the sample was visually observed as a clear solution 
with no undissolved material detected. The chitotriazolan derivatives were tested 
in distilled water and samples measured at 8 mg/mL, and soluble material was 
noted by visualization. 

  Antibacterial assay 

Minimal inhibition concentration (MIC) was measured according to the Clinical 
and Laboratory Standards Institute (CLSI) standard (CLSI 2009). The antibacterial 
activity was tested against different bacterial species, Gram-positive bacteria 
methicillin-resistant Staphylococcus aureus (MRSA, ATCC 43300) the American 
Type Culture Collection (ATCC) Staphylococcus aureus (S. aureus), (ATCC 
29213), Enterococcus faecalis (E. faecalis), (ATCC 29212), and Gram-negative 
bacteria Escherichia coli (E. coli), (ATCC 25922), and Pseudomonas aeruginosa 
(P. aeruginosa), (ATCC 27853). Prior to MIC testing, the bacterial strains were 
cultured on blood agar at 37 °C for 12-18 h. The bacterial colonies were 
suspended in saline water, adjusted to 0.5 McFarland, and further diluted in 
Mueller-Hinton broth (MHB) to reach a final concentration of 5 × 105 colony-
forming units (CFU) /mL in the test wells. The MHB media was used for MIC 
measurement at pH 7.2. Gentamicin is a well-known antibiotic used as a 
performance control, broth is a sterility control, and broth with the bacterial 
solution is a growth control. The stock solution of compounds was prepared in 
sterile water at an 8192 µg/mL concentration. Serial dilution was performed, and 
50 μL of the sample was added to 50 μL of MHB using microtiter 96-well plates, 
including the controls. When the dilutions were done, 50 µL of bacterial 5 × 105 

(CFU)/mL suspension was added to each well. The microtiter plates were 
incubated at 37 °C for 20 to 24 h. The MIC values were determined as the 
lowest concentrations of the antibacterial agent to completely inhibit the visible 
growth of microorganisms in the microtiter 96-well plate, as observed by the 
naked eye. For minimum lethal concentration (MLC) measurement, 10 μL × 2 of 
each dilution that showed no visible growth was plated on an agar plate and 
incubated at 35 °C for 20 – 24 h. MLC was defined as the lowest concentration 
that achieved a 99.9% decrease in viable cells. 
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3.3 Synthesis 

  Di-3,6-OTBDMS chitosan (TBDMS chitosan) 

Chitosan (5.0 g, 29.58 mmol) was dissolved in 0 °C methanesulfonic acid (48 
mL, 739.5 mmol) and 50 mL of water. The mixture was stirred for 30 min in an 
ice bath until a clear solution was obtained. Then an excess of ethanol (100 ml) 
was added, and the gel-like precipitated was filtered, washed with acetone, and 
dried under suction for over one h. The crude material was dissolved in water, 
re-precipitated with acetone, and washed with acetone (3 × 100 mL). The 
material was dried under a vacuum for six h at 40 °C to obtain chitosan mesylate 
salt as a white powder (A1). 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.83 
(CH3SO3), 3.20 (H2), 3.75-3.94 (H3, H4, H5, H6), 4.88 (H1). 

Chitosan mesylate salt (A1) (2.5 g, 8.04 mmol) was dissolved in dry DMSO (30 
mL) at room temperature until a clear solution was obtained. In another round 
bottom flask, TBDMS-Cl (6.05 g, 40.20 mmol) and imidazole (9.30 g, 136.7 
mmol) were dissolved in DMSO (30 mL). This solution was added to the chitosan 
mesylate solution and stirred vigorously. After completing the addition of the 
reagent, the reaction mixture turned into solid gel material and was stirred at 
room temperature for 16 h. The crude material was filtered through sintered 
funnel washed with water (excess) and acetonitrile (3 × 100 mL). The material 
was dried for one h in the suction and then dried under vacuum for six h at 40 
°C to obtain white powder TBDMS – Chitosan (A2). 1H NMR (400 MHz, CDCl3): 
δ 0.11-0.24 (Si [(CH3)2]), 0.94-1.00 ([(CH3)3]) 2.08 (N-COCH3), 2.82 (H2), 3.41-
3.95 (H3, H4, H5, H6), 4.39 (H1). 

  TACin synthesis via acetylation (1a – 1f) 

TBDMS-Chitosan (A2) (0.50 g, 1.25 mmol) was dissolved in dichloromethane 
(15 mL), and the solution cooled to ˗˗20 °C. Triethylamine (0.87 mL, 6.3 mmol) 

bromoacetyl bromide (0.011 mL, 0.125 mmol for 1a, 0.027 mL, 0.314 mmol for 
1b, 0.093 mL, 1.06 mmol for 1c, 0.131 mL, 1.51 mmol for 1d, 0.508 mL, 2.51 
mmol for 1e, 0.87 mL, 10.07 mmol for 1f) was added. After 5 mins, acetyl 
chloride (0.18 mL, 2.5 mmol) was added at ˗20 °C under the N2 atmosphere. The 

reaction mixture was stirred at ˗20 °C for one h and then concentrated under 

reduced pressure on a rotary evaporator. The crude product was stirred with 
acetonitrile, filtered on a sintered filter funnel, and washed with acetonitrile. The 
solid material was dried under suction. The dry material was dissolved in CH2Cl2 and 
extracted with water and brine solution. The organic layer was dried over sodium 
sulfate (Na2SO4) and concentrated under reduced pressure to afford yellow solid 
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intermediate A3 (BrCH2COTBDMS-chitosan). 

Trimethylammonium solution (31-35 % in ethanol, 5 mL) was added, at room 
temperature, to a solution of intermediate A3 (0.30 g) in dichloromethane (15 
mL). The reaction mixture was stirred at room temperature for 24 h. After that, 
the reaction mixture was concentrated under reduced pressure to obtain crude 
intermediate A4 ((CH3)3NCH2CO-TBDMS-chitosan+ Br˗). The crude intermediate 

A4 was used for the next step without purification and analysis. 

Conc. HCl (2 mL) was added to a solution of intermediate A4 (0.40 g) in 
methanol (10 mL). The reaction mixture was stirred at room temperature for 16 h. 
The reaction mixture was diluted with deionized water (10 mL) and ion-
exchanged by adding (10% w/v) sodium chloride (NaCl) (15 mL). The resulting 
mixture was stirred at 25 °C for one h, followed by dialysis in cellulose 
membrane tubing with a molecular weight cut-off at 3.5 kDa. The solution was 
dialyzed against (5% w/v) NaCl solution for one day and then against deionized 
water for two days (the media was changed twice per day) and freeze-dried to 
afford the product. Yield: 90 mg for 1a, 100 mg for 1b, 215 mg for 1c, 275 mg 
for 1d, 275 mg for 1e, 280 mg for 1f 1H NMR (400 MHz, D2O): δ 2.08 (N-
COCH3), 3.35 [(CH3)3], 3.54-3.88 (H2, H3, H4, H5, H6), 4.17 (N-CH2-), 4.66 
(H1). 

  Quaternized N,N,N-trimethyl chitosan and N,N-dimethyl 
chitosan 

3.3.3.1 TMCNH2/TM (2a ̵ 2f) 

TBDMS-Chitosan (A2) (0.60 g, 1.51 mmol) was dissolved dichloromethane (20 
mL). Triethylamine (0.42 mL, 3.0 mmol) was added at 0 °C and di-tert-butyl 
dicarbonate (0.347 mL, 1.5 mmol for 2a, 0.243 mL, 1.05 mmol for 2b, 0.144 
mL, 0.623 mmol for 2c, 0.104 mL, 0.453 mmol for 2d, 0.034 mL, 0.15 mmol 
for 2e, 0 mL for 2f) was added at 0 °C under the N2 atmosphere. The reaction 
mixture was stirred at room temperature for 16 h. The crude mixture was 
concentrated under reduced pressure on a rotary evaporator and dried under a 
high vacuum to afford the solid intermediate A5. 

Intermediate A5 (0.43 g) was dissolved in NMP (10 mL), and cesium carbonate 
(1.33 g, 4.0 mmol) was added. The reaction mixture was stirred for three h, 
followed by the addition of iodomethane (0.31 mL, 5.1 mmol). This solution was 
stirred at 50 °C. After 24 and 48 h, additional iodomethane (0.31 mL) was 
added to the reaction, and the stirring continued at 50 °C for 48 h. The solution 
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was dialyzed against deionized water for four days and freeze-dried to obtain the 
intermediate A6. 

Conc. HCl (2 mL) was added to a solution of intermediate A6 (0.300-0.400 g) 
in methanol (10 mL) at room temperature. The reaction mixture was stirred at 
room temperature for 24 h. The reaction mixture was diluted with deionized 
water (10 mL) and ion-exchanged by adding (10% w/v) NaCl (15 mL). The 
resulting mixture was stirred at 25 °C for one h, followed by dialysis in cellulose 
membrane tubing with a molecular weight cut-off at 3.5 kDa. The solution was 
dialyzed against (5% w/v) NaCl solution for one day and then against deionized 
water for two days (the media was changed twice per day) and freeze-dried to 
afford the TMCNH2/TM.  Yield: 215 mg for 2a, 235 mg for 2b, 160 mg for 2c, 
215 mg for 2d, 240 mg for 2e, 200 mg for 2f, (1H NMR (400 MHz, D2O)): δ 
2.08 (N-COCH3), 2.85 (H2), 3.35 [(CH3)3], 3.69-3.95 (H3, H4, H5, H6), 5.46 
(H1, H1’). 

3.3.3.2 TMCDM/TM – Chitosan (3a-3e) 

Chitosan (2.0 g, 11.83 mmol) was dissolved in formic acid (7 mL). Then 35% 
formaldehyde (10 mL) and 40 mL of deionized water were added. The reaction 
mixture was stirred at 70 °C with reflux for five days. Then, the slightly yellow 
viscous solution was formed, and it was concentrated by rotary evaporation, and 
then the pH was increased to 12 by adding 1 M sodium hydroxide (NaOH) 
solution to the crude solution causing gel formation. The gel was washed with 
deionized water and filtered to remove impurities. Then the material was 
dissolved in deionized water at a pH adjusted to 4 (1 M HCl solution), followed 
by dialysis in cellulose membrane tubing with a molecular cut-off of 3.5 kDa. The 
dialysis media was deionized water for three days (the media was changing 
twice per day). Finally, the product was freeze-dried to afford N,N-dimethyl 
chitosan (DMC). 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.99 [N(CH3)2], 
3.26 (H2), 3.57-4.19 (H3, H4, H5, H6), 5.05 (H1). 

DMC (200 mg) was dissolved in 40 ml of deionized water, and the pH was 
adjusted to 11 with NaOH causing gel formation. The gel was washed with water 
and finally three times with acetone. Next, DMC was suspended in NMP (50 mL) 

and iodomethane (0.1 mL for 3a, 0.5 mL for 3b, 1.0 mL for 3c, 1.5 mL for 3d, 
2.0 mL for 3e) was added. The dispersion was stirred at 40 °C for 30 h. Then 
ethanol and diethyl ether (50:50) (150 mL) was added. The TMC was 
precipitated out and washed with diethyl ether, and dried completely. To 
perform ion exchange, TMC was dissolved in 100 mL of an aqueous 10% NaCl 
solution and stirred overnight. Finally, the TMC was dialyzed against deionized 
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water for three days by changing the buffer twice per day and then freeze-dried 
to afford the product. Yield: 165 mg for 3a, 170 mg for 3b, 210 mg for 3c, 215 
mg for 3d, 130 mg for 3e, 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.89 
[N(CH3)2], 2.99 (H2), 3.36 [N(CH3)3], 3.74-4.47 (H3, H4, H5, H6), 5.4 (H1). 

  HTC (4a – 4f) 

Chitosan (1.0 g, 5.91 mmol) was dissolved in deionized water (40 mL) then 
glycidyltrimethylammonium chloride (0.8 mL, 5.9 mmol for 4a, 1.58 mL, 11.83 
mmol for 4b, 2.38 mL, 17.74 mmol for 4c, 3.17 mL, 23.66 mmol for 4d, 3.9 
mL, 29.58 mmol for 4e, 4.76 mL, 35.49 mmol for 4f) was added under the 
nitrogen atmosphere and the reaction mixture stirred at 50 °C for 24 h. After 
this, the reaction mixture was poured into cold acetone to form a white 
precipitate. The crude precipitate was filtered through the sintered funnel and 
washed with methanol to remove excess GTMAC and allow the material to dry 
under suction for one h, further drying it in a vacuum oven at 40 °C for six h. 
The HTC was dissolved in water and hydrochloric acid, and the solution was 
dialyzed against deionized water for three days by changing the water twice per 
day and then freeze-dried to obtain a white solid. Yield: 1.08 g for 4a, 1.16 g 
for 4b, 1.34 g for 64c, 1.33 g for 4d, 1.46 g for 4e, 1.24 g for 4f, 1H NMR 
(400 MHz, D2O): δ 2.08 (N-COCH3), 2.58–2.96 (H2, N-CH2), 3.25 [N(CH3)3], 
3.44–3.79 (H3, H4, H5, H6), 4.34 (CH2), 4.57 (H1). 

  Hydroxypropyl chitosan (5a – 5f) 

Chitosan (0.5 g) was alkalized by adding 5 mL of 30% NaOH aqueous solution 
and stirred at room temperature for two h. Then the reaction mixture was kept at 
˗18 °C for 24 h. After that, the mixture was thawed, isopropyl alcohol 15 mL was 

added and stirred at room temperature for 1 h, then propylene oxide (0.5 mL for 
5a, 1.0 mL for 5b, 3.0 mL for 5c, 6.0 mL for 5d, 10.0 ml for 5e, 15.0 mL for 
5f) was added with stirring over a time. The suspension was further stirred at 45 
°C for 16 h. The resulting product was neutralized by the addition of 
hydrochloric acid and dialyzed using a cellulose tube against deionized water 
for four days, then freeze-dried to afford colorless fluffy HPC. Yield: 545 mg for 
5a, 525 mg for 5b, 540 mg for 5c, 580 mg for 5d, 670 mg for 5e, 690 mg 
for 5f, 1H NMR (400 MHz, D2O): δ 1.14–1.27 (HP-CH3), 2.08 (N-COCH3), 
3.20–4.14 (H2, H3, H4, H5), 4.91 (H1). 

