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ABSTRACT 
 

Chitosan-natural antioxidant conjugates: Synthesis, 

antimicrobial and antioxidant properties 

Unmodified chitosan is a biopolymer that possesses antimicrobial, antioxidant, 

antitumor, hemostatic, analgesic, film-forming and mucoadhesive activities. 

Furthermore it is non-toxic, biodegradable and biocompatible. However, chitosan also 

has some limitations for medical use. Good antimicrobial activity is only achieved at 

pH lower than 6.5 and chitosan has poor aqueous solubility above this pH.  These 

drawbacks limit the applications of chitosan, but chemical modification can be used to 

improve these properties. One example is antioxidant-chitosan conjugates. Many 

approaches to this modification have been reported but in general it can be challenging 

to obtain well-defined products.  

The aim of the current work was to develop a new and efficient synthesis procedure 

for conjugating hydroxycinnamic acids (HCA-s) to chitosan with the degree of 

substitution (DS) 25 and 50%, based on the use of tertbutyldimethylsilyl (TBDMS) 

protection. The HCA-s used were cinnamic, p-coumaric, ferulic and caffeic acids. In 

order to confirm the structure and the DS, the products were characterized by 1H-NMR 

and ATR-IR spectroscopies. The initial experiments resulted in very low DS values (1-

3%). To increase the DS, a full factorial design was carried out utilizing the Design of 

Experiment (DOE) method. A 5.1-fold increase in the DS was obtained with the help 

of the design, followed by an additional 3.9-fold increase by using excess acyl chloride, 

resulting in a 60.1% DS in case of the cinnamic acid-chitosan conjugate. Six published 

procedures were carried out following literature and only much lower DS values were 

obtained (0-7.6%). Since the published methods were unable to provide high DS, the 

newly developed method was used to synthesize the remaining conjugates with three 

different DS values (low, medium, high).  

The minimum inhibitory concentration (MIC) of the conjugates against E. coli and 

S. aureus were studied. The antimicrobial activity was comparable to native chitosan 

when the DS was low. However, a clearly negative effect was observed when the DS 

was high, which contradicts several publications. Finally, the antioxidant activity was 

investigated by DPPH free radical scavenging assay. While chitosan did not possess 

antioxidant activity in the tested concentrations, the p-coumaric, caffeic and ferulic acid 

conjugates exhibited enhanced activities. The DPPH scavenging activity was in linear 

correlation with the DS, furthermore in case of the caffeic acid-chitosan conjugate, the 

conjugate exhibited a lower IC50 than caffeic acid itself.  



  

 

ÁGRIP 
 

Konjúgöt kítósans og náttúrulegra andoxunarefna: Efnasmíð, 

virkni gegn örverum og andoxunarvirkni 

   Náttúrulegt kítósan er fjölliða sem hefur virkni gegn örverum, andoxunarvirkni, virkni 

gegn krabbameini, verkjadeyfandi áhrif, getur stöðvað blæðingar, myndað himnur og 

loðað við slímhimnur. Það er líka óeitrað, líf-niðurbrjótanlegt og líf-samræmanlegt. 

Þrátt fyrir þetta eru ýmsar takmarkanir á notkun þess í lækningum.  Það verkar gegn 

örverum eingöngu við pH sem er lægra en 6.5 og vatnsleysni  kítósans er lélegt yfir 

þessu pH. Með efnafræðilegri umbreytingu kítósans er hægt að komast fram hjá 

þessum takmörkunum. Eitt dæmi um slíka umbreytingu er að hvarfa kítósan við 

andoxunarefni og mynda konjúgöt kítósans og andoxunarefna. Margar aðferðir til að 

mynda slík konjúgöt hafa verið birtar en almennt reynist erfitt að fá vel skilgreind efni. 

   Markmið verkefnisns var að þróa nýja og skilvirka efnasmíðaðferð til að tengja 

hýdroxýkanilsýrur (e. hydroxycinnamic acids, HCA) við kítósan með 25% og 50% setni 

(DS), með því að nota tertbútýldímetýlsilýl (TBDMS) verndarhópa. HCA efnin sem voru 

notuð voru kanil-, p-kúmarín-, ferulín- og koffínsýra. Til þess að staðfesta efnabyggingu 

og DS voru gerðar 1H-NMR og ATR-IR greiningar. Í byrjun fengust mjög lág DS gildi 

(1-3%). Til að auka DS, var framkvæmd fullþátta tilraunahönnun (e. full factorial DOE). 

5.1-falt aukning í DS fékkst með hjálp hönnunarinnar og síðan var hægt að auka DS 

3.9-falt með því að nota umfram sýruklórið, og því fékkst allt að 60.1% DS fyrir 

kanilsýru-kítósan-konjúgat. Sex birtar aðferðir voru reyndar en þær gáfu mun lægri DS 

gildi (0-7.6%). Aðferðin sem var þróuð í verkefninu var því notuð til að smíða konjúgöt 

með þremur mismunandi DS-gildum (lágt, miðlungs og hátt). 

   Lágmarks hamlandi styrkur (MIC) konjúgatana gegn E. coli og S. aureus var mældur. 

Virkni gegn örverum var sambærileg óumbreyttu kítósan þegar DS var lágt. Hins vegar 

komu neikvæð áhrif greinilega fram þegar DS var hátt, sem stangast á við sumt af því 

sem áður hefur verið birt. Í lok verkefnisins var andoxunarvirknin rannsökuð með 

DPPH stakeinda hreinsunarprófi. Kítósan reyndist ekki hafa andoxunarvirkni í þeim 

styrk sem efnin voru prófuð, en p-kúmarín-, koffín- og ferínsýrukonjúgötin höfðu 

talsverða virkni. DPPH hreinsunarvirkni var í línulegri fylgni við DS og koffínsýru-

kítósankonjúgatið hafði lægra IC50 en koffeinssýran.
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1  INTRODUCTION 

 
1.1 Antioxidants 

Antioxidants are natural or synthetic substances that prevent or reduce oxidative stress, which 

is an imbalance between the production of reactive oxygen species (ROS) and the organisms 

ability to detoxify or counteract the harmful effect of ROS (Brewer et al. 2011). ROS are highly 

reactive molecules made of oxygen atoms and sometimes hydrogen as well. They contain 

unpaired electrons and include molecules such as peroxides, hydroxyl radical, superoxide 

radical and singlet oxygen. Cellular damage can occur if there is an imbalance in the rate which 

these molecules are produced and removed by antioxidant activity. ROS can damage the RNA, 

DNA, proteins, carbohydrates and lipids. Oxidative stress can be induced by a wide variety of 

environmental factors such as progressing age, pollutants, radiation, poor diet, medications, 

and alcohol. (Blokhina et al. 2003; Sindhi et al. 2013). It can cause various health problems 

such as chronic inflammation, autoimmune diseases, diabetes and cancer (Waris et al. 2006). 

Antioxidants have several mechanisms of action to scavenge or inhibit the formation of free 

radicals. Antioxidant systems can be enzymatic or non-enzymatic. Enzymatic systems include 

catalase, superoxide dismutase and the enzymes of glutathione thioredoxin system. Non-

enzymatic systems can be natural or synthetic and include compounds that are acquired from 

dietary sources, such as vitamins A and C, flavonoids, phenolics, carotenoids etc. 

Furthermore, there are antioxidants produced by cells, which protect against ROS indirectly by 

chelating or binding to redox metals (Ahmadinejad et al. 2017). Natural antioxidants are 

abundant in fruits, vegetables, herbs and spices and can be obtained from a healthy diet or 

dietary supplements. Natural antioxidants are mostly flavonoids (epicatechin, quercetin etc.), 

terpenoids (eugenol, menthol, piperine, beta-carotene, etc.), phenolic acids (gallic acid, 

cinnamic acid, caffeic acid, rosmarinic acid etc.) and other organic compounds (alpha 

tocopherol, ascorbic acid, resveratrol, carnosol, etc). A few common structures are shown on 

Figure 1. A common trait of these molecules is one or more aromatic rings with one or more 

hydroxyl groups. The position and number of hydroxyl groups on the aromatic rings 

corresponds to the antioxidant activity of the compound (Brewer et al. 2011).  In the mechanism 

of scavenging, the antioxidant donates H● to the free radicals and become a radical 

themselves. These antioxidant radicals are later stabilized by the delocalization of electrons in 

the aromatic ring that results in the formation of quinones. Therefore, the antioxidant needs to 

donate an active hydrogen atom - for example from a reactive hydroxyl group (Lü et al. 2010). 

Phenolics, such as hydroxycinnamic acids are good candidates for such applications since 

they possess optimal structural chemistry. Phenolics possess great reactivity as hydrogen or 

electron donors and their radicals are able to delocalize and stabilize the unpaired electron 
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(Blokhina et al. 2003). The hydroxylation and methylation of the aromatic ring is in linear 

correlation with the antioxidant activity. Compounds possessing o-dihydroxy group on the 

aromatic core, such as caffeic acid show enhanced activity compared to compounds with only 

one hydroxyl, such as p-coumaric acid. Additionally, o-dihydroxy groups also allow the 

chelation of transition metal ions.  Both natural and synthetic antioxidants are widely used as 

additives in food, cosmetics, fuels, polymers and dietary supplements. Additionally, they are 

being investigated for possible pharmaceutical uses, such as medication for Alzheimer’s 

disease and cancer treatment (Sindhi et al. 2013; Taofiq et al. 2017). The use of synthetic 

antioxidants might be harmful and the use of natural antioxidants is therefore recommended 

(Papas et al. 1999; Heffernan et al. 2015). Natural antioxidants, especially phenolic acids, can 

also have anti-inflammatory, antibacterial and photo protective properties (Taofiq et al. 2017). 
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Figure 1. Examples of common natural antioxidants 

 



  

16 
 

1.1.1 Antioxidant assays 

Several in vitro assays are available to determine the antioxidant activity of compounds. These 

assays can be based on 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity, 

superoxide anion radical scavenging activity, antioxidant evaluation by phospholipids 

peroxidation, antioxidant evaluation by deoxyribose assay, assay for total reactive oxygen 

potential (TRAP) and total antioxidant reactivity (TAR).  

The DPPH method is a commonly used assay. DPPH is a stable free radical with a strong 

purple color, which is able to accept a hydrogen radical or an electron and convert to a more  

stable molecule. Upon the reaction, when this new bond forms, the solution becomes colorless 

as the DPPH loses its purple color. The decrease in color correlates with the concentration of 

the antioxidant and the antioxidant potency. The reduction of the color can be measured by 

spectrophotometric methods at 517 nm and the free radical scavenging activity of the 

compound can be calculated (Nimse et al. 2015).   

The superoxide anion radical scavenging activity can be measured by monitoring the 

conversion of nitroblue tetrazolium (NBT) to NBT diformazan by superoxide radical. In the 

reaction of N-methylphenazine methosulphate (PMS) and NADH (reduced nicotineamide 

adeline dinucleotide), superoxide is produced, which then reduces NBT. The blue colored NBT 

is reduced to a purple formazan, thus the absorbance variations at 560 nm can be measured 

by spectrophotometry (Fontana et al. 2001).  

The oxidative degeneration of lipids, as known as lipid peroxidation is a process where free 

radicals take up electrons from lipids in the cell membranes, causing cellular damage. The 

ability of a compound to inhibit peroxidation of lipids in cell membranes can be measured by 

using phospholipids in the presence of thiobarbituric acids. In this assay, the interference of 

the antioxidant is determined with color development (Nimse et al. 2015).   

In the deoxyribose assay hydroxyl radicals are measured which are formed by the reaction of 

hydrogen peroxide (H2O2) and Fe(III)-EDTA in the presence of vitamin C. The hydroxyl radical 

attacks the deoxyribose which, if heated with thiobarbituric acid yields pink chromogens. The 

rate constant for the scavenger with the hydroxyl radical can then be calculated. It is usually 

determined by pulse radiolysis (Aruoma et al. 1994).   

Total reactive oxygen potential (TRAP) and total antioxidant reactivity (TAR) assays are used 

to estimate the general antioxidant activity of compounds. In this process, luminol is reacted 

with a free radical and then a scavenger is added. The chemiluminescence is measured and 

the antioxidant activity can be calculated. When an antioxidant scavenges the free radicals, 

the intensity of chemiluminescence reduces (Dória et al. 2015).  

Other antioxidant assays include the 2,2′-azinobis (3-ethylbenzothiazoline-6 sulfonic acid) 

(ABTS), ferrous oxidation-xylenol orange (FOX), ferric reducing/antioxidant power (FRAP), 
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ferric thiocyanate (FTC), β-carotene bleaching  and conjugated diene assays (Moon et al. 

2009). 

 

1.1.2 Antimicrobial activity of phenolics 

Synthetic hydroxybenzoic acid derivatives, such as parabens are commonly used additives in 

cosmetics and pharmaceuticals as preservatives, due to their broad spectrum of antimicrobial 

activity. The use of parabens have however been facing controversy lately as recent research 

suggests that they can cause reproductive defects (Heffernan et al. 2015). It is therefore 

desired to seek alternatives from natural sources.  

Phenolic acids have been reported as antifungal agents in studies against Candida species. 

Caffeic acid and caffeic acid derivatives are believed to exhibit their antifungal activity via 

disrupting the cytoplasma membrane, by cell wall damage or by interfering with 1,3-β-glucan 

synthase. Caffeic acid and gallic acid are reported to possess anti-biofilm forming activity 

against Candida species. The natural compound curcumin, which is obtained from turmeric 

and is also a phenolic compound, has been shown to cause damage to the cell membrane of 

Candida albicans. Eugenol, epigallocatechin-3-gallate, carvacrol and thymol can disrupt the 

biosynthesis of ergosterol, which affects the cell membrane. Some phenols, such as eugenol 

and curcumin exhibit their antifungal activity by inducing apoptotic mechanisms (Teodoro et al. 

2015).  

Alves et al. investigated the antibacterial activity of phenols against a wide range of Gram 

negative and Gram positive pathogens and found that 2,4-dihydroxybenzoic, protocatechuic, 

vanillic and p-coumaric acids exhibited a broad spectrum of activity. However, cinnamic acid 

derivatives possessed higher activity against Gram positive pathogens as compared to Gram 

negative cocci (Alves et al. 2013). 

Borges et al. reported that ferulic acid and gallic acid can disrupt the cell membrane of both 

Gram positive and Gram negative pathogens, leading to the leakage of cytoplasmic membrane 

(Borges et al. 2013).  

Khatkar et al. investigated the antimicrobial activity of p-coumaric acid derivatives against E. 

coli, S. aureus, Bacillus subtilis, Candida albicans and Aspergillus niger. The results suggested 

that the derivatives have shown good antimicrobial activities and the effects were found to be 

bacteriostatic and fungistatic (Khatkar et al. 2017). 

Maddox et al. have studied the activity of phenolics against Xylella fastidiosa, a pytopathogen 

that causes diseases in economically important crops. The results have demonstrated that 

caffeic acid, catechol and resveratrol possess strong activities against Xylella fastidiosa, 

presenting the potential benefits of phenolics used in agriculture (Maddox et al. 2010). 
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1.2 Chitosan 

1.2.1 Chitosan structure 

Chitosan is a linear polysaccharide derived from chitin, an abundant natural polymer, found in 

the exoskeleton of crustaceans, insects, arthropods and in the fungal cell wall.  Commercially 

available chitosan is mostly derived from marine chitin obtained from sources such as shrimp, 

lobster and crab shells. Chitosan is the N-deacetylated form of chitin, consisting of D-

glucosamine and N-acetyl glucosamine monomers (Figure 2). The polymer is defined as chitin, 

when the N-acetyl glucosamine is the dominant monomer and chitosan when the D-

glucosamine is dominating.  

 

 

Figure 2.  Structure of chitin (m > n) and chitosan (n > m). The arrows show chemical 

reactive (nucleophlic) groups. 

 

Chitin has limitations in its use, due to poor aqueous solubility and low reactivity. However, 

chitosan is more hydrophilic and possesses improved water solubility and has more potential 

for chemical modifications due to its free amino group.  Chitosan is produced by treating chitin 

with a concentrated NaOH solution, which results in N-deacetylation.  The physicochemical 

properties of chitosan are defined by the N-deacetlyation as well as the molecular weight. The 

N-deacetylation of chitosan can be defined in two ways. As the degree of deacetylation (DDA) 

or as the degree of acetylation (DA). The more commonly used term is the DA, which 

represents the ratio of N-acetyl glucosamine monomers compared to the total number of units 

of the polymer. It is an important factor since the improved properties of chitosan compared to 

native chitin are the result of N-deacetylation. The DA of the polymer can vary, but it us usually 

less than 50% (Benediktsdóttir et al. 2014). Chitosan becomes soluble in  aqueous acidic 

media when the DA is ≤ 0.7 and shows optimal solubility when the DA  is  around 0.45-0.55  

(Rúnarsson et al. 2009).  
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1.2.2 Properties of chitosan 

As stated before, aqueous solubility is DA dependent and it is therefore important to determine 

the value of DA. There are several published methods on DA determination, such as 

spectroscopic methods (IR, 1H NMR, 13C NMR, UV), conventional methods (titration, 

conductometry) and destructive methods (elemental analysis). Conventional and destructive 

methods are simple, but sensitive to contamination and can result in inaccurate results. FT-IR 

is often used for DA determination, where the amide I,II and III bands are investigated. In case 

of chitin, these bands possess higher intensity, while in case of chitosan they are weaker. FT-

IR can be utilized for DA estimation, although it is not considered the most precise method. 

1H-NMR spectroscopy has been reported to be the most precise method for the determination 

of the DA in chitosan. Other methods excluding the 1H-NMR analysis require precise weighing 

of the pure material without any moist. Furthermore, those methods can be inaccurate or 

difficult to perform. On the other hand, when using 1H-NMR, the sample preparation is non-

complex and no calibration curve or reference is needed.  The weight of chitosan does not 

require highly accurate measurements, and the sample does not need to be free of 

contamination to be able to determine the DA as long as the peaks of impurities do not interfere 

with the chitosan residual peaks (Lavertu et al. 2003). The 1H-NMR analysis has therefore 

been approved as a standard procedure for the DA determination of chitosan by the American 

Standard Test Method. (Rúnarsson et al. 2009) 

  

Figure 3.  1H-NMR spectra of chitosan in D2O and DCl 

Figure 3 shows the 1H-NMR spectra of chitosan in D2O and DCl. The first step in determining 

the DA is calibrating the spectra. This can be achieved by adjusting the spectra to the correct 

ppm value using the acetyl residual signal as a reference. In case of chitosan, it is at 2.08 ppm. 