  Thiolated chitosan (6a – 6b) 

Chitosan (1.0 g, 5.92 mmol for 6a, 0.5 g, 2.95 mmol for 6b) was dissolved in 
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dilute HCl (100 mL, 0.05 M) to obtain 1% solution of chitosan hydrochloride. 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide (1.10 g, 7.10 mmol) was added to 
the under-stirring solution, and subsequently, thioglycolic acid (0.41 mL, 5.91 
mmol) was added at room temperature. The pH was adjusted to 5 by the 
addition of NaOH (0.5 M), and the reaction mixture was stirred at room 
temperature for five h, followed by dialysis in cellulose membrane tubing with a 
molecular cutoff of 3.5 kDa (4 days). The dialysis media were applied as follows: 
Day 1, HCl (5 mmol); days 2 and 3, HCl (5 mmol) containing 1% NaCl; day 4, 
HCl (1 mmol). The medium was exchanged twice per day. Afterward, the 
product was lyophilized and stored at 4 °C in the dark. Yield: 1.15 g for 6a, 
0.77 g for 6b, 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.10 (TG-CH2) 
3.20 (H2), 3.56–3.93 (H3, H4, H5, H6), 4.90 (H1). 

  Carboxymethylated chitosan (7a – 7e) 

To a solution of chloroacetic acid (2.80 g, 29.58 mmol) in deionized water (30 
mL), the resulting mixture was adjusted to pH 7.0 with NaOH (1 M) solution. 
Then chitosan (1.0 g, 5.92 mmol) was added to the solution. The reaction 
mixture was heated to 90 °C with vigorous stirring and maintained for four h. 
During the reaction, the pH was controlled at pH 7.0 by adding a 20% aqueous 
sodium carbonate (Na2CO3) solution every 30 min. Then the solution was filtered 
through the sintered funnel, washed with ethanol (3 × 50 mL), and allowed to 
dry under suction for one h. The material was further dry in a vacuum oven at 40 
°C for eight hours to afford the product. The material was dialyzed against water 
for four days and lyophilized to get the pure material 1H NMR (400 MHz, D2O): 
δ 2.08 (N-COCH3), 3.20 (H2), 3.33 (N-CH2), 3.74–4.02 (H3, H4, H5, H6), 
4.63 (H1). 

Chitosan (1.0 g, 6.08 mmol) was alkalized by 50% NaOH solution (18 mL) and 
stirred at room temperature for 24 h after that filtered. The alkalized chitosan was 
taken in the flask, and in another flask monochloroacetic acid (2.5 g, 26.5 mmol) 
was dissolved in isopropanol (13.0 mL). This solution was added to the alkalized 
chitosan under the nitrogen atmosphere over some time. The reaction mixture 
was stirred at room temperature for 1 to 24 h. The pH of the solution was 
adjusted to 7 using a 2.5 M HCl solution. The material was dialyzed against 
water for four days and lyophilized to get the pure material (1 h for 7b, 4 h for 
7c, 8 h for 7d, 24 h for 7e). 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 
3.21 (H2), 3.42 (N-CH2), 3.78–3.94 (H3, H4, H5, H6), 4.27–4.36 (O-CH2), 
4.91 (H1).  
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  Preparation of imidazole sulfonyl azide hydrochloride 
salt (A7) 

The imidazole sulfonyl azide hydrochloride salt (A7) was prepared following a 
previously published procedure (Goddard-Borger and Stick 2007). Warning: 
Imidazole sulfonyl azide hydrochloride salt is explosive. Handle with care.   

Synthesis of N-propargyl N,N,N-trimethylammonium bromide salt (A8): 
The title compound was synthesized according to a previously published 
procedure (Nguyen, Fournier et al. 1999). 

Synthesis of sodium salt of prop-2-yne-1-sulfonate (A9): The molecule was 
synthesized according to a reported procedure (Ouadahi, Allard et al. 2012). 

Synthesis of but-3-yn-1-yl phosphonate (A10): This compound was 
synthesized by the following procedure reported in a previous publication 
(Wanat, Walczak et al. 2015). 

  TBDMS-Chitosan azide (A11) 

TBDMS-chitosan (500 mg, 1.26 mmol) was dissolved in 15 mL of DCM and 15 
mL of MeOH. After that, imidazole sulfonyl azide hydrochloride (A7) (0.395 g, 
1.89 mmol) and triethylamine (Et3N) (0.26 mL, 1.89 mmol) were added to the 
solution. A solution of CuSO4 5H2O (31 mg, 0.125 mmol dissolved in 1 mL 
water) was added to the reaction mixture. The color of the reaction mixture 
changed to a blue tinge, and the product started to precipitate. The reaction was 
further stirred at room temperature for 60 h under an N2 atmosphere. The 
material was concentrated under reduced pressure. A precipitate was filtered, 
washed with ethanol, and dried for more than one hour by suction. The resulting 
material had a light bluish color, and the product formation was confirmed by IR 
spectroscopy. 

 TBDMS- Chitosan 4-(N,N-dimethylaminomethyl) triazole 
(A12) 

TBDMS-Chitosan azide (A11) (700 mg, (1.75 mmol) was stirred into DMF (20 
mL). Then CuSO4 5H2O (56 mg, 0.23 mmol in 2.5 mL water) and sodium 
ascorbate (174 mg, 0.87 mmol in 2.5 mL water) were added to the reaction 
mixture, followed by N,N-dimethylamino-1-propyne (0.94 mL, 8.76 mmol) under 
nitrogen atmosphere. The reaction mixture was stirred at 50 °C for 48 h. Then, 
the resulting material was dialyzed against water for three days and freeze-dried. 
Full conversion of starting material to the product was confirmed by the absence 
of the azide peak in the FT-IR. 
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 4-( N,N-dimethylaminomethyl) chitotrizazolan (8) 

TBDMS-Chitosan 4-(N,N-dimethylaminomethyl) triazole (A12) (600 mg) was 
dissolved in methanol (30 mL) and Conc. HCl (5 mL was diluted with 10 mL of 
methanol) was added slowly. The reaction mixture was then stirred at room 
temperature for 24 h. After that, the reaction mixture was dialyzed against water 
for three days (first day 5% NaCl, next two days water) and then freeze-dried. 
Yield: 325 mg, 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.81 (H6’), 2.95 
[N-(CH3)2], 3.14 (H6), 3.52 (H5), 3.77 (H4), 3.94 (H3) 4.40 (H2), 4.56 (triazole 
CH2), 5.17 (H1), 8.46 (triazole CH). 

 TBDMS-Chitosan 4-(N,N,N-trimethylamoniummethyl) 
triazole (A13) 

TBDMS-Chitosan azide (A11) (350 mg, 0.87 mmol) was stirred in DMF (10 mL). 
Then CuSO4 5H2O (28 mg, 0.11 mmol in 2.5 mL water) and sodium ascorbate 
(86 mg, 0.44 mmol in 2.5 mL water) were added to the reaction mixture, 
followed by N-propargyl-N,N,N-trimethylammonium bromide (A8) (429 mg, 
4.38 mmol) under nitrogen atmosphere. The reaction mixture was stirred at 50 
°C for 48 h. Then, the resulting material was dialyzed against water for three 
days and freeze-dried.  Full conversion of starting material to the product was 
confirmed by the absence of the azide peak in the FT-IR. 

 4-( N,N,N-trimethylamoniummethyl) chitotriazolan (9) 

TBDMS-Chitosan 4-(N,N,N-trimethylamoniummethyl) triazole (A13) (250 mg) was 
stirred in methanol and Conc. (25 mL, and Conc. HCl (4 mL was diluted with 5 
mL of methanol) was added slowly. The reaction mixture was stirred at room 
temperature for 24 h. After that, the reaction mixture was dialyzed against water 
for three days (first day 5% NaCl, next two days water) and then freeze-dried. 
Yield: 185 mg, 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.90 (H6’), 3.20 
[H6, N-(CH3)3], 3.52 (H5), 3.77 (H4), 4.44 (H3), 4.58 (H2), 4.76 (triazole CH2), 
5.18 (H1), 8.58 (triazole CH). 

 Chitosan azide (A14) 

Chitosan (500 mg, 2.958 mmol) was dissolved in 40 mL of 0.1 M HCl solution, 
then NaHCO3 (0.248 g, 1.0 equiv) was added to the solution, and the mixture 
was stirred vigorously for 30 mins. After that, imidazole sulfonyl azide 
hydrochloride (A7) (0.93 g, 4.437 mmol) and sodium bicarbonate (NaHCO3) 
(2.48 g 10.0 equiv) were added slowly in small portions. Then a solution of 
copper (II) sulfate pentahydrate (CuSO4 5H2O) (95 mg, 0.384 mmol) in 1 mL of 
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water and 10 mL of methanol solution was added to the reaction mixture. The 
reaction mixture was turned to bluish color and was stirred at room temperature 
for 24 h. Finally, the material was precipitated out from the solution using 
acetone. The precipitate was filtered and washed with water five times and 
acetone. The product was dried, and the presence of the azide group was 
confirmed by IR spectroscopy. 

 Chitotriazolan (10 – 18) 

Chitosan azide (A14) (1 equiv) was dissolved in DMSO (15 mL) at 50 °C. Then 
CuSO4 5H2O (0.13 equiv in 2.5 mL water) and sodium ascorbate (0.5 equiv. in 
2.5 mL water) were added to the reaction mixture, followed by the addition of 
alkynes (5.0 equiv) under nitrogen atmosphere. The reaction mixture was stirred 
at 50 °C for 48 h. Then, the resulting material was dialyzed against water for 
three days (first day 5% NaCl, following two days water) and freeze-dried. The 
products were confirmed by FT-IR to show that the azide peak (at 2109 cm-1) had 
completely disappeared and by 1H NMR when solutions in D2O could be 
prepared. 

 Synthesis of derivative (10) 

Chitosan azide (A14) (200 mg, 1.07 mmol) and N-propargyl-N,N,N-
trimethylammonium bromide (A8) (523 mg, 5.34 mmol), derivative 10 was 
obtained. Yield: 270 mg, 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.90 
(H6’), 3.20 [H6, N(CH3)3], 3.52 (H5), 3.78 (H4), 4.44 (H3), 4.58 (H2), 4.77 
(triazole CH2 was merging with D2O peak), 5.18 (H1) 8.59 (triazole CH).  

Derivative (11): Chitosan azide (A14) (200 mg, 1.0686 mmol) and sodium salt 
of prop-2-yne-1-sulfonate (A9) (759 mg, 5.343 mmol), derivative 11 was 
obtained Yield: 230 mg. 1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.77 
(H6’), 3.10 (H6), – 3.51 (H5), 3.75 (H4), 4.40 – 4.54 (H2, H3, triazole CH2), 
5.10 (H1) 8.27 - 8.44 (broad triazole CH). 

Derivative (12): Chitosan azide (A14) (200 mg, 1.0686 mmol) and sodium 
prop-2-yn-1-ylphosphonate (636 mg, 5.343 mmol), derivative 12 was obtained. 
Yield: 340 mg. The NMR was not obtained because of partial solubility. 

Derivative (13): Chitosan azide (A14) (200 mg, 1.0686 mmol) and sodium 
but-3-yn-1-ylphosphonate (1.25 g, 5.343 mmol), derivative 13 was obtained. 
Yield: 336 mg. The NMR was not obtained because of partial solubility. 
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Derivative (14): Chitosan azide (A14) (200 mg, 1.0686 mmol) and N-
methylpropargylamine (0.45 mL, 5.343 mmol), derivative 14 was obtained. 
Yield: 190 mg. The structure was confirmed by IR spectroscopy, but NMR was 
not obtained because of poor solubility. 

Derivative (15): Chitosan azide (A14) (200 mg, 1.0686 mmol) and 3-butynoic 
acid (449 mg, 5.343 mmol), derivative 15 was obtained. Yield: 220 mg. The 
structure was confirmed by IR spectroscopy, but NMR was not obtained because 
of poor solubility. 

Derivative (16): Chitosan azide (A14) (200 mg, 1.0686 mmol) and 3-methyl-1-
pentyn-3-ol (0.6 mL, 5.343 mmol), derivative 16 was obtained. Yield: 220 mg. 
The structure was confirmed by IR spectroscopy, but NMR was not obtained 
because of poor solubility. 

Derivative (17): Chitosan azide (A14) (200 mg, 1.0686 mmol) and 2-methyl-3-
butyn-2-ol (0.52 mL, 5.343 mmol), derivative 17 was obtained. Yield: 190 mg. 
The structure was confirmed by IR spectroscopy, but NMR was not obtained 
because of poor solubility. 

Derivative (18): Chitosan azide (A14) (200 mg, 1.0686 mmol) and 3-butyn-2-ol 
(0.42 mL, 5.343 mmol), derivative 18 was obtained. Yield: 195 mg. The 
structure was confirmed by IR spectroscopy, but NMR was not obtained because 
of poor solubility. 

 Azides of common chitosan derivatives 

The synthetic procedure was followed by our recently reported procedure 
(A14). The azide group was confirmed by IR spectroscopy at 2109 cm˗1. The 
common chitosan azide yield: 95 mg for trimethyl chitosan azide (A15), 125 mg 
for TAC azide (A16), 140 mg for HTC azide (A17), 280 mg for HPC azide 
(A18), and 190 mg for CMC azide (A19). 

 Mixed chitotriazolan (19 – 23)  

The azides of common chitosan derivatives (A15, A16, A17, A18, and A19) 
were dissolved in DMSO at 50 °C. Then CuSO4 5H2O (in 2.5 mL water), sodium 
ascorbate (in 2.5 mL water), and N-propargyl-N,N,N-trimethylammonium 
bromide (520 mg) (A8) were added to the reaction mixture under nitrogen 
atmosphere. The reaction mixture was stirred at 50 °C for 48 h. Then, the 
resulting material was dialyzed against water for four days (Ion exchanged by 5 
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% NaCl) and freeze-dried. The product was confirmed by FT-IR, the complete 
disappearance of the azide peak at 2109 cm˗1.  

TMC-4-( N,N,N-trimethylamoniummethyl) chitotriazolan (19): Yield: 27 mg, 
1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.92 (H6′(tr)), 3.21 (N(CH3)3(tr)], 
3.32 [N(CH3)3(gl)], 3.57 – 4.01 (H2(gl), H5-H6(gl))H4-H6(tr)), 4.22 (H3), 4.47 (H2), 
4.75 (triazole CH2 merges with the HDO peak), 5.41 (H1(tr), H1(gl)), 8.60 (triazole 
CH(tr)). The (gl) subscript identifies peaks assigned to the alkylated glucosamine 
monomer, and (tr) identifies peaks assigned to the triazolyl-2-deoxyglucose 
monomers. 

TAC-4-(N,N,N-trimethylamoniummethyl) chitotriazolan (20): Yield: 100 mg, 
1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.91 (H6′(tr)), 3.20 [N(CH3)3(tr)], 
3.35 [N(CH3)3(ga)], 3.56 – 4.07 (H2-H6(ga), H4-H6(tr)), 4.20 (TAC-CH2(ga)), 4.65 
(CH2(tr)), 5.20 (H1(tr)), 8.61 (triazole CH(tr)). The (ga) subscript identifies peaks 
assigned to the acylated glucosamine monomer. 

HTC-4-(N,N,N-trimethylamoniummethyl) chitotriazolan (21): Yield: 170 mg, 
1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.57 – 2.90 (H6′(tr), N-CH2(gh)), 
3.19 [N(CH3)3(tr)], 3.25 [N(CH3)3(gh)], 3.44 – 3.96 (H2-H6(gh), H4-H6(tr)), 4.34 (–
CH2(gh)), 4.59 (triazole CH2(tr)), 5.19 (H1(tr)), 8.59 (triazole CH(tr)). The (gh) 
subscript identifies peaks assigned to the HTC glucosamine monomer. 

HPC-4-(N,N,N-trimethylamoniummethyl) chitotriazolan (22): Yield: 220 
mg,1H NMR (400 MHz, D2O): δ 1.10 – 1.19 (HPC-CH3(gh)), 2.08 (N-COCH3), 
2.79 – 2.93 (H6′, H2(gh)), 3.20 [N(CH3)3(tr)], 3.52 – 3.97 (H3-H6(gh)), H4-H6(tr)), 
4.41 – 4.57 (triazole CH2, H3(tr)), 5.18 (H1(tr)), 8.59 (triazole CH(tr)). The (gh) 
subscript identifies peaks assigned to the HPC glucosamine monomer. 

CMC-4-(N,N,N-trimethylamoniummethyl) chitotriazolan (23): Yield: 215 mg, 
1H NMR (400 MHz, D2O): δ 2.08 (N-COCH3), 2.84 – 4.01 [triazole N(CH3)3(tr), 
H2-H6(gc), H4-H6(tr)], 4.36 – 4.58 (H3(tr), triazole CH2(tr) was merging with HD2O 
peak), 5.18 (H1(tr)), 8.58 (triazole CH(tr)). The (gc) subscript identifies peaks 
assigned to the CMC glucosamine monomer. 

Chitosan azide (A20): The synthesis of chitosan azide (A20) was followed by 
the synthesis of derivative A14. The azide group was confirmed by IR 
spectroscopy at 2109 cm˗1. 

 Synthesis of different alkynes (A8, A21 – A28) 

N,N,N-trimethylprop-2-yn-1-aminium (A8), N,N,N-tris(2-hydroxyethyl)prop-2-yn-1-
aminium (A22), 1,4-dimethyl-1-(prop-2-yn-1-yl)piperazin-1-ium (A23), and 2,2'-
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(prop-2-yn-1-ylazanediyl)bis(ethan-1-ol) (A28) were synthesized by according to 
derivative A8. Other alkynes were synthesized by following reported procedure 
N,N,N-triethylprop-2-yn-1-aminium (A21) and 1-methyl-3-(prop-2-yn-1-yl)-1H-
imidazol-3-ium (A25) (Gaitor, Paul et al. 2017), 1-(prop-2-yn-1-yl)pyridin-1-ium 
(A24) (Kanitskaya, Elokhina et al. 2002), 1-methyl-4-(prop-2-yn-1-yl)piperazine 
(A26), 1-(prop-2-yn-1-yl)piperazine (A27) (Karoli, Mamidyala et al. 2012).  

 Chitotriazolan derivatives (24 - 32)  

The synthesis of triazole conversion from chitosan azide was followed by our 
previous 3.3.15 section. Briefly, the chitosan azide (A20) (200 mg, 1.07 mmol) 
was dissolved in DMSO at 50 °C. Then CuSO4 5H2O (34 mg in 2.5 mL water), 
sodium ascorbate (106 mg in 2.5 mL water), and different alkynes 523 mg of 
A8 for 24, 749 mg of A21 for 25, 1.005 g of A22 for 26, 818 mg of A23 for 
27, 631 mg of A24 for 28, 646 mg of A25 for 29, 738 mg of A26 for 30, 
497 mg of A27 for 31, 764 mg of A28 for 32 were added to the reaction 
mixture under nitrogen atmosphere. The reaction mixture was stirred at 50 °C for 
48 h. Then, the resulting material was dialyzed against water for four days (Ion 
exchanged by 5 % NaCl) and freeze-dried. The product was confirmed by FT-IR, 
the complete disappearance of the azide peak at 2109 cm˗1 

Chitotriazolan derivative (24): Yield: 250 mg, 1H NMR (400 MHz, D2O): δ 

2.08 (N-COCH3), 2.90 (H6′), 3.20 [H6, N(CH3)3], 3.52 (H5), 3.78 (H4), 4.44 
(H3), 4.58 (H2), 4.77 (triazole CH2 was merging with D2O peak), 5.18 (H1) 8.59 
(triazole CH). 

Chitotriazolan derivative (25): Yield: 320 mg, 1H NMR (400 MHz, D2O): δ 
1.45 [N(Ethyl-CH3)3], 2.08 (N-COCH3), 2.89 (H6′), 3.11 (H6), 3.33 [N(CH2)3], 
3.49 (H5), 3.77 (H4), 4.42 (H3), 4.52 (H2), 4.66 (triazole CH2 was merging 
with D2O peak), 5.17 (H1) 8.57 (triazole CH). 

Chitotriazolan derivative (26): Yield: 310 mg, 1H NMR (400 MHz, D2O): δ 
2.08 (N-COCH3), 2.88 (H6′), 3.12 (H6), 3.51 (H5), 3.68 [(H4), [(N(CH2-CH2OH)3] 
4.21 [(N(CH2-CH2OH)3] 4.41 (H3), 4.56 (H2), 5.03 (triazole CH2), 5.14 (H1) 
8.56 (triazole CH). 

Chitotriazolan derivative (27): Yield: 315 mg, 1H NMR (400 MHz, D2O): δ 
2.08 (N-COCH3), 2.44 (N-CH3) 2.90 – 3.04 [(H6′), (H6), Pip-3,5-CH2] 3.16 

quaternary-N(CH3), 3.54 – 3.60 [(H5), quaternary-Pip-2,6-CH2] 3.78 (H4), 4.42 
(H3), 4.57 (H2), 4.88 (triazole CH2 was merging with D2O peak), 5.16 (H1) 8.59 
(triazole CH). 



 Experimental section 

47 

Chitotriazolan derivative (28): Yield: 305 mg, 1H NMR (400 MHz, D2O): δ 

2.08 (N-COCH3), 2.59 (H6′), 3.88 (H6), 3.38 (H5), 3.69 (H4), 4.38 (H3), 4.51 (H2), 

5.02 [(H1) was merging with D2O peak)], 6.06 (triazole CH2), 8.15 [pyridine (C3-H & 
C5-H)], 8.49 (triazole CH), 8.63 [pyridine (C4-H)], 9.05 [pyridine (C2-H & C6-H)]. 

Chitotriazolan derivative (29): Yield: 275 mg, 1H NMR (400 MHz, D2O): δ 
2.08 (N-COCH3), 2.67 (H6′), 2.94 (H6), 3.44 (H5), 3.71 (H4), 3.90 (imidazole N-
CH3), 4.42 – 4.56 [(H3), (H2)], 5.10 (H1), 5.64 (triazole CH2), 7.49 – 7.58 
[imidazole (C1-H, C4-H, C5-H)], 8.41 (triazole CH). 

Chitotriazolan derivative (30): Yield: 260 mg, 1H NMR (400 MHz, D2O): δ 
2.08 (N-COCH3), 2.79 – 3.12 [(H6′), (H6), N(CH3)], 3.34 – 3.94 [(Pip-2,3,5,6-
CH2) (H5), (H4)], 4.39 (H3), 4.56 (H2), 4.75 (triazole CH2), 5.11 (H1) 8.51 
(triazole CH). 

Chitotriazolan derivative (31): Yield: 150 mg, 1H NMR (400 MHz, D2O): δ 
2.08 (N-COCH3), 2.71 – 3.28 [(H6′), (H6), (Pip-2,3,5,6-CH2)], 3.47 – 3.93 [(H5), 

(H4), (triazole CH2)], 4.33 – 4.58 [(H3), (H2)], 5.12 (H1), 8.59 (triazole CH). 

Chitotriazolan derivative (32): Yield: 215 mg. Due to the solubility issue could 
not be confirmed by proton NMR, so it was confirmed by IR spectroscopy. 

 Synthesis of Antimicrobial peptide (pentynoyl-CRAMP-18) 
(33) 

The antimicrobial peptide was constructed by solid-phase peptide synthesis 
(SPPS) on a Biotage Alstra+ synthesizer by using the standard method Fmoc-
protocol using Tendagel S Rink Amide resin with 0.23 mmol/g loading capacity. 
The resin (0.2 mmol) was placed in a 20 mL syringe rector with a Teflon filter. 
Swelling and washing the resin with DMF and the Fmoc group's deprotection 
was carried out at room temperature by treating with 20 % solution piperidine in 
DMF for 3 mins and followed by 20 % solution piperidine in DMF for 5 mins. 
The resin was washed with NMP (3 x 5 mL), DCM (3 x 5mL), and NMP (5 x 5 
mL) and then dried. The peptide couplings were performed by treating with Nα -
9-fluorenylmethoxycarbonyl (Fmoc) protected amino acids (4 equiv), HBTU (3.8 
equiv), HOBt (4 equiv), and DIPEA (7.8 equiv) were dissolved in NMP then 
reacted with resin in the shaker at room temperature for 45 mins. After that, the 
resin was washed with NMP (3 x 5 mL), DCM (3 x 5 mL), and NMP (5 x 5 mL) 
then dried. The deprotection and coupling were repeated till the final amino 
acids. The final coupling was peptide modification with pentynoic acid. Then 
finally, the resin cleavage and side-chain protecting group removal were 
performed simultaneously by treating with TFA: H2O (95:5) at room temperature 
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for 2 hrs. The TFA filtrate was precipitated using diethyl ether, then 
centrifugated, and collected the peptide. The peptide was purified by a Biotage 
Selekt flash purification system and a linear gradient flow of CH3CN-H2O (0.1% 
formic acid). (Pentynoyl-KLKKIGQKIKNFFQKLVP) 1H NMR (400 MHz, Deuterium 
Oxide) δ 7.21 – 7.30 (m, 6H of phenyl), 7.15 (d, J = 7.7 Hz, 2H of phenyl), 
7.06 (d, J = 7.2 Hz, 2H of phenyl), 4.55 (t, J = 6.9 Hz, 2H), 4.41 – 4.48 (m, 
2H), 4.38 (d, J = 8.0 Hz, 1H), 4.31 – 4.09 (m, 13H), 4.06 (d, J = 8.2 Hz, 1H), 
3.94 – 3.73 (m, 4H), 3.66 – 3.58 (m, 3H),  3.04 – 2.99 (m, 1H), 2.91 – 2.82 
(m, 15H), 2.65 – 2.55 (m, 2H), 2.44 (s, 2H), 2.32 (s, 1H alkyne CH), 2.28 – 
2.17 (m, 5H), 2.08 – 1.80 (m, 10H), 1.77 – 1.05 (m, 50H methylene protons of 
Lys, Leu, Ile, Pro), 0.90 – 0.75 (m, 30H Methyl protons of Leu, Ile, Val). 

Chitosan azide (A29): The synthesis of chitosan azide (A29) with a low 
degree of azidation was prepared by following section 3.3.14. The product was 
obtained, Yield: 190 mg, and the sharp azide peak was confirmed by IR 
spectroscopy at 2113 cm-1 wavenumbers. 

 Synthesis of chitosan – CRAMP-18 peptide conjugation 
via CuAAC reaction (34) 

Chitosan azide (A29) (10 mg, 0.0534 mmol) was dissolved in DMSO (2 mL) at 
50 °C in the sealed tube. Then CuSO4 5H2O (0.13 equiv. in 0.5 mL water) and 
sodium ascorbate (0.5 equiv. in 0.5 mL water) were added, and then pentynoyl-
CRAMP-18 peptide (119 mg, 0.0534 mmol) was added to the reaction mixture 
followed by THPTA ligand (23 mg, 0.0534 mmol) was added. The reaction 
mixture was stirred at 50 °C for 48 h. Then, the resulting material was dialyzed 
against water for four days (first day 5% NaCl, following three days water) and 
freeze-dried. Yield: 30 mg. 1H NMR (400 MHz, D2O): δ 7.92 (triazole CH), 7.32 
– 7.03 (3H peptide phenyl protons), 4.63 – 4.04 (H2, H3, Triazole CH2, and 
peptide protons 6H), 3.92 – 3.32 (H4, H5, H6, and peptide protons 7H), 3.05 
– 2.83 (H6’, and peptide protons 5H), 2.69 – 2.55 (peptide proton 2H), 2.31 
– 2.17 (peptide proton 2H), 2.09 – 1.10 (CS-(N-COCH3), and peptide protons 
17H), 0.94 – 0.73 (peptide proton 7H). 