The peaks are identified in the next step. The H2-H6 protons are present between 3.0-4.5ppm. 
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H1 appears close to the D2O solvent peak, making it challenging to distinguish from the solvent. 

The integral of H2 is integrated as 1. Next, the H3-H6 and HAc can be determined and the DA 

can be calculated. (Lavertu et al. 2003). 

The DA can be calculated from the 1H-NMR spectra using the following equation: 

𝐷𝐴 = [
∫ 𝐻𝐴𝑐

∫ 𝐻2 − 𝐻6
𝑥

6

3
] 𝑥100 

where DA is degree of acetylation, HAc is the acetyl peak, H2-H6 are the hydrogens of the 

chitosan backbone.  

The solubility of chitosan depends on its MW as well. It has been reported, that decreasing 

MW can result in increasing aqueous solubility (Kubota et al. 1997). Chitosan is available 

commercially with MW ranging from 10 to 1000 kDa. Chitosan can be described as low MW 

chitosan (<50 kDa), medium MW (50-150 kDa) and high MW chitosan (>150 kDa), although 

there is no general rule (Goy et al. 2009).  When the MW of chitosan is under 10 kDa, it is 

considered a chitooligosaccharide (COS). There are several analytic methods available to 

estimate the MW of chitosan, such as viscometry, gel permeation chromatography (GPC) and 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). 

These methods are related through the Mark-Houwink-Sakurada equation, which expresses 

that the intrinsic viscosity of a polymer-solvent system at a specific temperature is related to 

the molecular weight.  

Mark-Houwink-Sakurada equation: 

⦋ŋ⦌ = 𝐾 ∗ 𝑀𝑣
𝑎 

where ‘a’ and ‘K’ are constants that depend on the specific polymer-solvent system and the 

temperature used. Acetic acid/sodium acetate buffer solutions are the most commonly used 

solvents. The techniques available to determine the MW of chitosan are not entirely reliable, 

due to the complexity of the polymer (Kasaai et al. 2007; Knaul et al. 1998).  
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In order to be able calculate the equivalent (eq) of reagents compared to one eq of chitosan in 

the chemical reactions, it is desired to estimate the weight of a sugar unit. The weight can be 

estimated by using the weight of a glucosamine unit and calculating with the DA value. Table 

1 displays the method of calculation to determine the average weight of one chitosan unit.  

 

Table 1. Calculating the average weight of a chitosan monomer from glucosamine and 
the DA of chitosan 

Equivalent calculation for chitosan  

 

 

 

 
 

 

 

 

Deacetylation DDA (%) 82   
 

Acetylation DA (%) 18    

  
      

  

  DDA DA MW Calculated MW 

Sugar backbone   157.14 157.14 

Free -OH group   2.02 2.02 

Free -NH2 group 0.82 0.18 2.02 1.66 

Acetyl group 0.82 0.18 43.05 7.75 

Average weight of one monomer: 168.57 

 

Besides the DA and MW, chitosan is often characterized by its aqueous solubility. The solubility 

depends on the DA, the physical state and the molecular weight (MW) of the polymer. The 

main difference between chitin and chitosan is that chitosan can be dissolved in dilute acid 

due to increased number of free amino groups which can be protonized. Chitosan possesses 

a pKa of 6.6 and below its pKa in acidic media (pH lower than 6.5) the majority of its amino 

groups (-NH2) will be protonated to give the polymer a positive net charge (due to NH3
+), 

leading to an increased solubility (Rúnarsson et al. 2009). 

 

1.2.3 Antimicrobial activity of chitosan 

Chitosan possesses significant antimicrobial activity against both Gram negative and Gram 

positive bacteria as well as fungi (Goy et al. 2009). It is a non-toxic biopolymer which could be 

used in food, cosmetics, pharmaceuticals, agriculture as well as products administered to 

humans. The antimicrobial activity of chitosan is dependent on environmental factors such as 

pH of the media, type of pathogen and also on structural properties, namely the DA, MW, 

concentration and source of chitosan (Rabea et al. 2003; Sahariah et al. 2017; Hosseinnejad 

et al. 2016).  
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The pH of the media is a key element to the antimicrobial activity of chitosan. Chitosan exhibits 

antimicrobial activity below pH 6.5. Presumably, this is due to the increasing number of 

protonated amino groups on the polymer, where the positively charged –NH3
+ groups promote 

binding to the negatively charged membrane components of the bacteria (Sahariah et al. 2017; 

Kong et al. 2010).  

The antimicrobial activity of chitosan depends on the type of microorganism as well. The 

polymer is able to exhibit activity against Gram positive bacteria such as S. aureus, Bacillus 

cereus, Bacillus megaterium, Listeria monocytogens, Lactobacillus plantarum, Lactobacillus 

bulgaricus and Lactobacillus brevis species. Chitosan is also effective against Gram negative 

organisms, such as E. coli, Salmonella typhimurium, Pseudomonas fluorescens, 

Pseudomonas aeruginosa, Vibrio parahaemolyticus, Vibrio cholera and Enterobacter 

aerogenes (Sahariah et al. 2017; Hosseinnejad et al. 2016). Thus, chitosan is considered to 

possess a wide range of antibacterial activity, there is however some controversy regarding 

whether it’s more effective against Gram positive or Gram negative microorganisms.  Some 

authors have reported that chitosan exhibits stronger bactericidal activity against Gram 

negative bacteria (No et al. 2002), while others have stated the opposite (Chung et al. 2004).  

Chitosan has antifungal properties against yeasts and molds, such as Botrytis cinera, 

Fusarium oxysporum, Candida lambica, Rhizoctonia solani, Phomopsis aspargi etc. This 

activity is believed to be fungistatic rather than fungicidal, inhibiting growth, spore germination 

and tube elongation. The mechanism of action involves morphogenesis of the cell wall, which 

directly interferes with the growth. Additionally, chitosan is believed to act faster on fungi than 

on bacteria (Goy et al. 2009).    

The DA of chitosan influences the antimicrobial activity due to the number of free amino groups 

which contribute to the activity. Thus, it is believed that the activity increases, as the DA 

decreases (Goy et al. 2009; Andres et al. 2007; Tsai et al. 2004).   

In general, chitosan has higher activity than COS and there is an optimum MW value, but it 

depends on the tested pathogens (Zheng et al. 2003; Sahariah et al. 2017).   

The source of chitosan can be marine or fungal. While investigating the activity of chitosans 

from different sources, it was found that marine chitosan possesses higher activity compared 

to fungal chitosan obtained from Rhizopus oryzae (Hosseinnejad et al. 2016). In another study 

however, crude fungal chitosan from shiitake mushroom possessed higher antimicrobial 

activity than crustacean chitosan (Chien et al. 2016). 

There are different possible mechanisms regarding the mode of action. Recent research 

suggest that chitosan is bactericidal, however the exact mechanism is not fully understood and 

many factors influence the activity, as stated above (Goy et al. 2009).  
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1.2.4 Antioxidant activity of chitosan 

The antioxidant activity of chitosan is not as widely investigated as its antimicrobial activity 

since it is not one of the main properties of chitosan. Chitosan may possess antioxidant activity, 

which can be further enhanced by synthesizing chitosan derivatives. Chitosan monomers 

possess an amino and two hydroxyl groups, which can react with free radicals, therefore they 

have scavenging ability (Feng et al. 2008).  

Sun et al. reported that the antioxidant activity of chitosan is strongly related to its MW. It was 

found that the antioxidant activity increases with decreasing MW. COS-s expressed the highest 

activity, while high MW chitosans showed no antioxidant activity against superoxide and 

hydroxyl radicals. This is due to the shorter chains being less likely to form intramolecular 

hydroxyl bonds, resulting in more activated hydroxyl and amino groups which contribute to the 

radical scavenging activity (Sun et al. 2007). 

Schreiber et al. reported that native chitosan (MW=307 kDa, DDA=80%) had no reducing 

power and insignificant scavenging ability against DPPH radical (9.4%). On the other hand, 

grafting gallic acid onto chitosan provided the product with improved DPPH scavenging activity 

(89.5%) and reducing power (A700 = 0.51) (Schreiber et al. 2013).  

In a study by Moreno-Vasquez et al. native chitosan (MW=121 kDA, DDA=80%) did not inhibit 

DPPH free radical in the tested concentrations (250-5000 µg/mL), therefore had no activity. 

The absence of radical scavenging ability may be because of the intra and intermolecular 

hydrogen bonds, which are common in high molecular weight chitosans. However, 

functionalizing chitosan with epigallocatechin has shown enhanced activity compared to native 

chitosan (80% inhibition at 5000 µg/mL) (Moreno-Vasquez et al. 2017). 

Woranuch et al. reported that chitosan with MW=200 kDa and DDA=90% expressed 41,4% 

DPPH scavenging ability and grafting ferulic acid increased the scavenging up to 96.6%. 

Additionally, it was found that the activity was not dependent on the DS of ferulic acid onto 

chitosan. This could be due to the potent antioxidant activity of ferulic acid (Woranuch et al. 

2013). 

Eom et al. studied eight different phenolic acid conjugated COS-s (MW=3-5 kDA) and reported 

that while native COS-s expressed weak antioxidant activity, the derivatives had improved 

activities. It was also reported that hydroxycinnamic acid-COS conjugates had better 

antioxidant activity compared to hydroxybenzoic acid-COS conjugates (Eom et al. 2012). 

Pasanphan et al. investigated the activity of gallic acid conjugated chitosan. Native chitosan 

with MW=950 kDa and DDA=95% expressed no reducing ability against DPPH radical at 1200 

µM concentration, while one of the conjugates exhibited 87.3% at the same concentration 

(Pasanphan et al. 2008). 
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Curcio et al. reported the synthesis of gallic acid and catechin conjugated chitosan derivatives 

and studied the inhibition of linoleic acid peroxidation, DPPH and hydroxyl radicals. The results 

indicated that native chitosan (MW=95 kDa and DDA=85%) expressed low inhibition against 

all ROS (14-23% inhibition), while both conjugates exhibited significant improvement in all 

three tests (60-98% inhibition of ROS) (Curcio et al. 2009). 

In a study by Chatterje et al., native chitosan with MW=100 kDa and DDA=90% exhibited no 

inhibition against DPPH and hydroxyl radicals. However, the synthesis of four new phenolic 

conjugates provided significantly improved activities (Chatterjee et al. 2015).  

Liu et al. studied the superoxide radical, hydroxyl radical, lipid peroxidation, DPPH and H2O2 

scavenging activities of chitosan and three phenolic acid grafted carboxymethyl chitosan 

derivatives. They reported that in all test chitosan had the lowest activities (5-35% at the 

concentration of 1 mg/mL), followed by an improved activity of carboxymethyl chitosan in all 

tests (35-52%) and the highest activities in case of the conjugates (47-80%) (Liu et al. 2013). 

In a study by Lee et al., phenolic acid conjugated chitosan derivatives expressed a 1.79-5.05-

fold increase in DPPH radical inhibition compared to unmodified chitosan (MW=310 kDa and 

DDA=90%). The activities were positively correlated to the phenolic content of the conjugates. 

The H2O2 scavenging and ABTS radical scavenging capacities were also improved by 2.44-

4.12-fold and by 1.35-3.35-fold compared to native chitosan, respectively (Lee et al. 2014).  

Overall, some studies report weak antioxidant activity of chitosan, while others report no 

activity whatsoever. However, all studies agree on the antioxidant activity enhancing effect of 

phenolics grafted onto the chitosan backbone. Therefore, it can be expected to see improved 

activities on the synthesized derivatives in this study, whether or not the native chitosan has 

antioxidant activity.  

 

1.2.5 Chitosan derivatives 

In order to improve physiochemical and biological properties of chitosan, chemical modification 

can be utilized. One of the main drawbacks of chitosan is its poor aqueous solubility at 

physiological pH, which can be overcome with chemical modifications. Furthermore, 

introducing new moieties to the polymer chain can improve other properties of chitosan as well, 

making it more useful for pharmaceutical applications. There are different synthetic 

approaches available for obtaining chitosan derivatives, such as direct modification (with or 

without the use of chemical protective groups), enzymatic reactions or chemical grafting 

(Rúnarsson et al. 2009). Executing a successful multistep organic synthesis of complex 

molecules can be a challenging job. The main concern is that certain functional groups can 

interfere with the reaction, resulting in undesired products. This issue can be avoided by using 

protective groups which temporarily mask the functional groups that would otherwise interfere 
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(Carey et al. 2001).  Protective groups allow chemical reactions to be carried out selectively 

by temporarily blocking the remaining functional groups of compounds that possess multiple 

different reactive sites. Protective groups can be placed on the molecule and then removed 

without interfering with the product. A good protective group needs to fulfill certain conditions, 

such as reacting selectively with the desired functional group to give a protected and stable 

substrate. A good protective group should also be easily and selectively removed, providing a 

product with a good yield (Wuts et al. 2006).  

Chitosan possesses three nucleophilic functional groups, namely a primary –OH group at C-6 

position, a secondary –OH group at C-3 position and an -NH2 group at C-2 position.  

In order to achieve new moieties on the amino functionality of chitosan, it is desired to apply 

protective groups on the highly reactive hydroxyl moieties.  

Hydroxyl protective groups are commonly applied in organic chemical reactions, therefore 

there are large amounts of hydroxyl protective methods available. The triphenylmethyl (trityl) 

group can only be introduced at the primary –OH group of chitosan, leaving the secondary –

OH group unprotected. Additionally, the procedure consists of three synthesis steps at 100°C 

(Benediktsdóttir et al. 2011). An alternative option for protecting alcohols are silyl ether 

protective groups. Hydroxyl groups can be easily converted to silyl ethers, such as trimethylsilyl 

(TMS) and tert-butyldimethylsilyl (TBDMS) ethers. Silyl ethers are easily introduced to the 

molecule and their cleavage is simple as well. TBDMS ethers are promising protective groups 

due to being sterically hindered and stable. TDBMS groups are ca. 104 times more stable 

towards hydrolysis than TMS ethers. TBDMS ethers are stable in aqueous base media but can 

be removed easily under mild acidic or strong alkaline conditions (Wuts et al. 2006).  

In synthesis, TBDMS protection is achieved by using TBDMS-Cl (Figure 4) with imidazole. 

Rúnarsson et al. developed a synthetic strategy to protect the hydroxyl groups of chitosan 

using TBDMS protective groups. In the procedure, the TBDMS moiety is introduced to the 

mesylate salt of chitosan in one step to obtain a 100% 3,6-O-TBDMS protected chitosan. 

Additionally, the obtained product possessed good solubility in organic solvents, such as N-

methyl-pyrrolidone (NMP), dichloromethane (DCM) and ethanol (EtOH) (Rúnarsson et al. 

2008; Song et al. 2010). 

 

Figure 4. tert-Butyldimethylsilyl chloride (TBDMSCl) 

 

In order to achieve new moieties on the hydroxyl functionality of chitosan, it is desired to apply 

protective groups on the amino group of chitosan. An example of amine protecting group is the 
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phthaloyl group which utilizes phthalic anhydride that can result in both O- and N-modification 

of chitosan. However, the O-phthaloylation can be avoided by adding water to the reaction 

mixture (Kurita et al. 2002).  

 

Quaternary chitosan derivatives   

Synthesizing chitosan derivatives with permanent positive charges result in good aqueous 

solubility and can enhance antibacterial activity at neutral pH compared to unmodified chitosan 

(Sonia et al. 2011). Figure 5 displays some examples of quaternary chitosan derivative 

syntheses.  

 

Figure 5. Quaternary chitosan derivatives. A: DMF/H2O, NaOH, MeI, RT, 48 h. B: 1) N-

chlorobetainyl chloride, pyridine, RT; 2) aqueous HCl, RT. C: 1) 1,4-dimethylpiperazine, 

KI, NMP, 60 °C; 2) Aq. HCl, RT.  

N,N,N-trimethyl chitosan (TMC) is one of the most promising chitosan derivatives. TMC 

possesses a permanent positive charge on the quaternized amino groups, therefore it is 
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soluble in neutral and basic conditions (Rúnarsson et al. 2007). The first TMC synthetic method 

was published by Domard et al. and is called the “Domard reaction”. In this reaction, methyl 

iodide (MeI) is used as a reagent with sodium iodide (NaI) catalyst and N-methyl-pyrrolidone 

(NMP) as a solvent in basic conditions (Domard et al. 1986). This method has been optimized 

by Sieval et al. to provide higher degree of quaternization (80%) (Sieval et al. 1998). Several 

other methods for TMC production have been published since, however these often result in 

unwanted O-methylation. Moreover, those methods are multi-step syntheses, making the 

production difficult and time-consuming. Rúnarsson et al. reported the synthesis of TMC using 

a mixture of DMF and water [50:50] as the reaction solvent resulting in no O-methylation 

(Rúnarsson et al. 2007). They also developed a “one-pot” synthesis for converting unmodified 

chitosan into a highly trimethylated chitosan without O-methylation (Figure 5A) (Rúnarsson et 

al. 2008). Although the newly developed method provided a product with improved 

trimethylation (80%) and no O-methylation, further enhancement of trimethylation was needed 

to obtain fully homogenous TMC. The research team at the University of Iceland, led by prof. 

Már Másson was the first to publish a method for a 100% trimethylated chitosan via TBDMS-

chitosan. Benediktsdóttir et al. reported the full N,N,N-trimethylation of chitosan for the first 

time using di-TBDMS-chitosan as a precursor (Benediktsdóttir et al. 2011). They have also 

shown that TMC is remarkably more active against bacteria compared to that of chitosan. 

Furthermore, it is a promising compound as an absorption enhancer in drug delivery 

applications (Benediktsdóttir et al. 2014).  

Various approaches have been investigated in the synthesis of N-acyl chitosan derivatives. N-

(2-quaternary ammoniumyl) acyl derivatives of chitosan possess a quaternary N-tri-alkyl or an 

aromatic ammonium on the N-acetyl group (Rúnarsson et al. 2010). Holappa et al. reported 

the synthesis of chitosan N-betainates (N-(2-(N,N,N-trimethyl-ammoniumyl)acetyl) chitosan) 

in a five step protection group strategy. In this method, 6-O-triphenylmethylchitosan is reacted 

with N-chlorobetainyl chloride to obtain betainate-6-O-triphenylmethylchitosan which is 

deprotected in the final step (Figure 5B) (Holappa et al. 2004). In another study, Holappa et al. 

reacted 6-O-triphenylmethylchitosan with chloroacetyl chloride, providing N-chloroacetyl-6-O-

triphenylmethylchitosan, which was an important intermediate in the synthesis of N-acyl-

piperazine derivatives (Figure 5C) (Holappa et al. 2006). They investigated the antibacterial 

activity of chitosan-N-betainates against S. aureus and E. coli and found that the derivatives 

possessed low activity in neutral pH. However, in acidic media the derivatives showed 

increasing activities which were found to be in reverse correlation with the DS. These findings 

suggest that for an efficient antibacterial chitosan derivative the positive charge should be 

situated at the –NH2 group of chitosan rather than in the quaternary moiety (Holappa et al. 

2006). Since TMC chitosan possesses enhanced antibacterial properties compared to 

unmodified chitosan, it is apparent that besides the charge, the chemical structure also 
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contributes to the activity of quaternary chitosan derivatives. In case of piperazine derivatives, 

Másson et al. found that methylpiperazine or mono-quaternary dimethylpiperazine moieties do 

not contribute to the antibacterial activity. However, a di-quaternary trimethylpiperazine 

substituent can be highly active against various Gram positive strains, additionally they are 

more active at neutral pH than acidic conditions (Másson et al. 2008). Jia et al. investigated 

the antibacterial activity of three quaternary ammonium salts of chitosan, namely TMC, N,N-

dimethyl-N-propyl chitosan and N,N-dimethyl-N-furfuryl chitosan against E. coli.  All three 

compounds exhibited activity against E. coli and the derivatives with higher MW possessed 

stronger activity (Jia et al. 2001). Avadi et al. investigated the antibacterial activity of N,N-

dimethyl-N-ethyl chitosan against E. coli and reported that the MIC and MLC was 500 µg/mL 

at neutral pH, while in acidic media there was an 8-fold decrease in the MIC and MLC values 

(Avadi et al. 2004). N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan (HTCC) is another 

promising quaternary ammonium salt, which possess antibacterial activity against S. aurus, E. 

coli (Lim et al. 2004), S. mutans (Kim et al. 2003) and C. albicans (Qin et al. 2004).  

In a study by Rúnarsson et al., the structure activity relationship (SAR) of quaternary chitosan 

derivatives were investigated. The results suggested that the position and structure of the 

quaternary moiety group influences the activity of the chitosan derivatives. Small changes in 

the position and the structure can result in significant differences in the activities. Among the 

investigated derivatives, TMC derivatives were found to possess the highest antibacterial 

activity against methicillin resistant S. aureus (MRSA) and E. coli and effects were bactericidal. 

The lowest activity was found to be in the ammoniumyl acetyl chitosan derivatives with long 

alkyl chains, while derivatives with shorter alkyl chains had significantly higher activities. 

Furthermore, the study showed that the SAR is not the same for the chitosan polymer 

derivatives and the chitooligomer or monomer derivatives, suggesting contrasting mechanism 

of the antibacterial activity (Rúnarsson et al. 2010). In another study by Sahariah and Gaware 

et al., the antibacterial activities of quaternary ammoniumyl and pyridiniumyl chitosan 

derivatives were investigated against E. coli and S. aureus. The studied compounds varied in 

MW, DA, quaternary moiety and length of spacer carrying the quaternary group. Among the 

studied derivatives, TMC exhibited the highest activities against both bacterial strains, with 

MIC values ranging from 4 to 32 µg/mL MIC against S. aureus and 64 to 256 µg/mL MIC in 

case of E. coli, with moderate cytotoxicity. The activity of N-(2(N,N,N-

trimethylammoniumyl)acetyl)-chitosan chloride (TMA-CS) compounds possessed comparable 

activities to that of TMC against S. aureus, but exhibited much lower activities against E. coli. 

Derivatives with pyridinium moieties also showed bactericidal effects against S. aureus, 

however they appeared less effective than the trimethylammoniumyl derivatives. Increasing 
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spacer length resulted in decreasing activity in the other derivatives, but DA and MW showed 

no correlation with the activities (Sahariah et al. 2014).  

Carboxyl alkyl chitosan derivatives  

Muzzarelli et al. investigated the antimicrobial activity of N-carboxybutyl chitosan against 298 

pathogen cultures and found that the material exhibited inhibitory, bactericidal and antifungal 

activities (Muzzarelli et al. 1990).   

Carboxymethyl chitosan (CMC) is a water soluble amphiprotic ether chitosan derivative 

containing -COOH and –NH2 functional groups. It can be prepared by treating chitosan with 

sodium hydroxide (NaOH) and monochloroacetic acid. The choice of different reaction 

conditions, such as time, different solvent systems or temperatures can result in different 

derivatives, yielding N-CMC, O-CMC or N,O-CMC products (Chen et al. 2003). O-CMC can 

be obtained with the reaction carried out at room temperature and at higher temperatures, N-

CMC or N,O-CMC is obtained (Joseph et al. 2000). N-CMC can also be prepared by treating 

chitosan with glyoxylic acid and sodium cyanoborohydride (Muzzarelli et al. 1988). CMC 

possesses some advantages compared to unmodified chitosan, such as more efficient 

complexing of Cu2+ and larger affinity for ions.  (Abreu et al. 2005). N-CMC was found to 

increase adsorption and permeation of heparin across the intestinal lining (Aiping et al. 2006). 

O-CMC possesses both amino and carboxyl moieties which confers it special physicochemical 

and biological properties, such as forming aggregates with swollen microgel morphology which 

could be used as a matrix for drug delivery (Zhu et al. 2005). Aiping et al. investigated the drug 

loading and controlled release potential of O-CMC, using a plant alkaloid anticancer drug, 

camptotechin (CMP). The results suggested that O-CMC aggregates can effectively control 

the CMP release, showing the excellent potential of the compound in drug delivery (Aiping et 

al. 2006). Sun et al. investigated the antioxidant activity of N-CMC oligosaccharides and found 

a correlation between the activity and the DS. The DPPH free radical scavenging activity and 

reducing power of three N-CMC materials were tested with 28, 41 and 54% DS. The DPPH 

scavenging activity was found to be in reverse correlation with the increasing DS, while the 

reducing power increased with the increasing DS (Sun et al. 2008). In a study by Sun et al., 

CMC materials and their superoxide anion scavenging activities were found to be molecular 

weight dependent (Sun et al. 2007). The antimicrobial activities of CMC materials were found 

to follow the trend of N,O-CMC<chitosan<O-CMC, due to the effective number of available –

NH3 groups. CMC exhibits improved viscosity, membrane forming, improved moisture 

retention, flocculating and chelating properties compared to unmodified chitosan (Mourya et 

al. 2010). 

Chitosan-antioxidant conjugates are a topic of interest in several studies. A detailed 

introduction to literature on these conjugates can be found in Chapter 1.3.  
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1.2.6 Applications 

The biological properties of chitosan and its derivatives enable them for versatile applications 

in the medical, pharmaceutical, nutrition, cosmetic and food industries as well as in water 

treatment, agriculture and tissue engineering (Sahariah et al. 2017).  

Wound healing products: Due to their antimicrobial, hemostatic, film-forming, anti-

inflammatory and analgesic activities, they can be used as a wound healing agent. An ideal 

wound dressing has the following properties: it maintains moist at the surface of the wound, 

allows gaseous exchange, acts as a barrier to pathogens and has wound drainage-absorbing 

ability. Moreover, the wound dressing should be non-allergenic, non-toxic and easily removed. 

Large number of chitin and chitosan based wound dressings have been developed and some 

are readily available on the market (Jayakumar et al. 2011). The mechanism of the analgesic 

effect has been investigated by acetic-acid-induced writhing test on mice using a chitosan 

suspension mixed with 0.5% acetic acid solution. The results suggested analgesic effects due 

to the absorption of proton ions from the inflammatory site, which causes a pH increase 

(Okamoto et al. 2002). Chitosan can express antimicrobial activity in wound dressings in four 

forms, which are fiber, hydrogel, membrane and sponge (Kong et al. 2010). Most of the wound 

dressing materials explicit their antimicrobial activity in a fabric form. Therefore, there has been 

an interest in antimicrobial fibers, especially electrospinning techniques in which continuous 

polymer nanofibers are produced (Deitzel et al. 2001). Fan et al. prepared electrospun fibers 

using carboxymethyl chitosan (CMC) with alginate and reported improved water-retention 

compared to alginate. Furthermore, when treated with silver nitrate and (2-hydroxy)propyl-3-

trimethyl ammonium chloride chitosan (HTCC), the fibers exhibited good antibacterial 

properties against S. aureus (Fan et al. 2006). In a study by Ignatova et al., a crosslinked 

quaternized chitosan and polyvinyl pyrrolidone electrospun fiber exhibited antibacterial activity 

against both Gram negative and positive bacteria (Ignatova et al. 2007). In a study by Chen et 

al., electrospun fibers composed of crosslinked collagen and chitosan have shown improved 

wound healing and tissue regeneration compared to gauze and collagen dressings (Chen et 

al. 2008). Qasim et al. developed an electrospun chitosan fiber with polyethylene oxide for 

periodontal disease and reported that the fibers could serve as surface layers mimicking local 

tissue structure and regenerating the wound site (Qasim et al. 2017). Chitosan membranes 

are also promising materials. A chitosan mesh membrane has been reported to shorten wound 

healing time and promote the recovery of the granular layer in a clinical and histological study 

by Azad et al. (Azad et al. 2004). Chitosan collagen blend membranes have been prepared by 

Wu et al. using trifluoroacetic acid solvent, which exhibited antimicrobial activity against E. coli 

and S. aureus. Furthermore, investigation of the water vapor transpiration through the 

membrane has shown that the material could prevent excessive dehydration of the wound (Wu 
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et al. 2004).  In a study conducted by Ma et al., chitosan membranes were prepared loaded 

with drugs by casting-evaporation method with the addition of glycerol, which provided a 

membrane with improved wettability, swelling rate, tensile strength and water vapor 

permeability compared to pure chitosan membrane. Tetracycline hydrochloride and silver 

sulfadiazine were incorporated into the membrane which showed sustained release in in vitro 

studies. The membranes also exhibited strong antibacterial activities against E. coli and S. 

aureus (Ma et al. 2017). Behera et al. prepared a chitosan titanium dioxide composite 

membranes which exhibited strong antibacterial activity against S. aureus. Furthermore, the 

membranes decreased oxidative stress and apoptosis and showed rapid proliferation in the 

studied mouse fibroblast L929 cells (Behera et al. 2017). An in vivo study was conducted on 

40 adult female albino rats by Ghannam et al. in which chitosan nanosilver dressings were 

prepared and compared to the intradermal injection of mesenchymal stem cells. They found 

that the chitosan nanosilver dressings exhibited faster and better wound healing capabilities 

compared to mesenchymal stem cells injections. Additionally, the use of chitosan nanosilver 

dressings were non-invasive (Ghannam et al. 2018). Sponges are flexible materials with good 

fluid absorption capacity and hydrophylicity but they are mechanically weak to hold their shape 

until new tissue forms. Thus, they can be used as burn dressing materials (Jayakumar et al. 

2011). Denkbas et al. developed cross-linked chitosan sponges loaded with norfloxacin, a 

model antibiotic drug. The sponges had a fibrillar structure when dried and a membranous 

structure when in aqueous media, suggesting that the dressing can perform the role of natural 

skin. The drug release was investigated and the results suggested that the norfloxacin release 

was swelling-controlled initially, then it was diffusion-controlled in the extended release period 

(Denkbaş et al. 2004). In a study by Deng et al., a chitosan-gelatin sponge wound dressing 

was prepared and characterized. The sponge exhibited stronger antibacterial activity against 

E. coli K88 than penicillin and stronger activity against Streptococcus than cefradine. 

Additionally, the wound healing time was found to be shorter compared to vaseline sterile 

gauze (Deng et al. 2007). Obara et al. prepared an insoluble and flexible hydrogel by applying 

ultraviolet irridation to a photocrosslinkable chitosan solution containing fibroblast growth factor 

2 (FGF-2). To evaluate its wound healing properties, an in vivo study was done on mice 

consisting of two groups: healing-impaired diabetic and normal mice. Full thickness skin 

incisions were made on the back of the mice and the hydrogels was applied. It was found that 

plain chitosan hydrogel accelerated wound closure and wound contraction compared to no 

hydrogel treatment in both diabetic and normal mice. The hydrogel loaded with FGF-2 further 

accelerated the wound healing in case of the diabetic mice (Obara et al. 2003). Chen et al. 

prepared a carboxymethyl chitosan alginate hydrogel integrated with gelatin microspheres and 

loaded with tetracycline hydrochloride. The wound dressing exhibited powerful antibacterial 

activity against E. coli and S. aureus (number of recovered bacteria: (2.60 ± 0.53) × 104 and 



  

32 
 

(4.20 ± 1.80) × 103, respectively). The in vitro drug release studies showed sustained release 

of the tetracycline hydrochloride from the hydrogel (Chen et al. 2017).  

Other medical applications: Studies on chitosan have shown that it can serve as a drug 

delivery system for the controlled release of antibiotics, anticancer drugs, antihypertensive 

agents, proteins, peptide drugs and vaccines (Sinha et al. 2004). Chitosan has been also used 

to improve the solubility of water-insoluble drugs (Miyazaki et al. 1981). Other applications 

include tissue engineering (Francis Suh et al. 2000), ocular bandage lenses (Markey et al. 

1989), artificial kidney membranes (Amiji et al. 1995), gene delivery (Park et al. 2003) and 

more.  

Dietary supplements: Chitosan is considered safe for human consumption and is non-toxic, 

therefore it has been used in pharmaceutical applications (Rúnarsson et al. 2009). Humans do 

not digest chitosan, it is therefore considered a source of dietary fiber, which is a crucial 

component of a healthy diet. Chitosan is able to bind lipids in the intestines, which reduces the 

absorbed cholesterol in the human body and has been used in weight loss formulations (Kaur 

et al. 2014). In a randomized controlled trial on 250 adults conducted by Mhurchu et al. the 

results showed the weight loss potential of chitosan. The individuals who took 3 g of chitosan 

daily for 24 weeks lost more body weight compared to placebo, however the result was not 

clinically significant (Mhurchu et al. 2004). In a more recent study by Chew et al., the impact 

of chitosan on weight loss was investigated in a blinded, randomized controlled trial on 

overweight adults. The results suggested that chitosan supplements could benefit weight loss 

in overweight adults (Chew et al. 2018). 

In a study by Anraku et al., the antioxidant effect of chitosan was investigated and the results 

suggested that chitosan reduced oxidative stress and could be used as a protein antioxidant 

in renal failure (Anraku et al. 2009). In another study by Anraku et al., ten healthy volunteers 

consumed 180 mg high molecular weight chitosan supplement three times daily for eight 

weeks and the effects were investigated. The results suggested that the supplement reduced 

pro-oxidants such as cholesterol and uremic toxins in the gastrointestinal tract compared to 

the volunteer’s initial results, thereby inhibiting oxidative stress (Anraku et al. 2011).  

Cosmetics: In cosmetics, chitosan has been used to maintain moisture, to treat acne, to 

improve hair suppleness, to tone skin and in dental care products such as toothpaste and 

chewing gums (Rinaudo et al. 2006).  

Food industry: Chitosan is an approved food ingredient in Japan, Korea, USA and Europe 

(Kaur et al. 2014). Chitosan has been used as a food preservative to prevent spoilage and to 

act as a natural antioxidant due to metal ion chelation in lipid-containing foods, hence 

prolonging shelf life (Rinaudo et al. 2006). Chitosan possesses thickening and stabilizing 

properties and has been used in the preparation of sauces. Due to its flocculating ability, it has 
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been used to clarify solutions, such as apple juice (Boguslawski et al. 1990). Chitosan in a 

dilute form can be sprayed onto fruits and vegetables to create an edible protective film with 

antibacterial and fungistatic properties (Jeon et al. 2002). Chitosan edible coatings and edible 

food packagings have been a topic of interest for many studies due to their ability to inhibit 

fungi growth of several strains except the ones containing chitosan in their cell wall (Jiang et 

al. 2001). Ribeiro et al. applied an edible chitosan coating to strawberries after harvesting to 

prolong shelf life and investigated superficial properties, wettability and oxygen permeability. It 

was found that the coating decreased the microbial growth rate of the fruit compared to no 

coating (Ribeiro et al. 2007).  

Agriculture: Chitosan offers a promising natural alternative to the use of agrochemicals and 

pesticides, which have a negative long-term impact on the environment (Kaur et al. 2014). 

Chitosan is able to elicit exogenous defense responses similar to vaccines, it promotes certain 

enzymes (phytoalexins, chitinases, pectinases and glucanases) and stimulates growth as well 

(Mauch et al. 1984). Chitosan has been used as seed coating (Benhamou et al. 1994), 

protective coating for fruits and vegetables (Dutta et al. 2009), to stimulate plant immune 

systems as well as to increase phenolic content (Bautista-Baños et al. 2006), to stimulate plant 

growth (Uthairatanakij et al. 2007), for controlled release of product into the soil (Wu et al. 

2008) and more.  

Wastewater treatment: Heavy metal contamination is an increasing global issue which can 

make natural waters unsuitable for human consumption and toxic for aquatic life (Kaur et al. 

2014). Heavy metals cannot be decomposed by in situ biological procedures (Aksu et al. 1992). 

To remove heavy metals from wastewater, various physicochemical treatments are used 

before the wastewater is discharged into the environment, such as ion exchange, chemical 

oxidation or chemical precipitation (Ilhan et al. 2004). However, these methods cause 

environmental pollution due to the use of synthetic chemical products, such as aluminum 

sulfate and synthetic polymers. Therefore, “greener” and safe alternatives are an ecological 

necessity. Chitin and chitosan have been a topic of interest in wastewater treatment due to 

their flocculating ability, polyeletrolisity, biodegradability and non-toxicity (Kaur et al. 2014). 