Hydroxypropyl chitosan azide (HPC-N3) (A30): The synthesis of HP-chitosan 
azide (A30) procedure was followed by section 3.3.14. The product was 
obtained Yield: 90 mg; the sharp azide peak was confirmed by IR spectroscopy 
at 2113 cm-1 wavenumbers. 
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 Synthesis of HPC-CRAMP peptide conjugation via CuAAC 
reaction (35) 

HPC azide (A30) (5 mg, 0.0267 mmol) was dissolved in DMSO (2 mL) at 50 °C 
in the sealed tube. Then CuSO4 5H2O (0.13 equiv. in 0.5 mL water) and sodium 
ascorbate (0.5 equiv. in 0.5 mL water) were added, and then pentynoyl-CRAMP-
18 peptide (59 mg, 0.0267 mmol) was added to the reaction mixture, followed 
by THPTA ligand (12 mg, 0.0267 mmol) was added. The reaction mixture was 
stirred at 50 °C for 48 h. Then, the resulting material was dialyzed against water 
for four days (first day 5% NaCl, following three days water) and freeze-dried. 
Yield 17 mg. 1H NMR (400 MHz, D2O): δ 7.94 (triazole CH),  7.32 – 7.03 (1.4H 
peptide phenyl protons), 4.62 – 4.01 (H2, H3, Triazole CH2, and peptide 
protons 4H), 3.96 – 3.22 (H4, H5, H6, and peptide protons 7H), 3.07 – 2.81 
(H6’, and peptide protons 3.3H), 2.69 – 2.50 (peptide proton 2H), 2.34 – 
2.17 (peptide proton 1H), 2.20 – 1.10 (CS-(N-COCH3), and peptide protons 
9.2H), 1.18 – 0.98 (HP-CS proton 2.5H), 0.95 – 0.70 (peptide proton 5H). 

Chitotriazolan (36): The synthesis of triazole conversion procedure was 
followed by section 3.3.15. Briefly, Chitosan azide (A29) (50 mg, 0.267) was 
dissolved in DMSO (5 mL) at 50 °C. Then CuSO4 5H2O (0.13 equiv. in 1 mL 
water), sodium ascorbate (0.5 equiv. in 1 mL water) and N-propargyl-N,N,N-
trimethylammonium bromide (A4) (1.5 equiv.) were added. The reaction mixture 
was stirred at 50 °C for 48 h. FT-IR spectra confirmed the disappearance of 
azide peak (at 2113 cm-1). Yield: 45 mg. 1H NMR (400 MHz, D2O): δ 2.08 (N-
COCH3), 2.87 (H6′), 3.20 [N(CH3)3], 3.48 – 4.01 (H4, H5, H6), 4.47 (H3), 4.60 
(H2), 4.76 (triazole CH2 was merging with D2O peak), 5.19 (H1) 8.59 (triazole 
CH). 

Synthesis of HP-Chitotriazolan (37): Briefly, HPC azide (A30) (50 mg, 
0.267) was dissolved in DMSO (5 mL) at 50 °C. Then CuSO4 5H2O (8 mg, 0.13 
equiv. in 1 mL water), sodium ascorbate (26 mg, 0.5 equiv. in 1 mL water) and 
N-propargyl-N,N,N-trimethylammonium bromide (A4) (5 equiv.) were added. 
The reaction mixture was stirred at 50 °C for 48 h. FT-IR spectra confirmed the 
disappearance of azide peak (at 2113 cm-1) Yield 37 mg. 1H NMR (400 MHz, 
D2O): δ 1.12 – 1.19 (HPC-CH3(gh)), 2.08 (N-COCH3), 2.60 – 2.90 (H6′, H2(gh)), 

3.21 [N(CH3)3(tr)], 3.56 – 3.92 (H3-H6(gh)), H4-H6(tr)), 4.43 – 4.77 (triazole CH2, 

H3(tr)), 5.22 (H1(tr)), 8.58 (triazole CH(tr)). The (gh) subscript identifies peaks 
assigned to the HPC glucosamine monomer. 

Synthesis of hydroxypropyl chitosan (HPC) (38): The synthetic procedure 
was followed by section 3.3.5. Yield: 580 mg. 1H NMR (400 MHz, D2O): δ 1.16 
– 1.21 (HP-CH3), 2.08 (N-COCH3), 2.82 – 4.00 (H2, H3, H4, H5, H6), 4.75 
(H1 merging with D2O peak). 
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4 Results and Discussion 
In this chapter, all the results are discussed to give an appropriate compiled 
summary of the project. These results and discussions are divided into two 
categories. The first part includes synthesis and characterization (NMR, IR, and 
molecular weight determination), and the second part mainly focuses on 
antimicrobial activity. 

4.1 Chitosan modification on amino functional group 

The Ph.D. study was mainly focused on the chemical modification of chitosan 
biopolymer, specifically at the C-2 position of the amino group, to obtain the 
chitosan derivatives. The chitosan derivatives were designed to be soluble in an 
aqueous solution and improved antimicrobial activity relative to native chitosan. 
Two strategies were used for synthesizing chitosan derivatives, (i) modification of 
the amino group using TBDMS chitosan as a precursor and (ii) direct 
modification of the chitosan amino group without using protection groups. 
Functional groups were introduced using different ratios of reagent and substrate 
to obtain derivatives with the degree of substitution varying from 0.02 to 1.1. The 
molecular weights and antimicrobial properties were assessed, as discussed in 
the later section. 

  Cationic quaternized chitosan derivatives (Paper I) 

Chitosan was converted to TBDMS-chitosan (Scheme 7), which is soluble in 
dichloromethane and other organic solvents. This was done in two steps. First, 
chitosan was converted to chitosan-mesylate salt and formulated into a fine 

Scheme 7. Synthetic route for the preparation of chitosan mesylate (A1) 
OTBS chitosan (A2)  
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powder that dissolved without difficulty in water and DMSO. In the second step, 
C-3 and C-6 hydroxyl groups were protected by reaction with TBDMS-imidazole 
at room temperature. 

TBDMS chitosan was then used to synthesize quaternary chitin and chitosan 
derivatives with degrees of substitution (DS) from 0.1 to 1.0 (Scheme 8). 

Synthesis of N-(2-(N,N,N-trimethyl ammoniumyl)acetyl)-chitin (TACin): The 
procedure was based on a previously reported method for the synthesis of N-(2-
(N,N,N-trimethyl ammoniumyl)acetyl)-chitosan (TAC) (Sahariah, Gaware et al. 
2014) OTBS-chitosan was reacted with bromoacetyl bromide followed by a 
reaction with trimethylamine. Then all protonable groups were removed by fully 
acetylating the remaining primary amino groups before deprotection with Conc. 
hydrochloric acid (HCl) in methanol (Scheme 8). The TACin structure was 
confirmed by proton NMR, and the degree of substitution (DS)  was calculated 
to be from 0.07 to 0.88 (Table 1). The N,N,N-trimethyl, and N-acetyl peaks in 
the NMR spectra were observed at 3.3 ppm and 2.08 ppm, respectively (Fig. 
7). The analysis confirmed that the trimethyl DS was consistent with the 
bromoacetyl bromide/acetyl chloride ratio and a high degree of N-acylation. 
However, after deprotection, some residual peaks of TBDMS groups were 

Scheme 8. Synthetic route for the preparation of TACin (1a-1f), and 
TMCNH2/TM (2a-2f) 
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retained in the structure. The calculated substitution for this group ranged from 
0.005 to 0.08 (Table 1). Previous work in our research group has shown 
(Gaware, Håkerud et al. 2013, Gaware, Håkerud et al. 2017) that it may be 
necessary to repeat the deprotection step to fully remove TBDMS.  However, this 
was not done as it could have caused further degradation of the polymer chain, 
reducing the molecular weight and yield. 

Synthesis of TMC derivatives (TMCNH2/TM): The trimethylated chitosan 
derivatives with 100% DS without O-methylation have previously been 
synthesized using the TBDMS protection strategy (Benediktsdóttir, Gaware et al. 
2011). Here, the aim was to synthesize derivatives with partial quaternization and 
the remaining amino groups unmodified. Therefore, the TBDMS-chitosan was 
reacted with Boc anhydride in order to protect part of the amino groups. This 
was followed by a methylation step and a final step deprotection step, whereby 
the N-Boc and TBDMS groups were removed using Conc. hydrochloric acid 
(HCl) in methanol (Scheme 8).  

  
Figure 7. 1H NMR spectra of TACin all compounds (1a-1f) 



Sankar Rathinam 

54 

Table 1. Physicochemical properties of chitosan and chitosan derivatives 

Compd DS DA DNH2 or 
DDM 

Molecular 
Weight (Da) 

Polydispersity 
Index (D) 

TBDMS 
Residue * 

Chitosan - 0.17 - 1.1 x 105 2.0 - 

1a 

1b 

1c 

1d 

1e 

1f 

0.07 

0.18 

0.58 

0.72 

0.8 

0.88 

0.7 

0.58 

0.13 

0.1 

0.1 

0.04 

- 

- 

- 

- 

- 

- 

1.5 x 104 

7.7 x 103 

6.4 x 104 

7.9 x 104 

4.6 x 104 

4.7 x 104 

1.2 

3.8 

2.0 

4.4 

2.8 

2.7 

0.04 

0.01 

0.01 

0.01 

0.008 

0.005 

   DNH2    

2a 

2b 

2c 

2d 

2e 

2f 

0.06 

0.25 

0.26 

0.41 

0.53 

0.89 

0.1 

0.09 

0.1 

0.09 

0.09 

0.1 

0.83 2.4 x 104 2.0 0.008 

0.65 1.0 x 104 1.9 0.018 

0.63 1.2 x 104 2.8 0.017 

0.48 1.4 x 104 1.8 0.009 

0.37 1.2 x 104 1.6 0.012 

0 3.1 x 104 1.4 0.08 

   DDM    

3a 0.18 0.2 0.6 1.7 x 105 2.1 0 

3b 0.32 0.19 0.48 1.1 x 105 1.9 0 

3c 0.44 0.21 0.33 1.3 x 105 1.9 0 

3d 0.34 0.2 0.45 1.0 x 105 1.9 0 

3e 0.28 0.19 0.52 8.6 x 104 1.9 0 

This allowed us to report, for the first time, partially quaternized TMC that was 
free of N,N-di and N-mono methylated primary amino groups. The trimethyl DS 
ranged from 0.06 up to 0.89 (Table 1). The partial quaternization was 
confirmed by the presence of both the trimethyl peak at 3.3 ppm and the C2-H 
peak at 2.9 pp specifying the presence of a primary amino group (Fig. 8A). In 
contrast, the C2-H proton peak is absent in the fully N,N,N-trimethylated 
derivative 2f (Fig. 8C). There was no indication of N,N-di, N-mono or O-
methylation peaks in the NMR spectra. The TBDMS group was not completely 
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removed by a single deprotection step, as in the case of TACin. The Mw of the 
starting material was 108 kDa, whereas it was 10-31 kDa for TMCNH2/TM after 
deprotection. (Table 1). 

TMCDM/TM was synthesized by a previously reported procedure (Xu, Xin et al. 
2010). Chitosan was reacted with formaldehyde in formic acid to produce 
dimethyl chitosan. The obtained dimethyl chitosan was then reacted with different 
equivalent ratios of iodomethane in NMP to produce TMCDM/TM derivatives. Some 
of the amino groups in these derivatives were N,N,N-trimethylated, and the 
remainder was N,N-dimethylated (Scheme 9). The dimethyl peak was observed 
at 2.80 ppm and the quaternized trimethyl peak at 3.35 ppm in the proton NMR 
spectra of TMCDM/TM. The highest DS for trimethylation in the obtained products 
was only 0.44 only, whereas the lowest DS for trimethylation was 0.18. The DS 
did not correlate well with the quantity of iodomethane reagent used for each 
reaction (Fig. 8B and 8D). This showed that the literature procedure for 
TMCDM/TM did not offer much control of the DS, whereas it was relatively easy to 
control the DS when protection groups were used in the synthesis of TMCDM/TM 
and TACin. In contrast, the direct modification did not cause much cleavage of 
the glycosidic bond, and the MW did not change significantly. 

 

Scheme 9. Synthetic route for the preparation of TMCDM/TM (3a-3e) 
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 Common chitosan derivatives with a diverse degree of 
substitution (Paper II) 

The HTC, HPC, TGC, and CMC derivatives were synthesized using known 
procedures (Lim and Hudson 2004, Peng, Han et al. 2005, Mourya and 
Inamdar 2008, Geisberger, Gyenge et al. 2013) as shown in scheme 10. The 
HTC derivative was confirmed by 1H NMR spectroscopy. A prominent trimethyl 
ammonium peak was observed at 3.25 ppm (Fig. 9). The DS of the derivatives 
increased with an increasing ratio of GTMAC reagent relative to the chitosan 
substrate to give derivatives with DS ranging from 0.16 to 1.07. The HPC 
derivative DS increased with the ratio of the propylene oxide reagent to give 
compounds with DS from 0.08 to 1.05. The HPC polymer molecular weight 
increased with increasing DS of the polymer. The thiolated chitosan derivatives 
were synthesized using EDC as the coupling reagent. A new peak was observed 
in the proton NMR spectra at 2.1 ppm. This peak corresponds to the TGC-CH2 
proton (Han, Wei et al. 2012), but the DS for 8a and 8b was only 0.02 and 
0.04, respectively. 

 

 

 

Figure 8. 1H NMR of TMCNH2/TM compound 2c (A) TMCDM/TM compound 3b 
(B) TMCNH2/TM compound 2f (C) and TMCDM/TM compound 3c (D) 
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The CMC derivatives were confirmed by proton NMR, and DS was calculated 
according to an equation used by Sun et al. (Sun, Du et al. 2006). The DS for 
N/O-CMC derivatives (0.47 to 1.06) increased with increasing reaction time, 
and N-CMC DS was 0.31. The MW of the CMC derivative's molecular weight is 
generally correlated with DS. The calculated DS, DA, and molecular weight for 
all common derivatives are shown in Table 2. 