Saifuddin et al. developed a cost efficient and eco-friendly composite biosorbent by coating 

chitosan onto acid treated oil palm shell charcoal. The chromium metal ion adsorption capacity 

was investigated and the results suggested that’s the biosorbent worked with high efficacy. 

Furthermore, the material was produced entirely with agricultural and fishing waste and the 

adsorbent could be regenerated with sodium hydroxide, then reused (Saifuddin et al. 2005). 

Wang et al. developed a polyethyleneimine chitosan biosorbent utilizing facile microfluidics 

emulsion technology and targeted functional group modification. The resulting biosorbent 

successfully removed toxic metal ions from water and offered superior performance compared 
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to commercial chelating polymer adsorbents. Additionally, the absorbed ions could be 

desorbed in seconds using alkaline EDTA solution, providing a reusable biosorbent (Wang et 

al. 2017).  
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1.3 Chitosan-antioxidant conjugates  

Although chitosan has promising properties, it has poor aqueous solubility in neutral and alkali 

media, which limits its range of applications. However, it possesses reactive functional groups, 

namely amino and hydroxyl groups and this allows chemical modifications in order to improve 

the physical and biological properties of chitosan. Most antioxidants face limitations too, such 

as poor permeability, instability, volatility, and fast degradation (Taofiq et al. 2017). To 

overcome these challenges in the applications of antioxidants ensuring stability and crossing 

biological membranes, different methods, such as conjugates prepared by grafting 

antioxidants to chitosan have been investigated in a number of studies. Furthermore, 

synthesizing these derivatives improves stability and may increase the antimicrobial and 

antioxidant activities (Lee et al. 2014; Zhu and Zhang et al. 2014). Table 2 lists examples of 

common conjugates and the number of publications. 

 

Table 2.  Common chitosan-antioxidant conjugates 

Conjugates Publications Examples of references 

gallic acid conjugated chitosan  >40 (Lee, 2014; Božič, 2012; Curcio, 2009 ) 

ferulic acid conjugated chitosan  >20 
(Cota-Arriola, 2017; Hu, 2016; Yang, 

2016) 

caffeic acid conjugated chitosan  >20 
(Yang, 2016; Lee, 2014; Cota-Arriola, 

2017) 

cinnamic acid conjugated chitosan  >15 (Yang, 2016; Wang, 2015) 

p-coumaric acid conjugated chitosan  >15 (Yang, 2016; Chatterjee, 2015) 

chlorogenic acid conjugated chitosan  >15 (Yang, 2016; Kumar, 1999) 

eugenol conjugated chitosan  >10 (Chen, 2009; Jung, 2006) 

salicylic acid conjugated chitosan  >5 (Yang, 2016; Wei, 2010) 

catechin conjugated chitosan  >5 (Zhu, 2014; Cho, 2013; Curcio, 2009) 

epigallocatechin gallate conjugated 
chitosan 

 >5 (Moreno-Vasquez, 2017;) 

 

 

1.3.1 Gallic acid conjugated chitosan 

Gallic acid (3,4,5-Trihydroxybenzoic acid) is a natural phenolic acid, abundant in plants, 

especially in green tea. The gallic acid conjugated chitosan is the most studied conjugate as 

gallic acid is widely distributed in nature and conjugates can be easily synthesized by all 

methods described below (Chapter 1.4). Pasanphan et al. reported the carbodiimide mediated 

synthesis of gallic acid conjugated chitosan, using 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-Hydroxysuccinimide (NHS). The conjugate 

exhibited a wide range of antioxidant activity and improved aqueous solubility relative to 

unmodified chitosan (Pasanphan et al. 2008). Curcio et al. synthesized gallic acid conjugated 
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chitosan in a free radical mediated method, using H2O2/ascorbic acid redox pair and reported 

improved antioxidant activity compared to native chitosan. The reaction gave high yield under 

mild reaction conditions (Curcio et al. 2009). Božič, et al. followed a different strategy, namely 

laccase-mediated functionalization. They reported enhanced antioxidant and antimicrobial 

properties compared to the chitosan starting material. The highest ABTS radical cation 

scavenging activity was found to be for chitosan modified at pH 4.5. At the same pH, increased 

antimicrobial activity against E. coli was observed (Božič et al. 2012). Ren et al. utilized 

trimethyl chitosan (TMC) to synthesize the conjugate and reported enhanced antioxidant 

activity compared to TMC chitosan (Ren et al. 2013). Schreiber et al. reported the synthesis 

via the carbodiimide method using EDC and NHS, with a significant increase of antioxidant 

activity (89.5% DPPH scavenging activity) compared to native chitosan (9.4% DPPH 

scavenging activity) (Schreiber et al. 2013). Lee et al. prepared four gallic acid-chitosan 

conjugates with different molar ratios and tested the antimicrobial activities against ten 

foodborne pathogens. The results suggested that the conjugates possess better antimicrobial 

properties than native chitosan. The study also indicated a linear relationship between the 

degree of substitution (DS) and the antimicrobial activity (Lee et al. 2013). Liu et al. grafted 

phenolics (gallic acid, caffeic acid, ferulic acid) onto N,O-carboxymethyl chitosan utilizing the 

free radical mediated method and reported that the gallic acid conjugated chitosan had the 

highest antioxidant property compared to the other synthesized conjugates and native chitosan 

(Liu et al. 2013). Sun et al. investigated four chitosan-gallic acid edible films with different DS. 

The study reported increased antimicrobial activity against three pathogens, namely E. coli, 

Salmonella typhimurium, and Bacillus subtilis. The highest activity was exhibited by the 

conjugate with the highest DS, corresponding to previous studies. Additionally, other properties 

such us tensile strength (TS) and barrier properties improved compared to native chitosan 

(Sun et al. 2014). Liu et al. prepared microspheres using five different phenolic acids, including 

a gallic acid grafted chitosan microsphere, and studied their adsorption properties. The results 

showed excellent adsorption properties for Fe(II) ions, proposing a novel material that could 

be used for Fe(II) removal from water. However, the gallic acid grafted chitosan microsphere 

did not exhibit better adsorption capacity compared to native chitosan (Liu et al. 2015). Lee et 

al. tested the antimicrobial activity of gallic acid conjugated chitosans against Methicillin-

resistant Staphylococcus aureus (MRSA). The study determined the anti-MRSA activity 

against 2 standard strains and 10 clinical isolates. The conjugate with the highest DS exhibited 

the highest anti-MRSA activity. Additionally, all conjugates possessed enhanced anti-MRSA 

activity compared to unmodified chitosan. Furthermore, the conjugates exhibited synergic 

effects combined with ampicillin and penicillin (Lee et al. 2014). 
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1.3.2 Ferulic acid conjugated chitosan 

Ferulic acid ((E)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-enoic acid) is a natural 

hydroxycinnamic acid, abundant in the plant kingdom. It possesses antioxidant, antimicrobial, 

anti-inflammatory, anticancer and anti-thrombosis activities (Ou et al. 2004). Ferulic acid 

conjugated chitosan have been synthesized by all methods listed below (Chapter 1.4). 

Woranuch et al. synthesized ferulic acid conjugated chitosan utilizing the carbodiimide 

mediated method, and reported enhanced radical scavenging activity by ~55% compared to 

native chitosan and improved water solubility (1.3 mg/mL). The DS of the conjugate was 

estimated to be 0.37 and the study proposed a linear relationship between the DS and the 

reaction temperature up to 60°C and the reaction time up to 3 h (Woranuch et al. 2013). In the 

study carried out by Lee et al., ferulic acid conjugated chitosan was synthesized in a free 

radical mediated method, using H2O2/ascorbic acid redox pair. The conjugate exhibited 

improved antimicrobial and antioxidant activities compared to native chitosan and inhibited 

lipid peroxidation in a linoleic acid model system. However, the ferulic acid grafted conjugate 

exhibited lower scavenging activities compared to caffeic acid conjugated chitosan (Lee et al. 

2014). Liu et el. utilized the free radical grafting method to synthesize water soluble ferulic acid 

and caffeic acid conjugated chitosans and determined the in vitro and in vivo antioxidant 

activities. The ferulic conjugate exhibited improved activities compared to native chitosan, but 

did not exceed the antioxidant activity of the caffeic acid conjugated chitosan (Liu et al. 2014). 

Chatterjee et al. reported enhanced antioxidant properties compared to unmodified chitosan. 

Nevertheless, the gallic and vanillic acid conjugated chitosans exhibited higher activities. The 

antimicrobial activity was tested against seafood borne pathogens and spoilage bacteria. 

Ferulic acid conjugated chitosan exhibited improved activities compared to native chitosan and 

pure ferulic acid. In the study, the gallic acid conjugated chitosan possessed the highest, broad 

spectrum activity (Chatterjee et al. 2015). 

 

1.3.3 Caffeic acid conjugated chitosan 

Caffeic acid (3-(3,4-Dihydroxyphenyl)-2-propenoic acid) is a natural hydroxycinnamic acid, 

widely distributed in plants, such as coffee, thyme and argan oil. Caffeic acid possess 

antioxidant properties (Khan et al. 2016) and its derivative, caffeic acid phenethyl ester showed 

antiviral, anti-carcinogenic, anti-inflammatory effects (Erdemli et al. 2015). Caffeic acid 

conjugated chitosan is most commonly synthesized by the free radical mediated method. Božič 

et al. synthesized a caffeic acid functionalized chitosan film and found that the product 

possessed enhanced antioxidant activity compared to the unmodified chitosan film (Božič et 

al. 2012). Ren et al. utilized TMC and the reactive chloride form of caffeic acid to synthesize 

the conjugate and reported enhanced antioxidant activity compared to TMC (Ren et al. 2013). 
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Lee et al. synthesized caffeic acid conjugated chitosan in a free radical mediated method, 

using H2O2/ascorbic acid redox pair and investigated its antioxidant and antibacterial 

properties. The conjugate exhibited improved antioxidant activity compared to native chitosan 

and inhibited lipid peroxidation in a linoleic acid model system. The antimicrobial activity of the 

caffeic acid conjugated chitosan was tested against 15 clinical isolates, two standard MRSA, 

three standard MSSA strains and five foodborne pathogens. The conjugates had improved 

antimicrobial activity compared to native chitosan (Lee et al. 2014). Liu et al. grafted phenolics 

(gallic acid, caffeic acid, ferulic acid) onto N,O-carboxymethyl chitosan utilizing the free radical 

mediated method and reported that the caffeic acid conjugated chitosan exhibited the second 

highest antioxidant property after the gallic acid conjugated chitosan. (Liu et al. 2013). In 

another study, Liu et al. studied the in vivo antioxidant activity of the conjugate compared to 

chitosan, using D-gal induced aging mice model and the results showed enhanced antioxidant 

enzyme activities and decreased lipid peroxidation (Liu et al. 2014). Yang et al. tested the 

antibacterial activity of phenolic acid conjugated chitosans against five strains and it was found 

to be a potent agent against Ralstonia solanacearum RS-5, which causes mulberry bacterial 

wilt (Yang et al. 2016). 

 

1.3.4 Cinnamic acid conjugated chitosan 

Cinnamic acid ((2E)-3-Phenylprop-2-enoic acid) is a natural hydroxycinnamic acid, abundant 

in plants, such as cinnamon. Badawy et al. synthesized cinnamic acid conjugated chitosan 

among other N,O-acyl chitosan derivatives and investigated their fungicidal activity against 

Botrytis cinerea and Pyricularia oryzae. The results indicated that almost all synthesized 

derivatives possessed higher antifungal activity than that of chitosan. Furthermore, against 

Botrytis cinerea, cinnamic acid conjugated chitosan exhibited a 12-fold increase in activity 

compared to native chitosan, resulting in one of the most active derivative in the study (Badawy 

et al. 2004). Sasaki et al. successfully synthesized cinnamic acid conjugated chitosan through 

acylation with cinnamoyl chloride and deposited it onto calcium carbonate whisker via layer-

by-layer deposition technique (Sasaki et al. 2008). Deemak et al. synthesized cinnamic acid 

chitosan and other chitosan conjugates of cinnamoyl derivatives via the activated ester 

method, using EDC and hydroxybenzotriazole (HOBt) and investigated the self-assembly of 

the products into nanoparticulates. Scanning electron microscope (SEM) revealed that the 

cinnamic acid conjugated chitosan self-assembled into nanospheres (Deemak et al. 2011). 

Enescu et al. produced cinnamic acid conjugated chitosan, reacting cinnamoyl chloride with 

chitosan using triethylamine as base to remove HCl (Enescu et al. 2008). The metal uptake 

was investigated in competitive and non-competitive conditions as well as at different pH 

values. The results suggested that under non-competitive conditions the metal-ion uptake is 
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dependent on the pH, showing different characteristics in case of different metal-ions. Under 

competitive conditions, the compound was found highly selective for Cu(II) at pH 5.6 (Emara 

et al. 2011). Lin et al. synthesized a UV sensitive cinnamic acid conjugated chitosan using 

cinnamoyl chloride, and further modified the compound with polyethylene glycol dimethacrylate 

(PEGDMA) with the potential to be utilized as a biomedical membrane (Lin et al. 2012). Beyki 

et al. encapsulated Mentha piperita essential oils in a cinnamic acid conjugated chitosan 

nanogel and investigated the antimicrobial activity against Aspergillus flavus. The conjugate 

was synthesized via the carbodiimide mediated method, using EDC. The study reported 

enhanced activity of the encapsulated essential oils compared to free oils. The in vivo study 

using tomato demonstrated the preservation capacity of the encapsulated molecules (Beyki et 

al. 2014). Wang et al. synthesized cinnamic acid conjugated chitosan through the carbodiimide 

mediated method (using EDC and NSH), for the preparation of mixed micelles with Pluronic 

F127-cinnamic acid conjugate (Wang et al. 2015). Yang et al. reported enzymatic synthesis of 

cinnamic acid chitosan among other derivatives, using laccase enzyme. The cinnamic acid 

conjugated chitosan possessed enhanced activity against Ralstonia solanacearum compared 

to native chitosan (Yang et al. 2016). 

 

1.3.5 Coumaric acid conjugated chitosan 

p-Coumaric acid ((E)-3-(4-hydroxyphenyl)-2-propenoic acid) is a natural hydroxycinnamic acid 

widely distributed in plants and mushrooms. Antioxidant, antimicrobial, antifungal and anti-

inflammatory properties of p-coumaric acid and its derivatives have been reported (Taofiq et 

al. 2017). Eom et al. conjugated p-coumaric acid among other phenolics onto 

chitooligosaccharides (COS-s) via carbodiimide coupling (DDC, HOBt) and performed β-

secretase (BACE) assay. The phenolic acid conjugated COS-s possessed elevated BACE 

inhibitory activity compared to native COS. In the study, the caffeic acid conjugated COS 

exhibited the highest activities. The results indicated that the BACE inhibitory activity is affected 

by 3,4-dihydroxy groups and the double bonds of cinnamic acid derivatives (Eom et al. 2013). 

In another study, Eom et al. investigated the antioxidant activity of these derivatives using 

several in vitro assays. p-Coumaric acid exhibited lower antioxidant activity compared to native 

chitooligosaccharides. The comparison of structures and activities concluded that using 

hydroxycinnamic acids is more potent than using hydroxybenzoic acids and the effectiveness 

of functional groups was 3,4-dihydroxyl > 3-hydroxyl-4,5-dimethoxy > 3-hydroxy-4-methoxy > 

p-hydroxy (Eom et al. 2012). Pengpong et al. synthesized a p-coumarate-thiolated-chitosan 

via carbodiimide mediated method using EDC with the goal of increasing mucoadhesive 

properties. The in vitro piperine release study indicated that the conjugate could be used as a 

hydrophobic drug carrier (Pengpong et al. 2014).  Chatterjee et al. reported the conjugation of 
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p-coumaric onto chitosan via the free radical mediated method (H2O2/ascorbic acid). Among 

the studied conjugates, p-coumaric acid chitosan possessed the lowest antioxidant activity. 

However, it had significant antimicrobial activity against food spoilage bacteria (Chatterjee et 

al. 2015). Yang et al. reported the enzymatic synthesis of HCA chitosans among other 

derivatives, using laccase enzyme. The p-coumaric acid conjugated chitosan possessed only 

slightly enhanced activity against most Ralstonia solanacearum strains studied compared to 

native chitosan. However, against strain GIM1.76 it exhibited the highest activity among the 

tested conjugates. (Yang et al. 2016). 

 

1.3.6 Chlorogenic acid conjugated chitosan 

Chlorogenic acid ((1S,3R,4R,5R)-3-{[(2E)-3-(3,4-dihydroxyphenyl)prop-2-enoyl]oxy}-1,4,5-

trihydroxycyclohexanecarboxylic acid) is the ester of caffeic acid and L-quinic acid, abundant 

in plants, such as eggplant (Luthria et al. 2006). Kumar et al. reported chlorogenic acid grafted 

chitosan via enzyme mediated method using tyrosinase and the product had improved water 

solubility in both acidic and basic conditions (Kumar et al. 1999). Liba et al. synthesized a 

chitosan hydrogel scaffold enzymatically conjugated chlorogenic acid via tyrosinase with the 

aim of producing a dual functional hydrogel, to harvest and store electrons (Liba et al. 2013). 

Wei et al. reported the synthesis via the carbodiimide method using EDC/NHS and tested the 

derivative in stabilizing β-carotene emulsions. The physicochemical stability of the emulsion 

was found to be improved compared to native chitosan and a physical complex of chitosan 

with chlorogenic acid (Wei et al. 2016). Yang et al. reported enzymatic synthesis of chlorogenic 

acid chitosan among other derivatives, using laccase enzyme. The conjugate possessed 

enhanced activity against Ralstonia solanacearum GIM1.74, GIM1.76, GIM1000 and RS-5 

compared to native chitosan (Yang et al. 2016). 