 

  

Scheme 10. Synthesis of HTC (4a-4f), HPC (5a-5f) TGC (6a-6b) and 
CMC (7a-7e) 
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Solubility Analysis 

The solubility of one high DS derivative and one low DS derivative for each 
structure was investigated by visual inspection. Low DS TACin was slightly 
soluble, whereas high DS TACin was fully soluble in water. The TMCNH2/TM 

derivatives were highly soluble, whereas TMCTM/DM was only slightly soluble. The 
HTC and HPC derivatives had good solubility in water, whereas CMC had low 
solubility (Table 3). 

 

 

 

 

 

 

 

 

  

Figure 9. 1H-NMR of HTC compound 4c (A), HPC compound 5d (B), TGC 
compound 6a (C), CMC compound 7a (D). 
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Table 2. Identification and properties (DS, DA, and Mw) of the HTC, HPC, TGC, and 
CMC samples 

Compd DS DA Molecular  

Weight (Da) 

Polydispersity  

Index (D) 

4a 
0.16 0.16 2.5 x 105 2.0 

4b 
0.37 0.15 2.5 x 105 2.1 

4c 
0.55 0.16 2.6 x 105 2.1 

4d 
0.83 0.18 2.9 x 105 2.1 

4e 
1.07 0.21 3.3 x 105 2.2 

4f 
1.1 0.17 2.7 x 105 2.0 

5a 
0.08 0.09 1.2 x 105 1.8 

5b 
0.17 0.07 1.2 x 105 1.9 

5c 
0.36 0.08 1.4 x 105 1.9 

5d 
0.61 0.06 1.6 x 105 2.0 

5e 
0.84 0.07 1.7 x 105 1.8 

5f 
1.05 0.07 2.0 x 105 1.5 

6a 0.04 0.18 3.3 x 104 6.4 

6b 0.02 0.17 
1.9 x 105 1.8 

7a 
0.31 0.24 2.4 x 105 2.4 

7b 
0.47 0.11 3.3 x 105 2.9 

7c 
0.7 0.13 3.3 x 105 3.8 

7d 
1.06 0.16 5.7 x 105 3.3 

7e 
0.84 0.14 2.6 x 105 3.5 
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Table 3. Solubility test of chitosan and synthesized chitosan derivatives in water 

Compounds Concentration (2.5 %) 

1 h 24 h 

CS - - 

TACin 1a + + 

TACin 1f ++  

TMCNH2/TM 2a ++  

TMCNH2/TM 2f ++  

TMCTM/DM  3a - - 

TMCTM/DM  3c + + 

HTC 4a + + 

HTC 4f ++  

HPC 5a ++  

HPC 5f ++  

TGC 6a ++  

CMC 7a + + 

CMC 7d + + 

(++) Soluble (clear solution), (+) Slightly soluble (gel or partially soluble),  

(-) Not soluble. 

  Chitotriazolan derivatives (Paper III) 

The main aim of this work was to fully convert the primary amino groups of 
chitosan to azide and then use the CuAAC reaction to convert them to water-
soluble 1,2,3-triazoles. Kulbokaite coworkers have reported that chitosan azides 
are insoluble in aqueous solutions and organic solvents (Kulbokaite, Ciuta et al. 
2009), limiting the conversion of the amino groups (Zhang, Bernet et al. 2008). 
In order to address this issue, the synthesis was started from TBDMS chitosan. 
The protected TBDMS chitosan is soluble in organic solvents such as chloroform 
and dichloromethane (Rúnarsson, Malainer et al. 2008) (Sahariah, Másson et al. 
2018). and it was expected that TBDMS chitosan azides would be soluble like 
other protected derivatives Scheme 11A. The conversion to TBDMS-protected 
chitosan azide was confirmed by IR spectroscopy (Fig. 10). Still, to our surprise, 
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it turned out that the TBDMS chitosan azide had low solubility in organic solvents 
and thus could not be fully characterized by NMR. It was attempted to dissolve 
TBDMS chitosan azide in aqueous and organic solvents including water, 0.1 M 
HCl, 0.1 M NaOH, MeOH, acetonitrile, chloroform, dichloromethane, and NMP 
also further tested in mixed solvents like 1:1 ratio of MeOH:0.1 M HCl, 
acetonitrile:0.1 M HCl but the solid did not dissolve in any these solvents. 
However, the solid material was partially soluble in DMF and DMSO (this 
required the sample to be stirred for 1 ̶ 2 h at room temperature or 50 °C), thus 
the subsequent “click reaction” was carried out in DMF to obtain 4-(N,N-
dimethylaminomethyl) 8 and 4-(N,N,N-trimethylaminiummethyl) 9 citotriazolan 
followed by deprotection to remove TBDMS. 

Direct conversion of chitosan to azide without the use of protection groups was 
also tested.  The conversation to azide could be confirmed with FT-IR, and the 
aromatic triazole conversion. As previously reported (Kulbokaite, Ciuta et al. 
2009), the material was insoluble in an aqueous solution and organic solvents.  
Zhang et al. reported that similar chitosan-1,2,3-triazole materials where the click 
reaction was done in DMSO. The products were insoluble in NMR solvents, but 
full conversion could be confirmed by solid-state NMR (Zhang, Bernet et al. 

Scheme 11. Synthesis of chitotriazolan via TBDMS (TBS) protection (A). Synthesis 
of chitotriazolan via without TBDMS protection (B) 
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2008). The CuAAC reaction was therefore done with this material and N,N,N-
trimethylprop-2-yn-1-ammonium  bromide in DMSO. The complete conversion of 
azide to chitotriazolan was confirmed by the disappearance of the azide peak in 
the IR spectra and the appearance of a triazole peak at 8.5 ppm in 1H NMR, 
corresponding to a 90 % degree of substitution for the triazole group.  

This direct synthesis procedure was also used to synthesize other chitotriazolan 
derivatives with N-methylaminomethyl, carboxymethyl, 2-hydroxybut-2-yl, 2-
hydroxyprop-2-yl, and 1-hydroxyethyl side groups. This procedure was also used 
to introduce anionic sulfonate and phosphonate groups. The propargyl sulfonate 
and propargyl phosphonates were synthesized according to reported 
procedures (Ouadahi, Allard et al. 2012, Wanat, Walczak et al. 2015) and used 
to synthesize 4-substituted sulfomethyl, phosphomethyl, and phosphoethyl 
chitotriazolan derivatives (Scheme 11B). Chitotriazolan derivatives 14-18 were 
not soluble in any of the solvents tested, and the conversion could only be 
confirmed by IR spectroscopy. 

4.1.3.1 Characterization of chitotriazolan by FT-IR and NMR 
spectroscopy 

The FT-IR spectra of chitosan, TBDMS chitosan azide (A11), chitosan azide 
(A14), and chitotriazolans 10, 12, and 14-17 are shown in Fig. 10. The 
characteristic C=O stretching vibration band at 1652 cm˗1 for the N-acetyl group 

was observed in all spectra. Following the conversion to azide, a new band 
characteristic for the azide (N3) group appeared at 2109 cm˗1 (Fig. 10 B and C). 
The azide band disappeared after the CuAAC reaction confirming the formation 
of 1,2,3-triazole on the chitosan backbone at the C-2 position. In Fig. 10C, 
strong bands at 775 cm˗1 and 831 cm˗1 correspond to Si-C stretching vibrations. The 

chemical modification of a new band occurs at 1475 cm˗1 (Fig. 10) assigned to the 
weak peak of N-CH3 absorbance, and a new band appeared at 795 cm˗1, 

confirming the P-O bond for the phosphonate group (Fig. 10. E). The insoluble 
chitotriazolan derivatives were confirmed by the disappearance of the sharp 
azide peaks (Fig. 10. F, G, H, I). 
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The 1H NMR, 13C NMR, COSY, and heteronuclear single quantum coherence 
(HSQC) spectra of soluble chitotriazolan derivatives are shown in Fig. 11. and 
Fig. 12. The 1,2,3-triazole proton is observed at 8.59 ppm it corresponds to the 
1,2,3-triazole proton it was further confirmed the CuAAC reaction on the 
chitosan backbone structure 10 and 11 in Fig. 11. The new peak for the 
quarternary trimethylammonium group for derivative 10 appeared at 3.2 ppm, 
and the methylene (CH2) group at 4.8 ppm merged with the HDO peak; 
however, it was clearly visible in the HSQC spectrum. The HSQC spectra for 
derivatives 10 and 11 could be used to confirm the assignment of the proton 
peaks (Fig. 12C and Fig. 12D). The conversion of azide to triazole leads to a 
dramatic shift in the C-2 proton peak from around 2.8 ppm to 4.58 ppm. At the 
same time, peaks are also shifted significantly from shift values for unmodified 
chitosan. The C-6 protons were observed at 2.90 ppm and 3.2 ppm (merged 
with the N(CH3)3 peak), and the C-5, C-4, and C-3 protons at 3.52, 3.78, and 
4.44 ppm, respectively. The anionic derivative 11 triazole peak was broadened 
and appeared in a slightly up-field position (8.13 – 8.43 ppm) relative to 10. 
The CH2 signal adjacent to the sulfonate groups was observed at 4.27 – 4.42 
ppm. 

Figure 10. FT-IR spectra for chitosan and chitotriazolan derivatives: CS (A), derivative 
A14 (B), derivative A11 (C), derivative 10 (D), derivative 12 (E). FT-IR spectra for 
insoluble chitotriazolan derivative 14 (F), derivative 15 (G), derivative 16 (H), derivative 
17 (I). 
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The 13C APT NMR showed the protonated 1,2,3-triazole carbon at 137 ppm (Fig. 
12A).  The confirmed the aromatic triazole ring presented in the chitosan C-2 
position. The chitosan carbon signals for C-2 to C-6 appeared between 60 – 80 
ppm and C-1 at 100 ppm. The COSY spectra further confirmed the assignment 
of the 1,2,3-triazole peak at 8.59 ppm and the N-acetyl peak at 2.08 ppm (Fig. 
12B). The complete interpretation of all peaks also confirmed that the azide had 
been fully converted to the chitotriazolan structure. The HSQC spectrum clearly 
shows the trimethylammonium protons at 3.2 ppm for cationic 4-(N,N,N-
trimethylammonium methyl) chitotriazolan, whereas this peak was not present in 
the anionic 4-sulfomethyl chitotriazolan spectrum. 

Table 4 reports the degree of substitution (DS), degree of acetylation (DA), and 
molecular weight (MW) for all water-soluble derivatives. The calculation based on 
integrals of the proton peaks indicated more than 90 % conversion from the free 
amino group in chitosan to 1,2,3 triazole in the cationic chitotriazolan 10. Only 
one peak could be observed for each monomer proton of the chitotriazolan 
backbone, and this was consistent with 100% conversion. The molecular weights 
were reduced for derivatives 8 and 9 to more than four times less than the Mw 
of the chitosan starting material. 

Figure 11 1H NMR spectra for derivative 10 (A) and derivative 11 (B). 
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The dramatic change in MW was caused by the polymer chain's protection and 
deprotection, which occurs when the chitosan mesylate salt is prepared and in 
the deprotection reaction to remove TBDMS (Sahariah, Gaware et al. 2014). The 
average MW was determined for derivatives 10 and 12, increased about twice 
the unmodified chitosan, and synthesized without using of protecting groups, 
which was consistent with the increase in the MW of the monomer units when 
chitosan was converted to chitotriazolan derivatives. The MW of 4-sulfomethyl 
chitotriazolan 11 and 4-phosphoethyl chitotriazolan 13 were found to be around 
6 KD which was much less than expected. This was probably due to low 
solubility in the mobile phase, and the higher MW material was removed in the 
filtration of the samples. 

 

 

 

 

Figure 12. 13C APT NMR for derivative 8 (A), COSY NMR for derivative 10 (B), HSQC 
NMR for derivative 10 (C), and derivative 11 (D). 
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Table 4 The degree of substitution (DS), degree of acetylation (DA), and molecular weight 
analysis for chitotriazolan derivatives. 

Derivatives DS-TM a b DA a DS-Triazole a MW (kDa) Polydispersity 
Index (D) 

8 0.98 0.08 0.86 28.94 1.76 

9 0.73 0.09 0.68 17.05 1.72 

10 0.98 0.18 0.9 214.59 1.97 

11 NA c 0.17 0.8 (6.26) d (1.69) d 

12 NA ND e ND 220.02 2.69 

13 NA ND ND (5.58) d (1.04) d 

a degree of substitution (DS), degree of acetylation (DA), and DS-triazole were calculated based on 1H NMR 

spectroscopy. b TM-Trimethylation, c Not available, d These samples were poorly soluble in the mobile phase but 

could be analyzed after the insoluble material (about 80%) had been removed by filtration.  e Not determined.  

  Mixed chitotriazolan derivatives (Paper IV) 

In this work, the synthesis of mixed chitotriazolan was started from N,N,N-
trimethyl chitosan (TMC), N-(2-N,N,N-trimethyl ammoniumyl)-acetyl chitosan 
(TAC), 2-hydroxypropyl trimethylammonium chitosan (HTC), 2-hydroxypropyl 
chitosan (HPC), and carboxymethyl chitosan (CMC). The study was done to 
investigate if the click chemistry procedure could be applied to common 
chitosan derivatives. 

Common chitosan derivatives TMC, TAC, HTC, HPC, and CMC with a partial 
degree of substitution were synthesized so that they also contained some primary 
groups that could be converted to triazole. The synthesis of these common 
derivatives was described in previous sections 4.1.1 and 4.1.2. The degree of 
substitution and degree of acetylation for all common chitosan derivatives are 
shown in table 5. 
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Table 5. Degree of substitution for common chitosan derivatives. 

Common CS derivatives DS DA 

TMC (2g) 0.30 0.08 

TAC (1g) 0.46 0.06 

HTC (4g) 0.37 0.15 

HPC (5g) 0.36 0.08 

CMC (7f) 0.31 0.15 

In chitosan chemistry, the synthesis of multiple substituents on chitosan backbone 
and its structure-activity relationship, antibacterial activity studies are rare. Our 
goal was to synthesize common chitosan derivatives with 30 to 50 % DS. The 
remaining amino group was to be converted to 1,2,3-triazole moieties in 
chitosan, leading to 100 % total DS for the chitosan derivatives. The reaction 
scheme for the synthesis of the common chitosan derivatives (2g, 1g, 4g, 5g, 
and 7f), conversion to common chitosan azide intermediates (A15, A16, A17, 
A18, and A19) by reaction with imidazole sulfonyl azide HCl salt is shown in 
Scheme 13. 

Scheme 12. Synthesis of mixed TMC and TAC chitotriazolan via TBDMS (TBS) 
protection 
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These common chitosan azides intermediates were more soluble than simple 
chitosan azide (A14) in DMSO at room temperature and 50 °C. The solubility 
might be the partial substitution of common chitosan derivatives or a low degree 
of azidation, but it was still not possible to characterize chitosan derivatives by 
solution-based proton NMR. The azide-alkyne reaction subsequently showed that 
only the unsubstituted primary amino groups were converted to azide. The 
“mixed” TMC-chitotriazolan (TMC-CTr) (19), TAC-chitotriazolan (TAC-CTr) 
(20), HTC-chitotriazolan (HTC-CTr) (21), HPC-chitotriazolan (HPC-CTr) (22), 
and CMC-chitotriazolan (CMC-CTr) (23) derivatives were obtained by CuAAC 
reaction with N,N,N-trimethylprop-2-yn-1-aminium (Scheme 12 and 13). 

The partially substituted derivatives have some unsubstituted amino group at C-2 
position which was converted to azide. The yield for A15 was 95 mg or slightly 
below 50%, and 125 mg for A16 or just above 50%. The yield for other azides 
A17-19 was higher or between 55 - 95 %. 

The azide was soluble, as mentioned above, and was carried forward to CuAAC 
reaction in DMSO at 50 °C. The yield for the TMC-chitotriazolan was less than 
30%, and only 27 mg was obtained. This reaction was repeated, and the yield 
was similarly low. The other click product of mixed chitotriazolans 20-23 yield 
was considerably better or between 56-90 %. The overall yield in the two steps 
was high for the final three (21-23) products, and the weight of the final HTC-
CTr, HPC-CTr, and CMC-CTr products was similar to the weight of the HTC, 

Scheme 13. Synthesis of mixed chitotriazolan derivatives 
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HPC, and CMC starting materials. These mixed chitotriazolan polymers were 
more water soluble than common chitosan derivatives and unmodified chitosan. 

4.1.4.1 Characterization of mixed chitotriazolans by IR and NMR 
spectroscopy 

The FT-IR spectra confirmed the prominent azide peak vibrational stretching 
frequency at 2114 cm-1. It was the strong absorbance. The azide peak 
disappeared after the click reaction, and an additional band at the 1474 cm-1 
peak was assigned N-CH3 bending vibration (Zhang, Tan et al. 2021). All the 
mixed chitotriazolan derivatives clearly showed vibrational frequency at 1475 cm -

1, corresponding to triazole trimethyl N-CH3, which was not present in the starting 
materials. 

Figure 13. Proton NMR of Chitotriazolan derivatives: Simple chitotriazolan 10 (A), 
derivative 19 (B), derivative 20 (C), derivative 21 (D), derivative 22 (E), derivative 
23 (F). 
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The mixed chitotriazolan derivatives were characterized by NMR spectroscopy 
shown in Fig. 13. The simple chitotriazolan 10 proton NMR has been used to 
interpret other spectra by superimposing it on the 1H NMR spectra. The triazole 
trimethylammonium prominent peak was assigned at 3.20 ppm for all 
derivatives. In contrast, the peak set to the trimethylammonium part of the TMC, 
TAC (betaine), and HTC structure can be observed at 3.31, 3.35, and 3.25 ppm, 
respectively (Fig. 13-B, C, D).  The HPC structure CH3 peak could be observed 
at 1.19 ppm (Fig. 13E). For the anionic derivative of carboxymethylated 
chitotriazolan derivative CMC, the characteristic CH2 peak is merged with 
triazole (CH3)3 peaks at 3.20 ppm Fig. 13F. 

The H-2, H-3, H-4, H-5, H-6, and H-6´ protons of the chitotriazolan structure will 
be observed at 4.58, 4.44, 3.78, 3.52, 3.20, and 2.90 ppm, respectively. The 
H-2 to H-6 protons in the TMC structure will be observed between 3.75 and 4.47 
ppm (Benediktsdóttir, Gaware et al. 2011) and at 3.5-3.9 the TAC structure, 
where the N,N,N-trimethyl acyl CH2 protons are also observed at 4.17 ppm 
(Sahariah, Gaware et al. 2014, Sahariah, Óskarsson et al. 2015). The H-3 to H-5 
protons of the alkylated derivatives HTC, HPC, and CMC will be in the range of 
3.20 to 4.14 ppm, and the H-2 proton peaks should be observed at 2.80 to 
2.90 ppm. 

Generally, when there are multiple substituents in a polymer chain quite 
challenging to interpret the position of signals and intensities of different peaks 
in the proton spectra. The spectra signals are consistent with the expected 
structure of the mixed chitotriazolans. However, many peaks are merged or 
flattened due to significant peak broadening in the polymer spectra. The peaks 
are assigned and integrated based on the integral of the most prominent peaks, 
such as the aromatic triazole proton at 8.6 ppm, trimethylammonium proton at 
(3.2 and 3.25-3.35 ppm), the N-acetyl peak at 2.1 ppm, and the hydroxypropyl 
CH3 protons in HPC-CTr 22 at 1.2 ppm. Based on these integral values, the 
degree of substitution (DS) and degree of acetylation (DA) were calculated by 
using proton NMR (Table 6). The DS for the triazole trimethyl group for 
polymers 19 and 20 obtained 0.4 and 0.15, respectively. The other derivative 
21, 22, and 23 DS was more than 0.58 to 0.78. The molecular weight and 
polydispersity index were determined using size exclusion chromatography 
(Table 6). There are some degradations in the polymer chain, so the molecular 
weight was reduced as comparing native chitosan. 
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Table 6. DS, DA, and Molecular weight for chitotriazolan derivatives 

Chitotriazolan 
derivatives 

DS for 
triazole 
TM 

DS for 
triazole 
CH 

Common 
CS deri. 
DS 

DA M.Wt 
(kDa) 

Polydispersity 
index 

10 0.98 0.9 - 0.18 214.59 1.97 

19 0.4 0.24 0.25 0.08 13.24 1.12 

20 0.15 0.12  0.35 0.06 15.99 1.20 

21 0.58 0.50 0.30 0.12 94.59 1.74 

22 0.78 0.67 0.34 0.06 76.37 1.89 

23 0.69 0.48 0.31 0.12 87.22 1.82 

 

  Chitotriazolans with various alkynes (Paper V) 

The development of the synthesis procedure chitosan-1,2,3-triazole 
(chitotriazolan) derivatives was described in the previous section, 4.1.3. This 
work was followed further study where the procedure was to synthesize water-
soluble quaternary and basic protonable chitotriazolan derivatives with diverse 
structures. The click modifications utilized to obtain these derivatives by CuAAC 
are illustrated in Scheme 14. The conversion of chitosan azide was confirmed 
by FT-IR spectroscopy, and the azide band shows the vibrational frequency at 
2109 cm-1. 
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Various alkynes were prepared using propargyl bromide reacted with 
trimethylamine solution, triethylamine, triethanolamine, N,N-dimethylpiperazine, 
N-methyl imidazole, pyridine, N-methylpiperazine, piperazine, and N,N-
diethanolamine (see in Fig. 14). These alkynes were conjugated to chitosan 
backbone structure via CuAAC reaction to give chitotriazolan derivatives. The 
conversion of triazole and quaternized functional groups was confirmed by 
proton NMR and by the disappearance of azide peak by FT-IR spectroscopy. The 
triethylamine and N,N,N-triethanolamine alkyne derivatives were selected based 
on previously synthesized N,N,N-trimethylamine alkyne derivatives. The alkynes 
with piperazine, methylimidazole, and pyridine were also selected based on 
similarity with the quaternized moiety in some of the chitosan derivatives 
previously our research group and Finish collaborators (Holappa, Nevalainen et 
al. 2006, Holappa, Nevalainen et al. 2006). 

Figure 14. Structure of different alkynes 

Scheme 14. Synthesis of chitotriazolan derivatives with various structures 
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4.1.5.1 Characterization of cationic chitotriazolan by IR and NMR 
Spectroscopy  

The chitotriazolan derivatives were characterized by IR and NMR spectroscopy 
(see Fig. 15). In the FT-IR spectrum of chitosan azide intermediate, the azide 
moiety is evident from the vibrational frequency at 2109 cm−1. The peak at 2109 
cm−1in the spectrum of chitosan azide disappeared when the C-2 azido was 
transformed to 1,2,3-triazoles. A new peak appearance for C-H alkene proton 
1,2,3-triazole derivatives between 8.19 to 8.59 ppm further proved the 
successful click reaction in the proton NMR. The chitosan N-acetyl peak at 2.08 
ppm for the reference protons for all derivatives. The N-(CH3)3 proton peak was 
observed at 3.21 ppm for derivative 24 (Fig. 15A), and the peak was consistent 
with our previous report. The N-(CH2CH3)3 proton peaks were observed at 1.45 
ppm and 3.33 ppm for ethyl CH3 and ethyl CH2 protons, respectively (Fig. 15B). 
N,N,N-triethanolammonium N-(CH2CH2OH)3 protons peaks were observed at 
3.68 ppm and 4.21 ppm (Fig. 15C).  

The characteristic signals of the piperazine N,N-dimethyl derivative 27, for the 
Pip-N-CH3, Pip-3,5-CH2, quaternary-N(CH3), and quaternary-Pip-2,6-CH2  were 

Figure 15. Proton NMR spectra of all chitotriazolan derivatives: Derivative 24 (A), 
Derivative 25 (B), Derivative 26 (C), Derivative 27 (D), Derivative 28 (E), Derivative 
29 (F), Derivative 30 (G), Derivative 31 (H). 
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observed at 2.44 ppm, 2.90 – 3.04 ppm, 3.16 ppm, and 3.54 – 3.60 ppm, 
respectively. The proton spectra fig. 15E represents pyridine derivative 28, a 
new signal attributed to the aromatic region for pyridine five protons, and the 
triazole -CH2 protons shifted slightly upfield at 6.06 ppm. The imidazole click 
derivative 29 shows the signal for the imidazole (C1-H, C4-H, C5-H) alkene 
three protons at 7.49 – 7.58 ppm (Fig. 15F). These spectra further confirmed 
that the signal of N-methyl peak appeared at 3.90 ppm and triazole CH2 protons 
shifted to upfield at 5.64 ppm. The derivative N-methyl piperazine 30 peaks 
were obtained at 3.34 – 3.94 ppm for (Pip-2,3,5,6-CH2) and 3.06 for N-methyl 
protons, and the derivative 31 showed a signal for the piperazine in the range 
between 2.71 – 3.28 (Pip-2,3,5,6-CH2) merging with chitosan H-6 and H-6’ 
protons.  

Water solubility 

Solutions prepared from the chitotriazolan derivatives in distilled water at 25 °C 
are shown in Fig. 16. Chitosan was soluble in acidic solutions at room 
temperature, and chitosan azide was soluble only in DMSO/DMF at 50 °C. All 
the chitotriazolan derivatives were somewhat soluble in water at room 
temperature. The solubilities of all derivatives were measured at 8 mg/mL, and 
the clearest visible soluble derivatives are quaternary or cationic chitosan triazole 
derivatives. Other derivatives that do not contain quaternary groups showed 
somewhat reduced solubility. The derivatives 24 ̶ 29 were soluble in water, 30 
and 31 were slightly soluble in water, and in derivative 32, some undissolved 
particles were present in the solution. 

The determination of the degree of substitution (DS) and the degree of 
acetylation (DA) for all derivatives was done by proton NMR (see in table 7). 
The DS, when the was calculated based on the triazole -CH proton signal, has a 
value between 0.5 to 0.68 was obtained. The DS was calculated based on the 
signal for conjugated functional groups such as trimethyl, triethyl, triethanol, 
dimethyl piperazine, pyridine, methylimidazole, methylpiperazine, and 

Figure 16. Solubility test in water for all chitotriazolan derivatives (24 – 32) 
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piperazine and ranged between 0.75 to 0.83. Based on the DS value and 
degree of acetylation, the conversion of azide to triazole was more than 90%. 
The isolated yield was calculated based on one monomer unit, and most of the 
derivatives obtained a good yield of 80 – 94 %, except derivatives 31 and 32 
were the yield was 60 % and 61 %, respectively. 

Table 7. The DS and DA for all chitotriazolan derivatives 

Chitotriazolan 
derivatives 

Yield (%) DS for 
triazole 
CH 

DS for other 
functional groups 

DA 

24 82 0.63 0.82 0.17 

25 91 0.68 0.79 0.19 

26 80 0.4 0.76 0.17 

27 88 0.5 0.80 0.18 

28 94 0.67 0.80 0.10 

29 84 0.65 0.83 0.17 

30 75 0.5 0.75 0.20 

31 60 0.55 0.77 0.20 

32 61 NA NA NA 

               NA – Not available 

  Chitotriazolan CRAMP-18 peptide conjugates (Paper VI) 

Antimicrobial peptides (AMPs), also known as host defense peptides, are diverse 
in structure and exhibit a broad spectrum of antimicrobial properties against a 
wide range of bacteria, fungi, and viruses. One class of AMPs in humans is 
defensins and cathelicidin. The Cathelin-related antimicrobial peptide (CRAMP) 
is the mouse version of the human LL-37 peptide. 