 

1.3.7 Salicylic acid conjugated chitosan 

Salicylic acid (2-hydroxybenzoic acid) is a natural phenolic acid. It is an antioxdant (Borges et 

al. 2015) as well as a phytohormone involved in local and systemic resistance and the 

response to abiotic stress, growth, and development (Sánchez-Rangel et al. 2015). It is also 

the active pharmaceutical ingredient in many marketed products, mainly for topical use. He et 

al. synthesized salicylic acid conjugated chitosans and tested the antibacterial activities 

against E. coli and S. aureus. The results suggested that the higher the DS of the conjugate, 

the higher the antibacterial activity. Furthermore, using higher MW chitosan results in higher 

antibacterial activity (He et al. 2011). Jiang et al. reported a salicylic acid conjugated chitosan 

with 70.8% DS through the carbodiimide mediated method using EDC and DMAP. The author 
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concluded that the conjugate could be used as a safe antiplatelet aggregation and antiplatelet 

adhesion agent (Jiang et al. 2012). Wang et al. synthesized salicylic acid grafted COS-s via 

carbodiimide mediated method and reported that encapsulation with conjugate can improve 

the water solubility of a hydrophobic drug (Wang et al. 2013). 

 

1.3.8 Catechin conjugated chitosan 

Catechin ((2R,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol) is a naturally 

occurring phenol abundant in cacao and tea. Curcio et al. synthesized a catechin conjugated 

chitosan in a free radical mediated method, using H2O2/ascorbic acid redox pair and reported 

improved antioxidant activity compared to native chitosan and high yield combined with mild 

reaction conditions (Curcio et al. 2009). Zhu et al. reported improved in vitro antioxidant and 

antidiabetic properties of catechin grafted chitosan compared to unmodified chitosan (Zhu and 

Zhang et al. 2014). 

 

1.3.9 Other conjugates 

Besides the common conjugates listed in Table 2, conjugates with sinapic acid (Lee et al. 

2014), eugenol (Jung et al. 2006; Chen et al. 2009), vanillic acid (Chatterjee et al. 2015), tannic 

acid (Božič et al. 2012), protocatechuic acid (Liu et al. 2015), epigallocatechin gallate (Moreno-

Vasquez et al. 2017) and others have been reported. Phenolic acids are the most commonly 

published antioxidants that are used to make conjugates with chitosan as these are well   

known molecules, abundant and possess good primary antioxidant activity. 



  

42 
 

 

Figure 6. Proposed structures of a few published antioxidant-chitosan conjugates 
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1.4 Conjugation methods 

Three main methods have been explored in the synthesis of chitosan-antioxidant conjugates, 

namely free radical grafting, enzyme mediated synthesis and activated ester mediated 

synthesis. 

 

1.4.1 Free radical grafting method 

The free radical grafting method (Figure 7A) has recently been introduced to make chitosan-

phenolic conjugates (Mun et al. 2008) and have been frequently used since. The method relies 

on a redox-inducing system, most commonly using ascorbic acid and hydrogen peroxide which 

generates hydroxyl radicals that attack the hydrogen atoms of the amino, hydroxyl and 

methylene groups of chitosan. Chitosan radicals are then formed and these will react with the 

given antioxidant to form covalent bonds. The covalent insertion of phenolics can happen on 

three different functional groups of the chitosan, namely amino, hydroxyl, and methylene 

groups (Hu et al. 2016). It has been proposed that the grafting happens with the aromatic ring 

of the phenolic (Curcio et al. 2009), while others claim the covalent bond forms with the 

carboxyl group of the molecule (Liu et al. 2014)(Figure 7B). It is believed, that the conjugation 

positions can vary with the reaction conditions and different phenolic compounds. The 

advantage of this procedure is that it uses non-toxic reagents that are allowed in 

pharmaceutical and food processing applications. However, the method has not been 

comprehensively investigated (Hu et al. 2016). The most common conjugate synthesized and 

studied by this method is the gallic acid conjugated chitosan. 
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Figure 7A. Free radical mediated synthesis of antioxidant-chitosan conjugates 

Figure 7B. Proposed position of conjugated bond resulting from grafting of gallic acid 

 

1.4.2 Enzymatic synthesis 

The enzyme mediated synthesis (Figure 8) is another commonly used method due to its non-

toxic and eco-friendly nature. Some enzymes can convert antioxidants into highly reactive o-

quinons, which can covalently bond with the primary amino group of chitosan via a Schiff base 

or a Michael-type reaction (Hu et al. 2016). This method has the advantage of targeted 

functionalization without any toxic side effects or large amounts of reagents, however 

undesired byproducts can occur due to subsequent reactions (Yi et al. 2005). Two polyphenol 

oxidases have been extensively used, namely laccase (Božič et al. 2012) and tyrosinase 

(Kumar et al. 1999) and a few studies utilized peroxidase (Pasanphan et al. 2010). Since 

enzymes are reusable, these methods should be sustainable and low-cost. 
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Figure 8. Enzyme mediated synthesis of antioxidant-chitosan conjugates 

 

1.4.3 Activated Ester Synthesis 

The activated ester mediated synthesis (Figure 9) is commonly used in polymer chemistry, 

however in recent studies with antioxidant-chitosan conjugates the free radical grafting method 

and the enzyme mediated synthesis have been preferred. Antioxidants with carboxylic 

moieties can be conjugated onto chitosan through this method. The most extensively used 

condensing agent to synthesize phenolic acid conjugated chitosans is the water-soluble 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). It is used to activate the acid and 

mediates the formation of a covalent amide bond between the amino group of chitosan and 

the carboxyl group of the acid (Woranuch et al. 2013). It can also mediate a reaction with the 

hydroxyl groups of chitosan forming esters. Reacting the antioxidant with EDC or other 

carbodiimide coupling reagents leads to the formation of a highly reactive intermediate, which 

can either form the conjugated product or undergo hydrolysis. This is the main drawback of 

this method, but with appropriate modifications hydrolysis can be prevented (Schreiber et al. 

2013). The activated ester mediated synthesis is effective and simple. However, recent studies 

prefer the eco-friendly methods mentioned above. EDC is the most commonly reported 

reagent used in the synthesis of antioxidant conjugated chitosans, but utilizing EDC/NHS 

system (Pasanphan et al. 2008), EDC/HOBt system (Deemak et al. 2011) and DCC/HOBt 

(Eom et al. 2013) have been reported as well. 
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Figure 9. Ester mediated synthesis of antioxidant-chitosan conjugates 

 

1.4.4 Characterization of chitosan-antioxidant conjugates 

Chitosan-antioxidant conjugates have been synthesized in several studies, as described in 

Chapter 1.3, and many of them have different approaches for characterizing the products.  

An important step is to prove that the conjugation has happened and the product is indeed a 

chitosan-antioxidant conjugate. There have been different methods used in order to confirm 

the synthesis of such conjugates. A number of publications report the 1H-NMR spectra of 

chitosan and the synthesized conjugates (Eom et al. 2012; Woranuch et al. 2013; Liu et al. 

2014; Wang et al. 2015), however some questions remain about the interpretation of the 

spectral data. Some of the reported spectra often appear to show a mix of chitosan and the 

antioxidant, rather than a true conjugate. An example of this is displayed in Figure 10.  
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Figure 10. 1H-NMR spectra of: (a) ferulic acid, (b) chitosan, (c) ferulic acid conjugated 
chitosan as reported by Woranuch et al. in Carbohydrate Polymers, 2013 

Figure 10 shows a ferulic acid-chitosan conjugate’s 1H-NMR spectra published by Woranuch 

et al. The figure displays the spectra of ferulic acid (a), chitosan (b) and the conjugate (c). The 

authors claim the synthesis was confirmed and successful. Furthermore, they reported DS 

values up to 37% calculating the values from the 1H-NMR spectra based on the integral ratio 

of the methine protons of ferulic acid to H-2 of chitosan (Woranuch et al. 2013). Compared to 

other publications on the subject, DS=37% is high, however the product is questionable. The 

spectra of the claimed conjugate appear to be a mix of ferulic acid and chitosan, resulting in a 

spectra with all peaks present from both compounds. It would be expected that some of the 

ferulic acid peaks should be shifted when the acid is conjugated to chitosan and an amide is 

formed. No such shift can be observed. Broadening of the peaks is also expected when a 

polymeric conjugate is formed but this is not observed either. Another example is displayed in 

Figure 11 and was published by Wang et al.  
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Figure 11. 1H-NMR spectra of: as reported by Wang et al. in Journal of Industrial and 
Engineering Chemistry, 2015 

 

Figure 11 shows a cinnamic acid-chitooligosaccharide conjugate’s 1H-NMR spectra published 

by Wang et al. The authors claim the synthesis was successful and estimated the cinnamic 

acid to chitooligosaccharide ratio to be 1:5.5 (Wang et al. 2015). However, this reporting of the 

data was again questionable. The spectra of unmodified chitosan was not reported and the 

peaks corresponding to the chitosan backbone do not appear in the ppm range 3-5.  

Chatterjee et al. used thin-layer chromatography (TLC) to confirm the synthesis of gallic, 

ferulic, coumaric and vanillic acid conjugated chitosan derivatives. While the phenolic acids 

appeared UV-active on the developed TLC plates, no corresponding spots appeared in case 

of the conjugates (Chatterjee et al. 2015). While the absence of UV-activity in case of the 

products has proved there was no free phenolic content present, it is still a vague proof of the 

products, furthermore it does not provide information about possible contaminations.  

IR-spectroscopy has also been utilized in several publications to confirm the synthesis of 

antioxidant-chitosan conjugates (Pasanphan et al. 2008; He et al. 2011; Božič et al. 2012; Ren 

et al. 2013; Moreno-Vasquez et al. 2017; Schreiber et al. 2013). It is based on the different 

bonds present in phenolics, chitosan and their conjugates. The presence of new chemical 

bonds are used to confirm conjugation via the –NH2 or the –OH moieties of chitosan. The 

characteristic absorption peaks in chitosan are the following: amide I, C=O stretching at 1652 

cm-1; amide II, N-H bending at 1559 cm-1 and amide III, C-N bending at 1320 cm-1 of the 
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residual N-acetyl groups (Liu et al. 2015). The band at 1559 cm-1 corresponds to the N-H 

bending of the primary amine group of chitosan. When this peak decreases or disappears, it 

suggests the formation of an amide linkage (Aljawish et al. 2012). When an ester bond at 1730 

cm-1 is present (C=O stretch), it suggests conjugation via the hydroxyl groups of chitosan 

(Pasanphan et al. 2008).  

 

 

 



  

50 
 

2  AIM 
 
The synthesis of chitosan antioxidant conjugates have been reported in many studies, as 

discussed in Chapter 1. However, many of these studies suffer from shortcomings, such as ill-

defined products, somewhat questionable characterization of the final products and/or low DS.  

These studies do not agree on if or to what extent the conjugation of different antioxidants to 

chitosan improves the antioxidant or antimicrobial activity.  

Hence, there is a need for a better approach to evaluate the true potential of chitosan 

antioxidant conjugates.  

The aim of the first part of the project was to develop a new synthetic strategy for the synthesis 

of four antioxidant-chitosan conjugates using hydroxycinnamic acids, namely cinnamic, p-

coumaric, ferulic and caffeic acids. The new synthetic strategy used a silyl protective group, 

namely TBDMS-protection to mask the hydroxyl functionalities of both the chitosan backbone 

and the aromatic core of the hydroxycinnamic acids. The focus points of the study were to 

develop a new method that provides products with high DS, to properly characterize them and 

to confirm the synthesis of true conjugates. Furthermore, the antibacterial and antioxidant 

properties of the compounds were to be investigated to evaluate the structure activity 

relationship. 

Thus, the specific aims were: 

1. To develop a synthetic strategy, based on the use of TBDMS protection for the 

synthesis of chitosan antioxidant conjugates with high DS. 

2. To fully characterize the structures to show that N-acyl conjugates have been formed 

3. To investigate the effect of antioxidant conjugation on the antioxidant properties of 

chitosan. 

4. To investigate the effect of antioxidant conjugation on the antimicrobial effect of 

chitosan. 

5. To establish the structure activity relationship of chitosan antioxidant conjugates. 
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3 MATERIALS AND METHODS 

3.1 Materials 

Chemicals  

Chitosan (DA=12.50%, MW=136.41 kDa) Primex ChitoClear TM3511 

Chitosan (DA=17.93%, MW=14.62 kDa) Primex ChitoClear TM3623 

Chitosan(DA=12.09%, MW=233.77 kDa) HMC+ 

Cinnamic acid (≥97%, RG)  Aldrich 

p-Coumaric acid (≥98%, HPLC) Sigma 

Caffeic acid (≥98%, HPLC) Sigma 

Ferulic acid (≥97%, RG) Aldrich 

Imidazole (puriss. ≥99.5%) Sigma Aldrich 

tert-Butyldimethylsilyl chloride (TBDMSCl) (≥97%, RG) Aldrich 

4-Dimethylaminopyridine (DMAP) (puriss. ≥99%) Fluka 

tert-Butyldimethylsilyl trifluoromethanesulfonate (TBDMSOTf) Aldrich 

Cinnamoyl chloride (≥98%, RG) Sigma Aldrich 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC) (purum. ≥98%) Sigma Aldrich 

Hydroxybenzotriazole (HOBt) (purum. ≥98%) Aldrich 

N-Hydroxysuccinimide (NHS) (purum. ≥98%) Aldrich 

N,N'-Dicyclohexylcarbodiimide (DCC) (purum. ≥98%) Fluka 

2,2-Diphenyl-1-picrylhydrazyl (DPPH) (puriss. ≥99%) Aldrich 

Sodium chloride (NaCl) (puriss. ≥99.5%) Sigma Aldrich 

2,6-lutidine Aldrich 

Methanesulfonic acid (puriss. ≥99.5%) Sigma-Aldrich 

Thionyl chloride (purum. ≥99%) Fluka 

Triethyl amine (TEA)  Sigma Aldrich 

Hydrochloric acid (HCl) Merck 

Spiritus fortis (96% ethanol) Gamla apótekid 

Methanol (MeOH) (≥99.9%, HPLC) Honeywell 

Glacial acetic acid (puriss. 100%) Merck 

Deionized water (H2O) Háskóli Íslands 

Acetone (AG) Skeljungur 

Dimethylsulfoxide (DMSO) (anhydrous, ≥99.9%) Sigma Aldrich 

N,N-Dimethylformamide (DMF) (anhydrous, ≥99.8%) Sigma Aldrich 

Acetonitrile (≥99.8%, GC) Honeywell 
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Dichloromethane (DCM) (≥99.8%, HPLC) Honeywell 

Ethyl acetate (EtOAc) (≥99.7%, HPLC) Honeywell 

Petroleum ether (≥99.9%, HPLC) Honeywell 

Deuterium oxide (D2O) Aldrich 

Deuterium chloride (DCl) Aldrich 

Acetic acid-d4 (CD3COOD) Aldrich 

Chloroform-d (CDCl3) Aldrich 

Dimethyl sulfoxide-d6 (DMSOd6) Aldrich 

Silica gel 60 (0.063-0.200 mm) Merck 

  

Instument/Equipment/Others  

Standard RC Tubing Dialysis Membrane MWCO: 3.5 kDa Spectra/Por 

Magnetic stirrer Thermo Scientific 

Rotavapors Buchi V-805 

 Buchi R-3 

 Buchi R-300 

Weight scale Mettler Toledo 

TLC plate Fluka 

UV lamp (254 nm) Camag 

Vacuum pump Millipore 

Vacuum oven Gallenkamp 

Freeze-dryer Scanvac 

IR-spectrometer Nicolet iZ10 Thermo Scientific 

NMR-spectrometer Avance 400 Bruker 

pH meter Orion 3 star 

Vortex Genie 2 Fischer 
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3.2 Methods 
 

3.2.1 Mesylate salt of chitosan  

The first step of the multistep synthesis is the transformation of chitosan to the corresponding 

mesylate salt of the protonated form using methanesulfonic acid. This chitosan salt is highly 

soluble in DMSO. This is crucial in order to execute the next step, the synthesis of 3,6-di-

TBDMS chitosan.  

The procedure described by Benediktsdóttir et al. was utilized with some modifications for the 

synthesis of chitosan mesylate (Benediktsdóttir et al. 2011):  

The chitosan (1, 1g) was weighed into a large beaker and placed into an ice bath. 

Methanesulfonic acid (9.7 mL, 25 eq corresponding to the eq of –NH3 groups in the polymer) 

was added slowly while stirring the suspension. Next, water was added drop-wise until clear 

homogenous solution was obtained. After stirring the reaction mixture for 1 h at rt, cold spiritus 

fortis was added causing white precipitate to be formed in the solution. The solid material was 

washed on a sintered funnel with plenty of spiritus fortis and acetone. The obtained salt 

precipitate was then redissolved in H2O, stirred for 1 h, re-precipitated using acetone, filtered 

on sintered funnel and finally washed with plenty of acetone. The obtained mesylate salt was 

dried in vacuum oven for 9 h and powdered in a mortar (Yield: 1.5 g). The salt formation was 

confirmed by 1H-NMR. 

1H NMR (400 MHz, D2O) δ ppm: 2.08 (H-Ac, s), 2.83 (CH3S, s, 3H), 3.20 (H-2, s, 1H), 3.48–

4.08 (H-3-H-6, m, 5H), 4.87 (H-1, partially overlapped with the solvent peak, s, 1H). 

 

3.2.2 3,6-di-TBDMS chitosan 
 

The second step of the antioxidant-chitosan conjugate synthesis is the protection of the 

hydroxyl groups of the chitosan backbone. Chitosan possesses 2 types of hydroxyl groups 

which require protection, namely a primary –OH on C-6 and a secondary –OH on C-3 position. 

The procedure described by Benediktsdóttir et al. was utilized with slight modifications for the 

synthesis of 3,6-di-TBDMS chitosan (Benediktsdóttir et al. 2011):  

First, the mesylate salt of chitosan (6, 1 g) was weighed into a 2-neck round bottom flask 

(RBF1) and dissolved in dry DMSO (15 mL) under N2. Meanwhile, in another round bottom 

flask (RBF2), TBDMSCl (2.9 g, 5 eq) and imidazole (4.5 g, 17 eq) were stirred in dry DMSO 

(15 mL) under N2 for 1 h to form a white turbid solution. Next, the content of RBF2 was slowly 

added to RBF1 with the help of a syringe. After the addition of reagents and stirring overnight, 

a gel-like material formed in the reaction mixture which was filtered on a sintered funnel and 

washed with plenty of water followed by washing with acetonitrile until powder-like material 
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was obtained. The compound was then dried in vacuum oven at 40 °C for 9 h and powdered 

in a mortar (Yield: 3.0 g). The synthesis was confirmed by 1H-NMR.  