The work reported in this section aimed to conjugate the antimicrobial peptide 
(AMP) onto the chitosan backbone structure via a copper-catalyzed azide-alkyne 
cycloaddition reaction. 

In order to synthesize biopolymer 34, the chitosan C-2 amino group was 
converted to azide with a low degree of azidation. For this purpose, only 0.4 
equivalent of imidazole sulfonyl azide HCl salt was used for the synthesis. The N-
terminus Cathelin-Related Anti-Microbial Peptide (CRAMP-18) peptide sequence 



Sankar Rathinam 

76 

is KLKKIGQKIKNFFQKLVP and shows good antimicrobial activity against P. 
aeruginosa (De Brucker, Delattin et al. 2014). And we have synthesized CRAMP-
18 peptide using the Biotage® Initiator+ Alstra™, a fully automated microwave 
peptide synthesizer. The N-terminus of CRAMP-18 was coupled with 4-pentynoic 
acid to obtain the alkyne-CRAMP-18 (33) (scheme 15). 

Similar to our previous results, the chitosan azide was not soluble in aqueous 
and organic solvents. Still, due to the low degree of azidation was soluble in 
DMSO at 50 °C. The chitosan azide reacted with 33 using CuAAC reaction in 
the presence of THPTA. In the reaction, one equivalent of pentynoyl-CRAMP-18 
was used to obtain the CRAMP-18 chitotriazolan (34) (Scheme 15); however, 
some azide residue was retained in the product, as shown by IR spectroscopy. A 
similar procedure was followed for the conjugation of CRAMP-18-hydroxypropyl 
chitotriazolan (35) (scheme 15). The peptide chitotriazolan 34 and 35 contains 
an unreacted azide in a low percentage, and it was confirmed by IR 

Scheme 15. Conjugation of CRAMP-18 peptide on chitosan through click reaction 
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spectroscopy. The simple structure of chitotriazolan 36 and HP-chitotriazolan 37 
derivatives were synthesized (Scheme 15) to evaluate the structure-activity 
relationship. 

Table 8. The DS, DA, and molecular weight for CRAMP-18-chitotriazolan derivatives 

Chitotriazolan 
derivatives 

DS for 
triazole 
CH 

DS for 
pep-
Phenyl 

DS for 
pep-Me 

DS for 
HP-Me 

DS for 
triazole 
TM 

DA 

34 0.2 0.23 0.22 NA NA ND 

35 0.13 0.12 0.12 0.65 NA ND 

36 0.26 NA NA NA 0.34 0.11 

37 0.22 NA NA 0.61 0.25 0.05 

38 NA NA NA 0.80 NA 0.06 

4.1.6.1 Characterization of IR and NMR spectroscopy 

The CRAMP-18 grafted chitosan derivatives were characterized by IR 
spectroscopy. The strong stretching vibrational frequency by the diazo transfer 
reaction of azide peaks for the chitosan azide A29 and HPC azide A30 were 
confirmed at 2113 cm-1. The following CuAAC reaction gave the CRAMP-18 
grafted chitosan derivatives an enhanced peak of carbonyl stretching frequency 
at 1652 cm-1; it was a merging of chitosan (C=O) carbonyl peak and peptide 
carbonyl (C=O) amide peaks. The peak at 1537 cm-1 corresponds to aromatic 
phenyl (C=C) bending frequency, and the azide peak was retained at 2113 cm-1 
low percentage after the click reaction. 

An analysis of CRAMP-18 grafted chitosan 34 and 35 derivatives by NMR 
spectroscopy is shown in Fig. 17. The triazole peak of CRAMP-18 conjugated 
chitosan backbone via CuAAC reaction was observed at 7.94 ppm. The peptide 
aromatic peak of phenylalanine was observed at 7.08 – 7.30 ppm Fig. 17A. 
Further, the CRAMP-18 peptide peaks ranged from 0.79 to 4.48 ppm for all 
aliphatic side chains. The CRAMP-18-HP-chitotriazolan derivative 35 confirmed 
the structure at 1.09 to 1.13 ppm for hydroxypropyl methyl group merging along 
with peptide peaks Fig. 17B. 
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4.2  Investigation of Structure-Activity relationship for 
Chitosan derivatives 

  N,N,N-Trimethylated Chitosan with different Degree of 
substitution (Paper I) 

The antimicrobial activity of cationic trimethylated chitosan derivatives was 
evaluated against Pseudomonas aeruginosa and MRSA at physiological pH (7.4) 
according to the CLSI procedure for broth microdilution assay in (Table 9).  
There was a noticeable correlation between the DS and antibacterial activity for 
the TACin derivatives Fig. 18. The activity increased with increased DS and was 
more active against MRSA. The higher DS had better 256 and 64 µg/mL activity 
against P. aeruginosa and MRSA, respectively. The highest DS TACin derivatives 
were more than 32 times more active than the lowest (0.17) DS derivatives 
against P. aeruginosa, and 64 times more active against MRSA. 

Figure 17. Proton NMR of CRAMP-18 conjugated on CS 34 (A) and CRAMP-18 
conjugated on HPC 35 (B) 
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Figure 18. The relationship between antibacterial activity and Degree of 
Substitution for TACin (●), TMCNH2/TM (■) and TMCDM/TM (▲) 

 

The activity for TMCNH2/TM increased up to DS 0.2 with no further increase in the 
antibacterial activity when DS further increased. The TMCNH2/TM derivatives were 

more active against P. aeruginosa than TACin derivatives with comparable DS 
but significantly active when the DS was high. The TMCNH2/TM derivatives were 
more active than TACin against MRSA except at the highest DS (0.9), where the 
two derivatives had equal activity. The TMCDM/TM derivative was less active than 
TMC NH2/TM at low DS, and the activity against MRSA was equal to TMC NH2/TM at 
higher DS. 

The TMCNH2/TM derivatives 2b and 2c with DS equal to 0.25 and 0.26 were more 
active against P. aeruginosa than the higher DS derivatives but differed only by 
one dilution (1024 µg/mL vs. 2048 µg/mL), which is not considered significant. 
The MIC for 0.44 DS TMCDM/TM 3c was 512 µg/mL, a two-dilution difference that 
may be considered significant.  

Chito-oligomer derivatives have less antibacterial activity than chitosan polymer 
derivatives with identical structure modification (Rúnarsson, Holappa et al. 2007, 
Rúnarsson, Holappa et al. 2010, Sahariah, Cibor et al. 2019). However, 
differences in molecular weight polymer derivatives do not cause significant 
differences in activity (Sahariah, Gaware et al. 2014, Sahariah, Cibor et al. 
2019). These previous findings seem to be supported by the current result, 
especially for MRSA, where the higher molecular weight TMCDM/TM has an equal 
activity to the lower molecular TMCNH2/TM at high DS. 
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Table 9. MIC analysis for modified chitosan derivatives against P. aeruginosa and MRSA 
bacteria. 

Compounds Degree of Substitution 
(DS) 

P. aeruginosa 
(ATCC 27853) 
(µg/mL) 

MRSA (ATCC 43300) 
(µg/mL) 

1a 0.17 ≥8192 4096 

1b 0.18 ≥8192 2048 

1c 0.58 4096 256 

1d 0.72 4096 128 

1e 0.8 512 128 

1f 0.88 256 64 

2a 0.06 ≥8192 256 

2b 0.25 1024 64 

2c 0.26 1024 64 

2d 0.41 2048 64 

2e 0.53 2048 64 

2f 0.89 2048 64 

3a 0.18 ≥8192 2048 

3b 0.32 1024 128 

3c 0.44 512 64 

3d 0.34 1024 64 

3e 0.28 2048 32 

  Antibacterial activity for common chitosan derivatives 
(Paper II) 

The cationic, neutral, and anionic chitosan derivatives 1a to 7e were investigated 
for antibacterial activity against Gram-positive S. aureus and Gram-negative E. 
coli at pH 7.2 and 5.5 (Table 10). The antimicrobial effect has been attributed 
to the electrostatic interaction between positively charged chitosan polymer 
chains and negatively charged microbial cell membranes (Helander, Nurmiaho-
Lassila et al. 2001, Kong, Chen et al. 2010, Dash, Chiellini et al. 2011). 
Chitosan, HPC, and TGC have protonated amines, with pKa around 6, and these 
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groups are expected to be mostly protonated cationic form at pH 5.5, whereas 
the positive charge is much diminished at pH 7.2. The quaternary derivatives 
TMCNH2/TM, and TMCTM/DM should have a cationic charge largely independent of 
DS at pH 5.5, whereas the DS should determine the cationic charge density at 
pH 7.2. The DS should only determine the cationic charge of TACin as the 
structure does not contain any protonable groups. The CMC derivative should be 
zwitterionic with cationic charges dominating at pH 5.5, whereas the charge 
should be mostly anionic at pH 7.2. 

The antibacterial activity of the TACin shows good activity against S. aureus and 
E. coli at pH 7.2 than unmodified chitosan at pH 7.2. However, at a lower pH of 
5.5, these derivatives were less active than chitosan. The general trend for 
TMCNH2/TM and TMCTM/DM was an increase in the activity with DS, which is more 
marked at pH 7.2 and especially for S. aureus. The most active structures were 
significantly more active than chitosan, and TMC tended to be more active than 
TACin.  

The lowest DS structure of the HTC derivative (DS 0.16, 4a) was the most active. 
The activity decreased with an increase in the DS except for S. aureus at pH 7.2, 
where the DS did not influence the MIC values. These results indicated that the 
HTC side chain does not contribute to increased antibacterial activity. This was 
surprising as HTC is often reported as an antibacterial chitosan derivative 
(Cheah, Show et al. 2019). The HTC side chain will, however, contribute to 
improved solubility. This can influence the measured antimicrobial effect under 
some testing conditions. 
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Table 10. MIC analysis for chitosan and synthesized chitosan derivatives against S. aureus 
and E. coli bacteria. 

Compounds DS S. aureus (µg/mL) E. coli (µg/mL) 

pH: 7.2 pH: 5.5 pH: 7.2 pH: 5.5 

Chitosan  256 256 2048 512 
TACin  1a 0.07 2048 4096 ≥8192 ≥8192 
1b 0.18 1024 2048 4096 4096 
1c 0.58 128 4096 512 4096 
1d 0.8 64 ≥8192 128 1024 
1e 0.88 64 ≥8192 64 2048 
TMCNH2/TM  2a 0.06 128 2048 128 1024 
2b 0.25 128 512 2048 512 
2c 0.26 64 128 512 256 
2d 0.41 32 64 256 256 
2e 0.53 32 512 512 512 
2f 0.89 32 2048 128 512 
TMCTM/DM  3a 0.18 ≥8192 256 ≥8192 128 
3b 0.32 256 256 512 128 
3c 0.44 64 256 64 128 
3d 0.34 32 128 256 64 
3e 0.28 8 32 256 128 
HTC  4a 0.16 8 32 64 256 
4b 0.37 64 256 2048 2048 
4c 0.55 64 256 1024 2048 
4d 0.83 64 1024 4096 4096 
4e 1.07 64 4096 64 ≥8192 
4f 1.1 64 1024 4096 4096 
HPC  5a 0.08 256 512 256 512 
5b 0.17 256 512 512 256 
5c 0.36 1024 512 2048 256 
5d 0.61 4096 2048 4096 1024 
5e 0.84 2048 512 1024 1024 
5f 1.05 4096 4096 ≥8192 ≥8192 
TGC  6a 0.02 256 128 512 256 
6b 0.04 256 512 512 512 
CMC  7a 0.31 ≥8192 ≥8192 ≥8192 ≥8192 
7b 0.47 ≥8192 ≥8192 ≥8192 ≥8192 
7c 0.7 ≥8192 ≥8192 ≥8192 ≥8192 
7d 0.84 ≥8192 ≥8192 ≥8192 ≥8192 
7e 1.06 ≥8192 ≥8192 ≥8192 ≥8192 
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The low DS (0.08) HPC derivative exhibited activity that was similar to 
unmodified chitosan. However, when DS increased, the activity decreased. The 
DS for the two TGC derivatives was negligible, and the activity was generally 
very similar to chitosan, as expected. Carboxymethylated chitosan is the most 
studied chitosan derivative. Some studies have reported antimicrobial activity 
(Gupta and Haile 2007, Upadhyaya, Singh et al. 2013, Zhou, Shi et al. 2015). 
However, derivatives 7a-e showed no effect in the broth microdilution assay 
(MIC ≥ 8192 µg/mL). These compounds are zwitterionic and soluble in 0.01 M 
HCl solution. It is also possible that the ionic interaction between polymer chains 
also inhibits these structures' antimicrobial action. Our findings are supported 
and the finding that CMC is inactive against Candiat species (Seyfarth, 
Schliemann et al. 2008). 

 Effect of chitotriazolan derivatives on antibacterial activity 
(Paper III) 

The antibacterial activity of water-soluble chitotriazolan derivatives was evaluated 
against S. aureus and E. coli bacteria at pH 7.2 (Table 11). The cationic 
chitotriazolan derivative 10 was the most active, with a MIC value equal to 64 
ug/mL, whereas the anionic derivative 11 was inactive. The structure of 
derivative 9 was identical to the structure of derivative 10. Still, it was more than 
30 times less active against the strain. TBDMS chitosan was the starting material 
for the synthesis of 9, and this derivative had some residual TBDMS groups (DS 
TBDMS ~ 0.004) on the polymer backbone. This was also the case for 
compound 8 (DS TBDMS < 0.03), which was not quaternized with one less N-
methyl group and inactive against the bacteria. The TBDMS groups are highly 
lipophilic and may negatively impact the activity. The protection and 
deprotection steps reduce the Mw, which may also affect the activity. The MW of 
10 was 214.59 kDa, whereas the Mw of 8 and 9 were 28.94 kDa and 17.05 
kDa, respectively.  
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Table 11. Antibacterial activity of water-soluble chitotriazolan derivatives 

Derivatives Structure MIC (µg/mL) 

S. aureus E. coli 

8 

  

≥8192 ≥8192 

9 

  

2048 2048 

10 

  

64 64 

11 

 

≥8192 ≥8192 

 

Gentamicin - 0.25 1 

 

  Antibacterial properties for mixed chitotriazolan 
derivatives (Paper IV) 

Investigation of the antimicrobial properties and mode of action of chitosan has 
been a long journey of scientific exploration that began decades ago; there is 
still much to be learned. There have been some reports on the antimicrobial 
properties of chitosan containing 1,2,3-triazole moieties obtained by CuAAC, 
including Chitosan N-propyl and hydroxypropyl triazolyl betaine ester 
(Kritchenkov, Egorov et al. 2019) chitin 6-O-hydroxypropyl triazolyl betaine ester 
(Kritchenkov, Egorov et al. 2021) chitosan N-alkyl triazolyl 
ethyltrimethylammoniumn (Tan, Zhang et al. 2018),  chitosan N-alkyl triazolinum 
pyridinium (Tan, Li et al. 2018), chitosan N-alkyl triazolyl triphenylphosphonium 
(Tan, Zhang et al. 2020) TMC – C-6-halogenotriazole (Li, Tan et al. 2016) and 
chitosan N-, 6-O triazolyl methyl nicotinate (Qin, Liu et al. 2013).  

  



 Results and Discussion 

85 

Table 12. Antibacterial activity for mixed chitotriazolan derivatives 

Derivatives  MIC (µg/mL)  

S. aureus E. 
faecalis 

E. coli P. 
aeruginosa 

10 64 1024 128 128 

19 64 2048 512 4096 

20 128 2048 256 1024 

21 128 2048 128 512 

22 1024 4096 512 1024 

23 ≥4096 ≥4096 ≥4096 ≥4096 

  

The mixed chitotriazolans were investigated for activity against Gram-positive S. 
aureus (29213) and E. faecalis (29212), Gram-negative E. coli (25922), and P. 
aeruginosa (27853) (Table 12). The cationic chitotriazolan derivative 10 was 
equally or more active than the mixed chitotriazolans 19-23 against all the 
strains.  The cationic mixed chitotriazolans 19-21 were equally or slightly less 
active (1-2 dilutions) than 10 against S. aureus, E. faecalis, and E. Coli, but 19 
and 20 were considerably less active (5 and 3 dilutions difference) against P. 
aeruginosa. In contrast, 21 was less active (2 dilutions) against P. aeruginosa 
than 10. This is somewhat consistent with previous work, where we have also 
observed that the structure-activity relationship for quaternary N-alkyl chitosan 
against P. aeruginosa was different from the relationship for S. aureus and E. coli 
but similar to the relationship for E. faecalis (Sahariah, Benediktssdóttir et al. 
2015). 

The CMC-chitotriazolan 23 lacked activity against all tested microorganisms. The 
anionic derivative from the previous section 11 was inactive against bacteria, and 
CMC derivatives 7a-7e with DS ranging from 0.3 to 1.1 lacked activity against S. 
aureus and E. coli. These results finding that the anionic chitosan derivative. The 
DS for triazole N,N,N-trimethyl group was 68 %, so a net positive charge for 23 
is expected, contributing to excellent solubility. Other CMC derivatives with 
quaternary ammonium substituents have been reported and investigated for 
antimicrobial activity. Sun et al (Sun, Du et al. 2006) said that hydroxypropyl 
trimethylammonium (HT) CMCs were more active against S. aureus and E. coli 
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than CMC and HTC. In contrast, Xu et al. have reported that 6-O carboxymethyl 
TMC was less active against the same bacteria than the parent TMC polymer (Xu, 
Xin et al. 2010), which is more consistent with the results for mixed chitotriazolan 
23. 

  Effect of different chitotriazolan derivatives on 
antibacterial activity (Paper V)  

This study evaluated quaternized and basic chitotriazolan derivatives against 
Gram-positive and Gram-negative microorganisms (S. aureus (29213), E. faecalis 
(29212), E. coli (25922), and P. aeruginosa (27853). The MIC and MLC (µg/mL) 
values were determined and are shown in Table 13. The cationic quaternary 
chitotriazolan derivatives worked effectively against all bacterial strains; the 
values range from 256 to 8192 µg/mL. The trimethylammonium chitotriazolan 
derivatives exhibit better activity against all tested bacteria. Still, surprisingly, in 
this study, derivative 24 had 512 µg/mL against S. aureus, which was three 
times less activity than 10. The N,N,N-triethylammonium derivative 25 was 
similar activity except for S.aureus. The piperazine derivatives 27, 30, and 31 
were tested against all bacteria. The activity shows 27, and others were not 
active against all tested bacteria. The derivatives 26, 28, and 29 had better 
activity against all bacteria; the activity value ranged between 256 to 8192 
µg/mL, and derivative 29 was the most active in this series of studies. It had 
256 µg/mL except for E. faecalis bacteria. The diethanolammonium derivative 
32 was not active at all against bacteria. MLC value for all derivatives had similar 
activity except 24, 25, and 31 against P. aeruginosa. 
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Table 13. Antibacterial activity of chitotriazolan derivatives for MIC and MLC values   

Derivatives Structure  MIC (µg/mL)  

S. aureus E. faecalis E. coli P. aeruginosa 

24 
 

512 8192 512 1024  

*MLC 2048 

25 
 

8192 8192 512 1024  

*MLC 2048 

26 

 

256 8192 4096 512 

27 

 

4096 8192 1024 4096 

28 

 

512 2048 512 1024 

29 
 

256 4096 256 256 

30 

 

8192 8192 8192 ≥8192 

31 

 

≥8192 ≥8192 ≥8192 8192 

*MLC ≥8192 

32 

 

≥8192 ≥8192 ≥8192 ≥8192 

 Antibacterial analysis of antimicrobial peptide chitosan 
conjugates (Paper VI) 

The antibacterial activity of CRAMP-18 grafted chitotriazolan derivatives was 
measured by serial dilution method at physiological pH 7.2 against Gram-
positive S. aureus (29213), E. faecalis (29212), and Gram-negative bacteria E. 
coli (25922), and P. aeruginosa (27853) and the resulting MIC values are 
presented in Table 14. The CRAMP-18 grafted chitotriazolan 34 and 35 
derivatives were active against E. coli bacteria at 256 µg/mL and active against 
P. aeruginosa 1024 and 512 µg/mL, respectively, which shows that CRAMP-18 
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grafted chitotriazolan derivatives active against Gram-negative bacteria whereas 
not active or equal to 4096 µg/mL against both Gram-positive bacteria.  

Table 14. Antibacterial activity for CRAMP-18 conjugated chitosan biopolymers 

Derivatives  MIC (µg/mL)  

S. aureus E. faecalis E. coli P. aeruginosa 

34 ≥4096 ≥4096 256 1024 

35 ≥4096 ≥4096 256 512 

36 1024 4096 4096 4096 

37 4096 4096 2048 4096 

38 4096 4096 4096 4096 

33* 128 128 8 64 

*Pentynoyl-CRAMP-18 peptide 

The azide might lack the activity for both 34 and 35 biopolymers because a low 
percentage of azide residue was retained in the antimicrobial peptide chitosan 
polymers. The parent structure 36 reduced the activity relative to chitotriazolan 
10 because 36 was not fully substituted. The derivatives 37 and 38 activity were 
consistent with the mixed HPC-chitotriazolan 22 and HPC derivatives against 
Gram-positive and Gram-negative bacteria. The structures of antimicrobial 
chitosan conjugates are shown in Fig. 19.  

 

 

 

 

Figure 19. Structures of antimicrobial chitosan conjugates 
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5 Summary and Conclusions 
Chitosan is a linear renewable biopolymer that has a unique polycationic 
chemical structure with a high charge density, reactive hydroxyl, and amino 
groups. The low solubility of chitosan in neutral and alkaline solutions limits its 
application. Nevertheless, the chemical modification of chitosan can be used to 
make derivatives with new functional properties for a wide range of applications. 

Synthetic modification of chitosan 

The new TMCNH2/TM derivatives were synthesized through TBDMS and Boc 
protection strategies TMCNH2/TM, where the C-2 amino groups were partially in the 
primary state and partially N,N,N-trimethylated. The first synthesis of cationic 
chitin (TACin) derivatives synthesized by TBDMS protection and re-acetylation 
was reported in this work. TBDMS protection strategy allowed better control of 
the DS than the conventional reductive alkylation and methylation strategy for the 
synthesis of TMCDM/TM. 

The common chitosan derivatives such as TMCNH2/TM, TACin, TMCDM/TM, HTC, 
HPC, TGC, and CMC were synthesized (Fig. 20) in each structure with various 
ranges (0.02 – 1.1) of the degree of substitution by different ratios of the 
reagent. 

The chitosan C-2 amino group was converted to azide and then modified to 
1,2,3-triazole (Fig. 20), and we successfully obtained the complete conversion 
til we gave the first water-soluble chitotriazolan derivatives. The chitotriazolan 
derivatives could be synthesized without using TBDMS protection strategies.   

We aimed to synthesize mixed chitotriazolan structures with common chitosan 
derivatives (TMC, TAC, HTC, HPC, and CMC) Fig. 20. The partial degree of 
substitution for all common chitosan derivatives, such as TMC, TAC, HTC, HPC, 
and CMC was synthesized. Then, the remaining primary amino group in these 
derivatives was converted to 1,2,3-triazole moieties via click chemistry. 

The click chemistry strategy was further explored by synthesizing a series of new 
quaternized and basic protonable chitotriazolan derivatives (Fig. 20). The 
CuAAC reaction was carried out with various alkynes; in every case, a 
quantitative conversion of the chitosan azide was achieved. Quaternized 
derivatives were highly water soluble.  
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The chitosan azide and HPC azide with a low degree of azidation were 
synthesized to conjugate an antimicrobial peptide. The antimicrobial CRAMP-18 
peptide was synthesized via the solid-phase peptide synthesis method. The 
pentynoyl-CRAMP-18 peptide was conjugated to chitosan azide and HPC azide 
via CuAAC reaction (Fig. 20). 

The structure-activity relationship for chitosan derivatives 

The structure activity-relationship for the TMCNH2/TM and TACin derivatives was 
remarkably different. The TMCNH2/TM antibacterial activity was increased at low DS 
after 0.2–0.3 DS maintained the activity, and there was no change in activity up 
to DS 0.89. In contrast, the activity of TACin increased continuously with DS 
from 0.07 to 0.88. The TACin derivative had more activity with MIC equal to 256 
μg/mL at the highest DS than TMCNH2/TM derivative against P. aeruginosa. The 
highest DS TMCNH2/TM and TACin derivatives were equal in activity against 
MRSA, with MIC equal to 64 μg/mL. 

Figure 20. The summary of modified chitosan derivatives with different structures 
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The most active compounds were TMCNH2/TM and TMCTM/DM, and there was a 
positive correlation between DS and activity, especially at pH 7.2. TACin was 
less active, especially at low DS, but there was a correlation between DS for the 
quarternized 2-(N,N,N-trimethylammoniumyl)acetyl) group and activity. These 
results are consistent with our previous investigations. The activity of HTC 
derivatives was considerably mixed as the structure with the lowest DS had more 
activity than unmodified chitosan, but an increase in DS generally led to a 
decrease in the activity. The neutral HPC derivatives had a clear inverse 
relationship between DS and activity. The TGC structure had very low DS, and 
the activity was not different from chitosan. All CMC derivatives were inactive 
against the bacteria; thus, no correlation with DS could be observed (Fig. 21). 

The antibacterial activity was evaluated against S. aureus and E. coli at pH 7.2. 
The cationic chitotriazolan derivatives with N,N,N-trimethylammoniummethyl had 
significant antibacterial activity, whereas the anionic chitotriazolans were 
inactive.  

Mixed chitotriazolan derivatives were partially substituted with TMC, TAC, HTC, 
and HPC, showing enhanced antibacterial activity against S. aureus and E. coli 
relative to E. faecalis and P. aeruginosa. However, the chitotriazolan derived 
from anionic CMC was not active against any of the strains. 

There is a clear structure-antibacterial activity relationship for chitotriazolan 
derivatives. Chitotriazolans structure with quaternary ammonium groups 
displayed more activity than chitotriazolans with basic protonable amino groups. 
The chitotriazolan with methylimidazole was most active (256 µg/mL) against S. 
aureus, E. coli, and P. aeruginosa for E. faecalis 4096 µg/mL. 

Figure 21. Summary of SAR for chitosan derivatives against S. aureus and E. coli at pH 
7.2. 
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The chitosan-CRAMP-18 conjugated biopolymer showed significant activity 
against E. coli (256 µg/mL) than unmodified chitosan. The HP-chitotriazolan-
CRAMP-18 peptide showed similar activity. 
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6 Future perspectives 
The study focused on synthesizing and structural modifying a new class of 
chitosan biopolymer derivatives using TBDMS-chitosan and unmodified chitosan. 
The chitosan derivatives were investigated for antibacterial activity against Gram-
positive and Gram-negative bacteria. The structure-activity relationship has been 
studied for the chitosan derivatives to understand the influence of side chain 
structure with different degrees of substitution and antibacterial activity. These 
results found that the structure with the quaternary ammonium group displayed 
water solubility and the most active derivatives against all bacteria. The synthesis 
and structural modification of this new class of biopolymers should stimulate 
further research into the biological properties and utility of diverse applications. 
Further work could focus on developing chitosan derivatives or conjugates to 
eradicate and prevent bacterial biofilm formation. These could, for example, be 
used for coating medical implants. In the investigation of the antimicrobial mode 
of action, the chitosan derivatives could be synthesized with fluorescent-
molecular labels. Thus, it would be possible to study the localization in the cell 
membrane and other parts of the microorganism to elucidate the mechanism of 
action. Another possible future work would be to develop antimicrobial 
nanoparticles based on chitotriazolan conjugates with antimicrobial substances 
other than AMP, including known drugs. In the antimicrobial mode of action, 
future work should clarify the molecular details of the underlying mechanisms 
and their relevance to the antimicrobial activity of chitosan derivatives. 
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