1H NMR (400 MHz, CDCl3) δ ppm: 0.16 ((CH3)2Si, s, 12H), 0.99 ((CH3)3C, s, 18H), 2.81 (H-2, 

s, 1H), 3.19-4.82 (H-1-H-6, m, 6H). 

 

 

Figure 12. Synthesis of the mesylate salt of chitosan and 3,6-di-TBDMS chitosan 

 

3.2.3 TBDMS-hydroxycinnamic acids 

Four hydroxycinnamic acids (HCA) were used in this study, namely cinnamic acid (2), p-

coumaric acid (3), ferulic acid (4) and caffeic acid (5). In order to obtain an amide bond via the 

carboxylic moiety of the acids with the amino group of chitosan, the reactive hydroxyl groups 

of the HCA-s required protection. Thus, TBDMS protection was carried out.  

This can be achieved by using the same reagents that are used with the chitosan, making the 

cleavage of protective groups simple in the last steps of the synthesis.  Therefore, TBDMS-Cl 

and imidazole were utilized for the protection to obtain a crude product of the corresponding 

acid which is purified in further steps. It was not necessary to perform this step in the case of 

cinnamic acid, since it is lacking hydroxyl groups on its aromatic core. 
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Figure 13. Synthesis of TBDMS protected hydroxycinnamic acids 
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3.2.4 Synthesis of p-TBDMS-coumaric acid 

 A successful synthesis method for TBDMS-protected p-coumaric acid (4-O-tert-

butyldimethylsilylcoumaric acid) was reported by Matsuno et al. that was therefore 

followed in this study (Matsuno et al. 2001). Firstly, the coumaric acid (3, 1 g, 1 eq) 

was dissolved in N,N-dimethylformamide (DMF) and imidazole (4.9 g, 12 eq) was 

added. Next, the reaction mixture was cooled to 0 °C and TBDMSCl (10.9 g, 12 eq) 

was added. The solution was allowed to stir at room temperature overnight under N2 

atmosphere. The reaction mixture was then diluted with ethyl acetate (EtOAc), washed 

with 10% aq. NaHCO3 and brine. Subsequently it was dried over Na2SO4 and put to a 

rotavapor.  The resulting oil was redissolved in dichloromethane (DCM) and 

concentrated again. The procedure resulted in a yellowish oil which still contained 

DMF. To obtain the product, column chromatography was performed (Silica gel 60 

(0.063-0.200 mm), 1-15% EtOAc in petroleum ether). The progress was monitored by 

thin-layer chromatography (TLC) in the following way: a few drops of the reaction 

mixture was mixed with 0.5 mL water and 0.5 mL EtOAc in a small vial, shaken for 30 

sec and a sample was taken from the upper layer with the help of a capillary tube. The 

starting material (S), the crude product (P) and the mix of both (Co) were spotted on a 

silica plate which was ran in 10% EtOAc-Petroleum ether eluent. The results were 

visualized in a UV chamber at 250 nm. When the spots representing the product and 

starting material were clearly separated, the fraction from the column chromatography 

was collected for further processing. The obtained crude product was precipitated in 

water, vacuum filtered on sintered funnel, washed with plenty of water and dried in 

vacuum oven for 8 h (Yield: 0.71 g). The synthesis was confirmed by 1H-NMR. The 

obtained spectra is displayed in Figure 14. 

1H NMR (400 MHz, CDCl3) δ ppm: 0.15 ((CH3)2Si, s, 6H), 0.92 ((CH3)3C, s, 9H), 6.24 

(H-1, d, 1H), 6.78 (H-4, H-5, d, 2H), 7.37 (H-3, H-6, d, 2H), 7.66 (H-2, d, 1H). 
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Figure 14. 1H-NMR spectra of p-TBDMS-coumaric acid 
 

 

3.2.5 Synthesis of TBDMS-ferulic acid and di-TBDMS-caffeic acid 

The synthesis of TBDMS-ferulic acid (4-O-tert-butyldimethylsilylferulic acid) and di-

TBDMS caffeic acid (3,4-O-tert-butyldimethylsilylcaffeic acid) were carried out 

following the aforementioned procedure utilized in the p-TBDMS-coumaric acid 

synthesis. 

TBDMS-ferulic acid: Firstly, the ferulic acid (4, 1 g, 1 eq) was dissolved in N,N-

dimethylformamide (DMF) and imidazole (4.1 g, 12 eq) was added. Next, the reaction 

mixture was cooled to 0 °C and TBDMSCl (9.2 g, 12 eq) was added. The solution was 

allowed to stir at room temperature overnight under N2 atmosphere.  The reaction 

mixture was then diluted with ethyl acetate (EtOAc) and washed with 10% aq. NaHCO3 

and brine.  Dried over Na2SO4 and put to a rotavapor. The resulting oil was redissolved 

in dichloromethane (DCM) and concentrated again. The procedure resulted in a 

yellowish oil which still contained DMF. To obtain the product, column chromatography 

was performed (Silica gel 60 (0.063-0.200 mm), 1-15% EtOAc in petroleum ether). The 

progress was monitored by thin-layer chromatography (TLC) in the following way: a 

few drops of the reaction mixture was mixed with 0.5 mL water and 0.5 mL EtOAc in a 

small vial, shaken for 30 sec and a sample was taken from the upper layer with the 

help of a capillary tube. The starting material (S), the crude product (P) and the mix of 
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both (Co) were spotted on a silica plate, which was ran in 10% EtOAc-Petroleum ether 

eluent. The results were visualized in a UV chamber at 250 nm. When the spots 

representing the product and starting material were clearly separated, the fraction from 

the column chromatography was collected for further processing. The obtained crude 

product was precipitated in water, vacuum filtered on sintered funnel, washed with 

plenty of water and dried in vacuum oven for 8 h (Yield: 1.05 g). The synthesis was 

confirmed by 1H-NMR. The obtained spectra is displayed in Figure 15. 

1H NMR (400 MHz, CDCl3) δ ppm: 0.18 ((CH3)2Si, s, 6H), 1.00 ((CH3)3C, s, 9H), 3.85 

(CH3, s, 3H) 6.31 (H-1, d, 1H), 6.86 (H-4, d, 1H), 7.05 (H-3, H-5, d, 2H), 7.71 (H-2, d, 

1H). 

 

Figure 15. 1H NMR spectra of TBDMS-ferulic acid 

 

di-TBDMS-caffeic acid: Firstly, the caffeic acid (5, 1 g, 1 eq) was dissolved in N,N-

dimethylformamide (DMF) and imidazole (4.9 g, 12 eq) was added. Next, the reaction 

mixture was cooled to 0 °C and TBDMSCl (9.9 g, 12 eq) was added. The solution was 

allowed to stir at room temperature overnight under N2 atmosphere. The reaction 

mixture was then diluted with ethyl acetate (EtOAc) and washed with 10% aq. NaHCO3 

and brine.  Dried over Na2SO4 and put to a rotavapor.  The resulting oil was redissolved 

in dichloromethane (DCM) and concentrated again. The procedure resulted in a 
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yellowish oil which still contained DMF. To obtain the product, column chromatography 

was performed (Silica gel 60 (0.063-0.200 mm), 1-15% EtOAc in petroleum ether). The 

progress was monitored by thin-layer chromatography (TLC) in the following way: a 

few drops of the reaction mixture was mixed with 0.5 mL water and 0.5 mL EtOAc in a 

small vial, shaken for 30 sec and a sample was taken from the upper layer with the 

help of a capillary tube. The starting material (S), the crude product (P) and the mix of 

both (Co) were spotted on a silica plate, which was ran in 10% EtOAc-Petroleum ether 

eluent. The results were visualized in a UV chamber at 250 nm. When the spots 

representing the product and starting material were clearly separated, the fraction from 

the column chromatography was collected for further processing. The obtained crude 

product was precipitated in water, vacuum filtered on sintered funnel, washed with 

plenty of water and dried in vacuum oven for 8 h (Yield: 1.23 g). The synthesis was 

confirmed by 1H-NMR. The obtained spectra is displayed in Figure 16. 

1H NMR (400 MHz, CDCl3) δ ppm: 0.22 ((CH3)2Si, s, 12H), 0.99 ((CH3)3C, s, 18H), 6.23 

(H-1, d, 1H), 6.83 (H-3, d, 1H), 7.03 (H-4 and H-5 merge, s, 2H), 7.64 (H-2, d, 1H). 

 

Figure 16. 1H NMR spectra of di-TBDMS-caffeic acid 

 

 

 

3.2.6 Synthesis of HCA conjugated chitosan  

In the first step, the cinnamic acid and the TBDMS protected HCA-s (16-18, 0.5 g, 1 

eq) were refluxed with thionyl chloride (SOCl2, 11 mL, 8 eq) in DCM for 5 hours then 
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concentrated in vacuo to provide crude cinnamoyl chloride or p-TBDMS-

coumaroyl/feruloyl/caffeoyl chloride. Then, the chloride (0.25 eq) was reacted with 3,6-

di-TBDMS-chitosan (1 eq), using varying quantities of TEA in DCM in the reactions 

with different reaction times. The goal was to control the DS for the conjugates with 

the desired DS values of 25% and 50%. The initial reactions were carried out following 

the publication of Okamoto et al., where the equivalent  ratio of chitosan:TEA was 1:7.6 

A full factorial design was then carried out to find the optimal reaction conditions for 

the desired products. The obtained crudes were worked up by evaporating the solvent, 

then redissolving the crude in DCM and concentrating again, which was followed by 

an extensive washing with H2O and acetonitrile (ACN). The obtained product was dried 

in vacuum oven at 40 °C for 8 h.  

 

3.2.7 Deprotection 

The final step was the deprotection by stirring in a 2M HCl solution in methanol for 48 

h, followed by ion exchange in a 10 %w/v NaCl solution and dialysis against pure water 

for 4 days with 8 changes of water. The deprotected and purified materials were 

lyophilized, resulting in the final products, namely the cinnamic acid conjugated 

chitosan (19-38), p-coumaric acid conjugated chitosan (39-41), ferulic acid conjugated 

chitosan (45-47) and caffeic acid conjugated chitosan (42-44). The final products were 

obtained with 52-64% yields.   

The DS of the products were determined by 1H-NMR spectroscopy and the calculation 

methods can be found in Chapter 3.3.1. 

Cinnamic acid conjugated chitosan: 1H NMR (400 MHz, D2O, CD3COOD) δ ppm: 2.08 

(H-Ac, s), 3.23 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 4.89 (H-1, partially overlapped 

with the solvent peak, s, 1H), 6.74 (H-7, d), 6.90 (H-11, t), 7.51 (H-10, H-12, t), 7.69 

(H-8, d), 8.02 (H-9, H-13, d). 

p-Coumaric acid conjugated chitosan: 1H NMR (400 MHz, D2O, CD3COOD) δ ppm: 

2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 5.06  (H-1, partially 

overlapped with the solvent peak, s, 1H), 6.58 (H-7, d), 6.94 (H-10, H-11, d), 7.53 (H-

9, H-12, d), 7.59 (H-8, d).  

Caffeic acid conjugated chitosan: 1H NMR (400 MHz, D2O, CD3COOD) δ ppm: 2.08 

(H-Ac, s), 3.05 (H-2, s, 1H), 3.17–4.02 (H-3-H-6, m, 5H), 4.91 (H-1, partially overlapped 

with the solvent peak, s, 1H), 6.20 (H-7, d), 6.78 (H-9, d), 6.95 (H-10, d), 7.02 (H11, s) 

7.46 (H-8, d).  
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Ferulic acid conjugated chitosan: 1H NMR (400 MHz, D2O, CD3COOD) δ ppm: 2.08 

(H-Ac, s), 3.20 (H-2, s, 1H), 3.32–4.24 (H-3-H-6, m, 5H), 3.77 (O-CH3, overlapping with 

chitosan peaks) 4.94 (H-1, partially overlapped with the solvent peak, s, 1H), 6.71 (H-

7, d), 7.48 (H-9 and H-10 merge), 6.95 (H-10, d), 7.60 (H11, s) 7.66 (H-8, d).  

 

 

 

Figure 17. Reaction schemes for the synthesis of HCA-chitosan conjugates 
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3.3 Characterization 

3.3.1 1H NMR spectroscopy 

1H NMR samples were measured with Bruker AVANCE 400 (Bruker Biospin GmbH, 

Karlsruhe, Germany) operating at 400 MHz at 298 K. In case of chitosan containing 

samples, the N-acetyl peak (2.08 ppm) was used as the internal reference with D2O, 

D2O/CD3COOD and D2O/DCl solvents. In case of the hydroxycinnamic acid samples 

DMSO and CDCl3 solvents were utilized and the chemical shifts were referenced to 

the residual hydrogen signal of the corresponding deuterated solvent. The 

concentration of the samples ranged between 0.5 and 15 mg/mL. Topspin software 

was utilized to interpret the spectra. The integral values were used to estimate the DS 

of the precursors and the derivatives. The following equations were used to determine 

the DS values: 

 

o DS for acetylation (Degree of acetylation, DA): 

           𝐷𝑆 = [
∫ 𝐻𝐴𝑐

∫ 𝐻2 − 𝐻6
𝑥

6

3
] 𝑥100 

 

 

Figure 18. 1H NMR spectra of chitosan (TM 3511). DA=14.4% 
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o Mesylate/NH3
+ ratio: 

  𝐷𝑆 = [
∫ 𝐶𝐻3

∫ 𝐻2
𝑥

1

3
] 𝑥100 

 

 

Figure 19. 1H NMR spectra of mesylate chitosan salt. Mesylate to NH3
+ 

ratio=100%  
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o TBDMS protection of chitosan:  

o The 100% TBDMS protection can be confirmed by its free solubility in CHCl3 

or DCM and can be further confirmed by NMR in CDCl3 

𝐷𝑆 = [
∫ 6(𝐶𝐻3)

∫ 𝐻1 − 𝐻6
𝑥

7

18
] 𝑥100 

 

 

Figure 20. 1H NMR spectra of 3,6-di-TBDMS-chitosan. DS=100% 
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o Cinnamic acid conjugated chitosan: 

   𝐷𝑆 = [
∫ 𝐻7 − 𝐻13

∫ 𝐻2 − 𝐻6
𝑥

6

7
] 𝑥100 

 

 

Figure 21. 1H NMR spectra of cinnamic acid conjugated chitosan. DS=9.5% 
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o p-Coumaric acid conjugated chitosan: 

   𝐷𝑆 = [
∫ 𝐻7 − 𝐻12

∫ 𝐻2 − 𝐻6
𝑥

6

6
] 𝑥100 

 

 

Figure 22. 1H NMR spectra of p-coumaric acid conjugated chitosan. DS=10.8%. 
(Traces of TBDMS: 4.3%) 
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o Caffeic acid conjugated chitosan: 

   𝐷𝑆 = [
∫ 𝐻7 − 𝐻11

∫ 𝐻2 − 𝐻6
𝑥

6

5
] 𝑥100 

 

 

Figure 23. 1H NMR spectra of caffeic acid conjugated chitosan. DS=12.5% 
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o Ferulic acid conjugated chitosan: 

   𝐷𝑆 = [
∫ 𝐻7 − 𝐻11

∫ 𝐻2
𝑥

1

5
] 𝑥100 

 

 

Figure 24. 1H NMR spectra of ferulic acid conjugated chitosan. DS=26%. (Traces 
of TBDMS: 3.3%) 

 

3.3.2 ATR-IR spectroscopy 

IR measurements were performed in a Nicolet iZ10 spectrometer (Thermo Scientific, 

Madison, USA) and the collected spectra were analyzed with OMNIC software. A 

background was collected, 10-50 mg of sample was loaded on the diamond sampling 

accessory and pressed with the pressure tower of the instrument to ensure best 

contact. The samples were collected with the Smart iTX ATR sampling accessory in 

transmittance mode with 32 scans and a resolution of 4 cm-1. Finally, the obtained 

peaks were identified to confirm the structure of the compounds.  
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3.3.3 Gel permeation chromatography 

Molecular weights were determined using Gel permeation chromatography (GPC) 

and the following instruments were utilized: Polymer Standards Service (PSS) 

GmbH, Germany, WinGPC Unichrom on Dionex HPLC system equipped with a 

series of three columns [Novema 10µ guard (50 x 8 mm), Novema 10µ 30 Å (150 x 8 

mm) and Novema 10µ 1000 Å (300 x 8 mm)], and PSS´s ETA-2010 viscometer and 

Shodex RI-101 detectors using the Dionex Ultimate 3000 HPLC system, Dionex 

Ultimate 3000 HPLC pump, and Dionex Ultimate 3000 autosampler. The mobile 

phase used was 0.1 M NaCl + 0.1 % TFA in Millipore water with the flow rate of 1 

mL/min. The injection volume was 100 µL and the temperature was 25°C. The 

molecular weights were calculated relative to a Poly(2-vinylpyridine) standard 

(provided by PSS-kit) with varying average molecular weight. All samples were 

dissolved in the same eluent as mentioned above, filtered through a 0.45 μL filter 

(Spartan 13/ 0.45 RC, Whatman) before measurement. The data were collected and 

analyzed using the PSS WINGPC Unity 7.4 software.  

 

3.3.4 Antibacterial activity 

The minimum inhibitory concentration (MIC) and minimum lethal concentration (MLC) 

measurements were performed according to the CLSI standard (CLSI, 2006). The 

media used for the MIC test was Mueller Hinton broth (adjusted to pH 5.5 with HCl) 

and Mueller Hinton agar for the MLC. The samples were dissolved in 5 %v/v DMSO in 

H2O at a concentration of 8192 µg/mL. 50 µL of broth was added to wells 2-12 of a 

micro-titer plate, then 50 µL of sample solution was added to the first two wells and a 

double dilution series was prepared from well 2-10. Bacterial solutions of E. coli (ATCC 

25922) and S. aureus (ATCC 29213) were prepared at 0.5 MacFarland (108 bacteria), 

and diluted 100 times (106 bacteria). 50 µL of bacterial solution was added from wells 

1-11. Gentamicin was used as positive control while the bacteria without the 

conjugates served as negative control (well 12). The wells and plates were incubated 

at 36 °C for 24 h.  

3.3.5 Antioxidant activity  

The DPPH radical scavenging activity was evaluated using the method reported by 

Moreno-Vasquez et al. with slight modifications (Moreno-Vasquez et al. 2017). In the 

DPPH assay, DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical was used. 

Antioxidants reduce the DPPH radical to a yellowish compound, namely 

diphenylpicrylhydrazine. The conjugates scavenging abilities were determined in 
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terms of DPPH-reducing for each conjugate. A 1:1 mix of 1 %v/v acetic acid solution 

in H2O and MeOH solvent system was used to dissolve the samples by stirring 

overnight. The hydroxycinnamic acids were dissolved at 3744 µg/mL, the chitosan 

starting material was dissolved at 5000 µg/mL and the conjugates were dissolved at 

5616 µg/mL starting concentration. Double dilution series were prepared in MeOH. 

Next, DPPH solution was prepared in MeOH at 0.1 mM concentration. To 500 µL 

sample was added 2500 µL DPPH solution and allowed to stand in darkness at room 

temperature for 1 h. The absorbance was measured at 512 nm using an Ultrospec 

2000 pro UV/Visible spectrophotometer. The solvent was used as the blank without 

DPPH. Solvent+DPPH was used as the control. The scavenging activities were 

expressed as the percent inhibition of DPPH and calculated with the following 

equation: 

Inhibition % =(1 −
Abs1−Abs2

Abs0
) x 100 

where Abs1 is the absorbance of the corresponding sample, Abs2 is the absorbance 

of the sample without DPPH solution and Abs0 is the absorbance of the control. The 

absorbance values were plotted against the logarithmic final concentration in a semi-

logarithmic graph to determine the IC50 values.  
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4  RESULTS AND DISCUSSION 
 

4.1 Synthesis of chitosan derivatives 

Four new chitosan-antioxidant conjugates were synthesized with a newly developed 

procedure using chitosan (1, MW=136.41 kDa, DA=12.50%) and four different 

hydroxycinnamic acids: cinnamic (2), p-coumaric (3), ferulic (4) and caffeic (5) acids. 

To enable derivization, first the chitosan starting material was converted to its mesylate 

salt, which increased its solubility in organic solvents. Next, silyl protection was carried 

out using TBDMSCl in both the chitosan and three of the hydroxycinnamic acids in 

order to mask the reactive hydroxyl groups of the compounds. This was done to allow 

a selective reaction of acid chlorides with the amino group of chitosan resulting in an 

amide bond in the desired conjugate. The conjugation step was developed with 

cinnamic acid, which was then adapted to the remaining antioxidants as well. Cinnamic 

acid did not require TBDMS-protection as it does not possess an alcoholic –OH in its 

structure, making it a good candidate for the synthesis development. A full-factorial 

design was carried out utilizing the Design of Experiment (DOE) approach in order to 

find the optimal reaction conditions. With the newly developed method, all four 

conjugates were successfully synthesized with three different DS values each. The 

initial goal was to prepare 25 and 50% DS compounds, however this was not feasible 

in all cases. Overall, it can be concluded that all conjugates have been prepared with 

a low (DS=2-11%), a medium (DS=13-16%) and a high DS (DS=30-53%) to compare 

their activities. All compounds were characterized by 1H NMR and ATR-IR 

spectroscopies. The antibacterial activity was determined using the broth microdilution 

method and the antioxidant activity was calculated using the DPPH assay. Further 

details are discussed in the following chapters.  

 

4.1.1 3,6-di-TBDMS-chitosan  

The first step of the multistep procedure was the synthesis of chitosan mesylate salt 

(6-9) using methanesulfonic acid. Obtaining a chitosan salt allowed the compound to 

be soluble in some polar organic solvents such as DMSO. This was very important to 

enable the next step, the synthesis of 3,6-di-TBDMS chitosan (10-15) (Rúnarsson et 

al. 2008). The second step was the protection of the hydroxyl groups of the chitosan 

backbone. This was done using TBDMSCl reagent with imidazole as a base and 

catalyst in DMSO solvent.  
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Both methods were carried out following the publication of Benediktsdóttir et al. with 

some modifications (Benediktsdóttir et al. 2011). The aim was to obtain fully mesylated 

chitosan in the first step, then to obtain full TBDMS protection in the second step. The 

DS was determined from the 1H NMR spectra (See chapter 3.3.1).  

Three different chitosan starting materials were tested at this stage. The first chitosan 

(1) possessed MW=136.41 kDa with a DA of 12.50%, which is considered a medium 

MW chitosan. The second chitosan (1B) was a low MW chitosan with MW=14.62 kDA 

and DA=17.93%, while the third chitosan starting material (1C) possessed high MW 

(MW=233.77, DA=12.09%). The conversion to the corresponding mesylate salt was 

carried out with all three chitosans successfully, resulting in salts with 1:1 molar ratio 

og NH3
+ groups to CH3SO4

-. Furthermore, in case of the high MW chitosan, two 

procedures were tested. The first procedure was the standard method, using 25 eq 

CH3SO3H and H2O. The second method was a procedure developed specifically for 

high MW chitosan, described by Sahariah et al. (Sahariah et al. 2016). In the second 

reaction, chitosan was dissolved in 1 %v/v acetic acid H2O solution, then 1.5 eq 

CH3SO3H was added. Both methods and all starting materials resulted in fully 

mesylated chitosans. Thus, all compounds were used in the next step, namely the 

TBDMS chitosan synthesis. Table 3 shows the results of the mesylate chitosan salt 

synthesis.  

 

Table 3. Summary of chitosan mesylate syntheses 

Starting 
material 

DA of 
chitosan (%) 

MW of 
chitosan(kDa) 

CH3SO3H (eq) 
Product 

No. 
Mesylate/NH3

+ 
ratio (%) 

Chitosan 1 12.50 136 25 6 100 

Chitosan 1B 18.15 14 25 7 100 

Chitosan 1C 5.90 233 1.5 8 100 

Chitosan 1C 5.90 233 25 9 100 

 



  

73 
 

Next, the TBDMS protection of chitosan was carried out. The aim was to obtain a fully 

protected chitosan in one step. The DS of protection was calculated based on the 1H 

NMR spectra of the products (See chapter 3.3.1). Table 4 shows the results of the 3,6-

di-TBDMS chitosan synthesis. All these syntheses were carried out in the same way, 

with the use of 5 eq TBDMSCl reagent, 17 eq imidazole in DMSO solvent under N2. 

The formation of a gel-like product was considered the indication of a successful 

synthesis. 

Table 4. Summary of 3,6-di-TBDMS syntheses 

Starting 
material 

DA of 
chitosan (%) 

MW of 
chitosan 

(kDa) 

Product 
No. 

TBDMS DS 
(%) 

6 12.52 136 10 100.00 

7 17.77 14 11 97.99 

8 5.90 233 12 NA 

8 5.90 233 13 68.55 

8 5.90 233 13B NA 

9 5.90 233 14 75.57 

9 5.90 233 15 NA 

 

The synthesis of 3,6-di-TBDMS chitosan was found to be more challenging than the 

mesylate chitosan synthesis, where full mesylation was easily achieved. In case of the 

TBDMS protection, 100% DS was only achieved from compound 6, a chitosan 

mesylate which was obtained from chitosan 1 (MW=136.41 kDa, DA=12.50%). Nearly 

full protection, namely 97.99% TBDMS substitution was achieved from compound 7, 

which mesylate was synthesized from chitosan 1B, the low molecular weight chitosan 

(MW=14.62 kDa, DA=17.93%). In case of the mesylate salt prepared from the high 

molecular weight chitosan (1C, MW=233.77 kDa, DA=12.09%), full protection was not 

obtained. In the first attempt to synthesize 3,6-di-TBDMS chitosan from compound 8, 

the reaction (12) was concluded unsuccessful since there was no product separating 

from the reaction mixture. The reaction mixture was dialyzed against water for 2 days, 

which resulted in the formation of a precipitate. After filtering, washing and drying the 

precipitate, it did not dissolve in chloroform or DMSO, therefore no 1H NMR spectra 

was collected of the sample. Next, the reaction was repeated using compound 8, with 

careful attention to performing the synthesis correctly. The synthesis (13) was 

successful this time, although no full protection was obtained (initial DS=68.55%). To 

obtain full protection, TBDMS-triflate (TBDMSOTf) and 2,6-lutidine were added to 

compound 13 in DCM and DMSO solvent and allowed to stir for 48 h. The reaction 

mixture was then washed with water and brine, dried over Na2SO4, filtered and 
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concentrated in vacuo to obtain a powdered material. The obtained material (13B) did 

not dissolve in chloroform, only with the addition of DMSO and the 1H NMR spectra 

revealed that the chitosan peaks were missing and the material possessed lots of 

contamination. Due to the impurities in the spectra, the DS was impossible to assess. 

Next, the synthesis of 3,6-di-TBDMS chitosan was executed using compound 9, which 

was a mesylate salt also obtained from the high molecular weight chitosan, but with a 

different method (see Table 3). The first attempt resulted in a successful synthesis 

(14), but no full protection. Aiming at a better result, the reaction was repeated (15). 

However, the obtained product did not dissolve in either chloroform or DMSO, making 

the 1H-NMR analysis unfeasible.  The reason for the difficulty of the 3,6-di-TBDMS 

synthesis in some cases could have been due to an improper execution of the 

synthesis or the differences in mesylate salt starting materials. Since full protection 

was easily obtained in the first synthesis that was carried out (10), while repeatedly 

failed attempts happened using the high molecular weight chitosan, the possibility of 

simple error in the procedure was considered low. Since the focus point was not the 

optimization of this synthesis, simply the 3,6-di-TBDMS-chitosan obtained from the 

medium molecular weight chitosan (10) was used in the next steps to obtain 

antioxidant-chitosan conjugates.  

4.1.2 TBDMS protected hydroxycinnamic acids  

The next step of the multistep synthesis was the synthesis of TBDMS protected 

hydroxycinnamic acids (TBDMS-HCA-s). Since cinnamic acid did not possess a 

reactive hydroxyl group besides its carboxylic moiety, TBDMS protection was 

unnecessary for this compound. A previously published synthetic method by Matsuno 

et al. was adapted and carried out to obtain TBDMS-ferulic acid, p-TBDMS-coumaric 

acid and di-TBDMS-caffeic acid (Matsuno et al. 2001). Table 5 displays the results of 

the TBDMS-HCA syntheses. 

Table 5. Summary of TBDMS-HCA syntheses 

Starting material 
Product 

No. 
Yield (%) 

p-Coumaric acid 3 16 42 

Ferulic acid 4 17 66 

Caffeic acid 5 18 61 

 

The synthesis of TBDMS-HCA-s were successfully carried out. Obtaining pure 

TBDMS-HCA-s from the crude products proved challenging and time-consuming. The 

column chromatography took a long time and the obtained materials had to be further 
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purified. Therefore, the procedure consisted of many steps which prolonged the work 

and lowered the yields. The next step was the conjugation with the 3,6-di-TBDMS-

chitosan.   

 

4.1.3 Hydroxycinnamic acid chitosan conjugates 

Amide bonds are quite abundant in nature. They provide the covalent link between 

amino acid monomers to build proteins for instance. Amide bonds are also present in 

major drugs, such as Atorvastatin, a top selling drug worldwide to block cholesterol 

production.  Chemically, an amide bond is synthesized from the union of an amine and 

a carboxylic acid via condensation. The amino moiety of the amine reacts with the 

carboxylic group of the acid, forming an amide while releasing water (Montalbetti et al. 

2005). However, this reaction does not take place spontaneously at room temperature. 

Therefore, it is necessary to activate the carboxylic acid to make the hydroxyl moiety 

into a good leaving group in order to react with the amine. The carboxylic acid can be 

activated in different ways, such as forming acyl halides, activated esters or 

anhydrides. The first approach to synthesize a dipeptide was performed by Fischer in 

1901 utilizing the acyl halide coupling method. The acid halide method uses thionyl 

chloride (or phosphorus pentachloride) which generates an acid chloride from the 

carboxylic acid. The obtained acyl chloride then easily forms an amide with the amine 

(Valeur et al. 2008). It has since been reported by Okamoto et al, that this method is 

compatible with the TBDMS protection (Okamoto et al. 2009). 

The aim was to synthesize HCA conjugated chitosans via amide bond. It can be 

challenging to obtain well-defined products in general, as explained in Chapter 1.4.4. 

Therefore, it was decided to develop a new and efficient method based on the use of 

tertbutyldimethylsilyl (TBDMS) protection for conjugating HCA-s to chitosan.  

Cinnamic acid was chosen as the first HCA to conjugate with chitosan due to its simple 

structure. Cinnamic acid possesses no hydroxyl groups besides the –OH moiety on 

the carboxylic functional group. It was thus unnecessary to perform TBDMS protection 

prior to the conjugation. This allowed an easier synthesis and provided a better option 

in developing the most suitable conjugation method. The purification of TBDMS 

protected hydroxycinnamic acids proved difficult and time-consuming, designing the 

most suitable conditions with cinnamic acid was thus deemed an economical choice.  

The first attempt was carried out following the literature, where first the cinnamic acid 

was converted into its corresponding acyl chloride and then reacted with TBDMS-

chitosan using triethylamine (TEA) as the reagent (Okamoto et al. 2002). In the first 

step, the cinnamic acid was refluxed with thionyl chloride (SOCl2) and DCM for 5 hours 
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then concentrated in vacuo to provide the cinnamoyl chloride. Then, in the next step 

the cinnamoyl chloride was reacted with chitosan and TEA in DCM overnight (12 h). 

TEA can be used without it interfering with the TBDMS groups of chitosan, since the 

protective group is stable in the presence of TEA, a basic compound that is often 

employed in the synthesis of esters, amides and acyl chlorides. The goal was to be 

able to control the degree of substitution (DS) of the products, with the desired DS 

values being 25% and 50%. Therefore, the first synthesis was designed using 0.25 

equivalents (eq) of cinnamic acid in reaction with 1 eq 3,6-di-TBDMS chitosan.  The 

molar ratio of chitosan to TEA was 1:7.6, just like in the publication of Okamoto et al. 

The obtained crude was worked up by evaporating the solvent, then redissolving it in 

DCM, concentrating it again, washing it extensively with H2O and ACN and drying the 

obtained product in a vacuum oven at 40 °C for 8 h. The cinnamic acid conjugated 

TBDMS chitosan was then deprotected by stirring in a 1M HCl solution in methanol for 

24 h, dialyzed and lyophilized, resulting in the final product, the cinnamic acid 

conjugated chitosan. The DS of the product was determined by 1H-NMR spectroscopy. 

Table 6. Summary of preliminary cinnamic acid conjugated chitosan 
experiments 

Starting 
material 

TEA (eq) 
Temperature 

(°C) 
Time (h) 

Product 
No. 

 DS (%) 

TBDMS 
content 

after 
deprotection 

(%) 

2 & 10 7.6 30-40 12 19 3 0 

2 & 10 7.6 30-40 12 20 3 0 

2 & 10 7.6 50-60 12 21 1 0 

2 & 10 7.6 50-60 12 22 2 0 

 

The DS of the product (19) was found to be very low (DS=3%), which could be due to 

improper execution of the experiment. Aiming for 25% DS by using 0.25 eq cinnamic 

acid hypothesizes that in the first step, the synthesis of cinnamoyl chloride happens 

with a 100% yield. Therefore, a low DS value could suggest that the synthesis of acyl 

chloride results in a lower yield or that the obtained product degrades quickly due to 

its instability. The reaction was thus repeated with meticulous detail a few times in 

order to perform the experiment correctly (20-22). The repeated experiments showed 

similar results (DS=1-3%), which suggested that the low DS could be the result of other 

factors than the faulty cinnamoyl chloride synthesis. However, the presumption of 

failure in the cinnamoyl chloride synthesis could not be completely excluded, since due 

to cinnamoyl chlorides instability, no ATR-IR or 1H-NMR spectra was obtained at this 
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stage. The preliminary experiments (19-22) were carried out with slight changes in 

conditions to investigate the effect of solvents and temperature and it was found that 

the most suitable solvent for the reaction was dichloromethane (DCM) refluxed at 30-

40 °C. Although many publications that report conjugation via TEA utilize N,N-

dimethylformamide (DMF) as a solvent, DMF is not a good choice for the reaction, 

since it is a very polar and high-boiling solvent that is difficult and time-consuming to 

remove after completion of the experiment. Therefore, DCM was chosen as the 

reaction solvent, which provided simple removal during work-up. The reaction 

temperature was set at 30-40 °C. The equivalents of TEA, equivalents of cinnamoyl 

chloride and the reaction time were further investigated. Okamoto et al. utilized high 

amounts of TEA (7.6 eq), lower amounts might however be sufficient. Using 0.25 eq 

cinnamoyl chloride did not result in 25% DS, therefore it was desired to investigate 

whether increasing cinnamoyl chloride ratio would provide higher DS. It was 

hypothesized that a longer reaction time might result in higher DS, therefore the effect 

of reaction time was observed. In order to effectively evaluate the impact of these 

factors, a full factorial design was planned, utilizing the DOE (Design of Experiment) 

method. A design with three factors (cinnamoyl chloride equivalent, TEA equivalent, 

time) on two levels were investigated. Eight experiments were carried out (23-30). The 

reaction parameters and the resulting DS values are displayed in Table 7. 

Table 7. A full factorial design (3 factors, 2 levels) was made in order to evaluate 
the factors affecting the DS. The optimization was performed on the cinnamic 
acid-chitosan conjugate. The investigated factors were the equivalents of 
cinnamoyl chloride, the equivalents of TEA and the reaction time. The DS values 
were calculated from the 1H-NMR spectra. The highest DS with the newly 
developed method, using 1 eq of cinnamoyl chloride, was 15.3% and the 
optimum conditions for the synthesis were found. 

Starting 
material 

Cinnamoyl 
chloride 

(eq) 
TEA (eq) Time (h) 

Product 
No. 

 DS (%) 

TBDMS 
content 

after 
deprotection 

(%) 

2 & 10 0.25 2 24 23 9.1 1.3 

2 & 10 1 2 24 24 15.3 0 

2 & 10 0.25 7.6 24 25 8.6 0 

2 & 10 1 7.6 24 26 13.4 1.4 

2 & 10 0.25 2 48 27 8.6 3.5 

2 & 10 1 2 48 28 14.9 0 

2 & 10 0.25 7.6 48 29 8.3 1.1 

2 & 10 1 7.6 48 30 15.2 0 
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The design was a simple full factorial design (3 factors, 2 levels) in order to provide 

results that can be easily evaluated without using a specialized DOE software. The 

equivalents of cinnamoyl chloride were chosen to be 0.25 eq and 1 eq. The equivalents 

of TEA were chosen to be 2 eq and 7.6 eq. The reaction times were chosen to be 24 

and 48 h. The experiments were carried out with close attention to details and the DS 

values were calculated from the 1H-NMR spectra. The reproducibility was investigated 

by performing two replicates of experiment 27. The obtained results are displayed in 

Table 8. 

 

Table 8. The reproducibility was investigated by performing two replicates of 
experiment 27. The variability was found to be 0.9%. 

Experiment 
cinnamoyl 

chloride 
(eq) 

TEA (eq) Time (h) DS (%) 

TBDMS 
content after 
deprotection 

(%) 

27 1 7,6 48 8.6 3.5 

27B 1 7,6 48 8.3 2.0 

27C 1 7,6 48 9.2  0 
 

 

The DS range of the replicates (27B-C) was 8.3-9.2%, resulting in a 0.9% variability. 

It was concluded that the reproducibility of the experiments were good, and the results 

were reliable.  

After evaluating the full factorial design it was found that using 2 eq TEA was sufficient 

in the synthesis of cinnamic acid conjugated chitosan and it was unnecessary to use 

high amounts of the reagent. Regarding the reaction time, there was an optimum time. 

From the preliminary experiments and the full factorial design it was concluded that 

when the reaction was carried out for 24 h instead of overnight (12 h) with the same 

reaction conditions, the DS showed a small increase. However, a 48 h reaction did not 

show further improvement in the DS, thus 24 hours were chosen as the optimal 

reaction time. Using 1:1 molar ratio of cinnamoyl chloride did result in higher DS than 

using 0.25 eq, however the increase was not large. The highest DS obtained was 

15.3%. Considering the results and the literature, it was concluded that obtaining 50% 

DS might be a very challenging job. The publications on chitosan-hydroxycinnamic 

acid conjugates do not report DS as high as 50%. Not all publications provide the DS 

values and some products are ill-defined, however it can be said that the DS in 

publications are low. Taking into consideration these findings, a new aim was set with 



  

79 
 

lower DS values. The new aim was to achieve as high DS as the circumstances allow, 

and to synthesize the conjugates with the other HCA-s as well.  

To fully exclude the possibility of a mistake in the cinnamoyl chloride synthesis, 

commercial cinnamoyl chloride was purchased from Sigma Aldrich. Three previously 

performed experiments (23,25,29) were repeated using Sigma Aldrich cinnamoyl 

chloride (23B,25B,29B) and the results were evaluated. It was found that the DS 

values obtained using the purchased cinnamoyl chloride were comparable to the 

previously obtained results. The DS values were similar to the repeated experiments, 

suggesting that the initial synthesis of cinnamoyl chloride was performed correctly and 

it was not the cause of the low DS. Table 9 displays the results of the experiments 

carried out using Sigma Aldrich cinnamoyl chloride. 

 

Table 9. Synthesis of cinnamic acid conjugated chitosan with cinnamoyl 
chloride obtained from cinnamic acid (23,25,29) versus with Sigma Aldrich 
cinnamoyl chloride (23B,25B,29B) 

Experiment 
cinnamoyl 

chloride 
(eq) 

TEA (eq) Time (h) DS (%) 

TBDMS 
content after 
deprotection 

(%) 

23 0.25 2 24 9.1 1.3 

23B 0.25 2 24 9.5 0 

25 0.25 7.6 24 8.6 0 

25B 0.25 7.6 24 9.9 4.0 

29 0.25 7.6 48 8.3 1.1 

29B 0.25 7.6 48 6.7 0 

 

Experiment 23, 25 and 29 were repeated with Sigma Aldrich cinnamoyl chloride and 

the variability of DS was found to be 0.4, 1.3 and 1.6%, respectively. No significant 

change in the DS was found when commercial cinnamoyl chloride was used compared 

to the previously obtained results where the cinnamoyl chloride was synthesized from 

cinnamic acid. Therefore it was concluded that the faulty cinnamoyl chloride synthesis 

was not the reason for low DS. 

However, it was still possible that the cinnamoyl chloride was simply so unstable, that 

some of it degrades before it would react with the chitosan. Therefore, in the next 

reactions, cinnamoyl chloride was applied in excess compared to the TBDMS-

chitosan. The highest obtained DS was 60.1%, using 3 eq cinnamoyl chloride, which 

suggests that the DS increases by adding excess cinnamoyl chloride. However, this 
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method requires excess use of cinnamoyl chloride, suggesting that this compound is 

unstable. 

 

Table 10. Synthesis of cinnamic acid chitosan conjugate using excess 
cinnamoyl chloride 

Experiment 
cinnamoyl 

chloride 
(eq) 

TEA (eq) Time (h) DS (%) 

TBDMS 
content after 
deprotection 

(%) 

24 1 2 24 15.3 0 

31 2 2 24 36.0 1.1 

32 3 2 24 60.1 0.7 
 

Next, previously published methods were investigated. So far, there have been no 

studies published on conjugating HCA-s and chitosan utilizing TBDMS protection. 

Previous studies simply react chitosan with the HCA, resulting in conjugation through 

the –OH groups as well as the –NH2 groups of chitosan and conjugation through the –

OH groups of the aromatic ring of the HCA as well as the carboxylic -OH. This could 

lead to less valuable products with decreased activities and decreased aqueous 

solubility, therefore performing the published methods that utilized enzyme mediated 

synthesis or free radical grafting were taken out of consideration. On the other hand, 

in case of activated ester coupling, the reaction is specific between carboxylic and 

amino groups to form an amide bond (Hu et al. 2016). Therefore, in theory, the –OH 

groups of the chitosan backbone and the –OH groups of the HCA-s would not take 

part in the reaction, leading to the desired final product. Thus, in the next experiments 

the use of coupling reagents were investigated and six published methods were carried 

out. The results are displayed in Table 11. 

Table 11. Experiments carried out by following publications  

Experi
-ment 

Cinnamic 
acid (eq) 

Reagent (eq) 
Time 
(h) 

Tempe-
rature 
(°C) 

Solvent 
 DS 
(%) 

Publi-
cation 

33 1 EDC (1) 3 60 EtOH NA a 

34 1 EDC (1.2)/NHS (1.2) 24 25 DMSO/H2O 6.4 b 

35 20 EDC (1)/NHS (1) 24 25 EtOH/H2O 7.6 c 

36 1 DCC (1)/HOBt (1)/TEA (3) 24 25 MeOH/H2O NA d 

37 1 EDC (1)/NHS (1) 24 25 EtOH 0.6 e 

38 1 EDC (1)/HOBt (1) 24 25 H2O 0.4 f 
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a, Woranuch et al. (2013) 

b, Wang et al. (2015) 

c, Schreiber et al. (2013) 

d, Eom et al. (2012) 

e, Pasanphan et al. (2008) 

f, Xie et al. (2014) 

 

Experiment 33 was carried out following the publication of Woranuch et al., where the 

chitosan was dissolved in 1% v/v acetic acid solution overnight and a solution of 1 eq 

EDC and 1 eq cinnamic acid in EtOH were added. The reaction was carried out for 3 

h at 60 °C, followed by dialysis, centrifuging and freeze-drying (Woranuch et al. 2013). 

In the obtained 1H-NMR spectra of the product, the characteristic peaks of chitosan 

were not visible. Furthermore, the compound seemed to contain significant amount of 

impurities so the DS value could thus not be determined. Experiment 34 was carried 

out following the publication of Wang et al. In this procedure, the cinnamic acid was 

dissolved in a 60% w/v DMSO/H2O solution and the pH was adjusted to 5.5 using 1N 

HCl solution. Next, the chitosan, EDC and NHS were added and stirred at room 

temperature for 24 h. The reaction mixture was then dialyzed and freeze-dried to 

obtain the cinnamic acid conjugated chitosan (Wang et al. 2015). The product did not 

dissolve completely in D2O/CD3COOD, therefore, the 1H-NMR analysis of the 

compound was difficult. The calculated DS value (6.4%) was thus deemed not 

completely reliable. In experiment 35, cinnamic acid was applied in large excess (20 

eq) compared to the EDC and NHS. The reagents were dissolved in a 70% EtOH 

solution at 0°C, then allowed to stir at room temperature for 24 h. This was performed 

following the publication of Schreiber et al. (Schreiber et al. 2013). The DS of the 

product was estimated to be 7.6%, which was the highest DS among the six 

experiments carried out following publications. However, the 1H-NMR spectra revealed 

that the compound possessed impurities which made the DS estimation less reliable. 

Next, experiment 36 was carried out following the publication of Eom et al. In this 

method, the chitosan was dissolved in a 20% v/v MeOH solution followed by the 

addition of cinnamic acid, DCC (1eq), HOBt (1eq) and TEA (3 eq). The resulting 

mixture was then stirred at room temperature for 24 h, followed by precipitation, 

washing with acetone and vacuum-drying to obtain the conjugate (Eom et al. 2012).  

The DS of the product could not be calculated due to solubility issues and impurities 

in the 1H-NMR spectra. Experiment 37 was then carried out following the published 

method of Pasanphan et al. In this procedure, the cinnamic acid was dissolved in 

EtOH, then EDC and NHS were added and the reaction mixture was stirred in an ice 

bath for 1 h. Next, the chitosan suspended in EtOH was slowly added and the resulting 
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mixture was allowed to stir at room temperature for 24 h. The obtained solution was 

then centrifuged and thoroughly washed with EtOH to obtain the conjugate 

(Pasanphan et al. 2008). The DS was found to be very low (0.6%). The last experiment 

following publications was experiment 38, which was carried out based on the work of 

Xie et al. In this procedure, the chitosan and HOBt were stirred in water overnight, then 

the cinnamic acid and EDC were slowly added. The reaction mixture was allowed to 

stir for 24 h at room temperature, followed by dialysis and freeze-drying (Xie et al. 

2014). The obtained product had good solubility in the NMR solvent (D2O/CD3COOD), 

however the DS was found to be very low (0.4%).  

Overall, the tested methods did not provide a suitable method for the synthesis of 

cinnamic acid chitosan conjugate with high DS. Among the six tested methods, the 

highest obtained DS was 7.6% by using large excess of cinnamic acid (20 eq) and 

EDC/NHS as reagents (experiment 35).  It was observed, that not all reaction mixtures 

were dissolved. In case of experiment 35 and 36, no clear solution was obtained. This 

is due to the fact that chitosan does not dissolve well in the used solvents, namely 

MeOH and EtOH solutions. It can be hypothesized, that in case of a full dissolution the 

DS of experiment 35 could have been higher and experiment 36 could have provided 

a successful reaction.  

The range of DS values were found to be between 0 and 7.6%, which were lower 

values than the newly developed method using TBDMS protection and TEA. 

Therefore, it was decided that carbodiimide coupling will not be considered for the 

synthesis, but the TBDMS procedure will be used.  

Next, the newly developed method was applied to synthesize the remaining conjugates 

with the TBDMS-protected HCA-s as well. The reaction conditions for the experiments 

were as follows: 30-40 °C, DCM solvent, 2 eq TEA reagent and 24 h reaction time. 

The aim was to synthesize conjugates with different DS values, therefore the 

syntheses were carried out using three different acyl chloride equivalents, based on 

the previous findings. The corresponding acyl chlorides were applied in 1, 2 and 3 

equivalents, providing conjugates with different DS values.   

First, the synthesis of p-coumaric acid conjugated chitosan was carried out (39-41) 

using p-TBDMS-coumaric acid (16) and 3,6-di-TBDMS-chitosan (10). Table 12 

displays the results of the syntheses.  
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Table 12. Summary of p-coumaric acid chitosan conjugate syntheses 

Starting 
material 

Coumaroyl 
chloride 

(eq) 

Product 
No. 

 DS (%) 

TBDMS 
content after 
deprotection 

(%) 

16 & 10 1 39 9.0 4.3 

16 & 10 2 40 35.1 3.6 

16 & 10 3 41 39.8 3.2 

 

The highest obtained DS was 39.8% in experiment 41, where 3 eq coumaroyl chloride 

was applied. In case of experiment 40, with the use of 2 eq coumaroyl chloride, 35.1% 

DS was obtained, which is only a 4.7% difference compared to using 3 eq acyl chloride. 

These conjugates possessed the highest TBDMS content after deprotection with 3.2-

4.3% TBDMS DS.  

Next, the synthesis of caffeic acid conjugated chitosan was carried out (42-44). Table 

13 summarizes the results. 

 

Table 13. Summary of caffeic acid-chitosan conjugate syntheses 

Starting 
material 

Caffeoyl 
chloride 

(eq) 

Product 
No. 

 DS (%) 

TBDMS 
content 

after 
deprotection 

(%) 

18 & 10 1 42 4.6 0 

18 & 10 2 43 12.5 0 

18 & 10 3 44 20.9 0 

 

The highest DS for the caffeic acid conjugate was 20.9% with using 3 eq caffeoyl 

chloride (44). This value was lower than the DS for cinnamic (60.1%) and p-coumaric 

(39.8%) conjugates using 3 eq of the appropriate acyl chloride. The caffeic acid-

chitosan conjugates showed no TBDMS content after deprotection, thus a 100% 

deprotection was obtained.  
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Lastly, the ferulic acid-chitosan conjugates were synthesized (45-47). 

Table 14. Summary of ferulic acid-chitosan conjugate syntheses 

Starting 
material 

Feruloyl 
chloride 

(eq) 

Product 
No. 

 DS (%) 

TBDMS 
content 

after 
deprotection 

(%) 

17 & 10 1 45 5.8 0 

17 & 10 2 46 26.3 3.1 

17 & 10 3 47 35.3 0.8 

 

The synthesis of ferulic acid-chitosan conjugates (45-47) resulted in DS values of 5.8, 

26.3 and 35.3%. The DS estimation for the ferulic conjugate was performed in a 

different way compared to the other conjugates, due to the peak corresponding to the 

hydrogens of –CH3 moiety of ferulic acid appears within the range of the H3-H6 peaks 

of chitosan. Therefore, the integral values of the H2-H6 peaks of chitosan could not be 

used for the DS calculations. The calculations were performed by comparing the 

integral values of the ferulic peaks to the H2 peak of chitosan. Thus, these estimations 

are not as accurate as they are for the previous conjugates.  

Overall, the synthesis of HCA-chitosan conjugates via TBDMS protection was 

successful and resulted in conjugates with different DS values. The highest DS was 

obtained in case of the cinnamic acid chitosan conjugate with DS 60.1% (32). In case 

of the remaining HCA-s, only a lower DS was obtained, namely 39.8% in case of the 

p-coumaric conjugate (41), 20.9% in case of the caffeic acid conjugate (44) and 35.3% 

in case of the ferulic acid conjugate (47). The TBDMS protection was successfully 

removed with only traces of TBDMS remaining in the products, except in case of the 

p-coumaric acid conjugates (39-41) where higher amounts of TBDMS remained in the 

products (3.2-4.3% TBDMS content).  

 

4.1.4 Deprotection   

In order to obtain the final products of the multi-step synthesis, the last step was the 

removal of TBDMS-groups from the conjugates. The TBDMS group is stable in 

aqueous base media but can easily be removed under mild acidic or strong alkaline 

conditions (Wuts et al. 2006). 

Sahariah et al. published a method for cleaving TBDMS by stirring the compound in 

(conc) HCl/MeOH at room temperature for 24 h (Sahariah et al. 2014). In a latter 

publication they used a 1.2 M HCl/MeOH solution at room temperature for 48 h 
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(Sahariah et al. 2016). Following these guidelines, the first attempt to deprotect a 

cinnamic acid 3,6-di-TBDMS-chitosan conjugate utilized a 1 M HCl/MeOH solution at 

room temperature for 24 h. The initial attempt did not provide full removal of TBDMS, 

therefore the procedure was repeated. It still did not result in 100% deprotection, 

therefore a different approach was investigated. Benediktsdóttir et al. reported 99.8% 

desilylation of TMC with the use of 1 M tetrabutyl ammonium fluoroide (TBAF) in NMP 

at 50°C for 48 h (Benediktsdóttir et al. 2011). Thus, this method was tested with the 

next cinnamic acid 3,6-di-TBDMS-chitosan conjugate. Similar results were obtained 

as with the use of HCl solution, meaning the deprotection was incomplete, even with 

a repeated deprotection. Since this method did not provide better deprotection of the 

cinnamic acid chitosan conjugate, the HCl solution method was further investigated 

due to it being more simple and not requiring heating. Next, a cinnamic acid 3,6-di-

TBDMS-chitosan conjugate was deprotected by stirring in 1.2 M HCl/MeOH solution 

for 48 h. Using 1.2 M HCl instead of 1 M showed a slight improvement in the removal 

of TBDMS. Therefore, the molarity of HCl was further increased in the following 

reactions. With the use of 2 M HCl, good deprotection was achieved, so deprotection 

of all antioxidant chitosan conjugates were carried out by stirring in 2 M HCl/MeOH for 

48 h at room temperature.  

After stirring the compounds in the HCl solution, the deprotected products were ion-

exchanged by stirring in 10 % w/v NaCl/H2O for 3 h, dialyzed against de-ionized water 

for 4 days with 8 changes of water. The resulting solutions were then freeze-dried to 

provide the sponge-like off-white materials.  

A suitable deprotection method was found for the antioxidant chitosan conjugates, 

using 2 M HCl/MeOH and stirring for 48 h at room temperature. The method provided 

sufficient deprotection of the conjugates, 100% removal of TBDMS was not achieved 

in all cases however. Full deprotection could have presumably been achieved with 

repeating the deprotection step (Gaware et al. 2013; Gaware et al. 2017). 
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Figure 25. Cinnamic acid chitosan conjugate before and after deprotection. 
Figure 25A: N-cinnamoyl-di-TBDMS-chitosan Figure 25B: cinnamic acid 
chitosan conjugate after deprotection containing 0.47% TBDMS traces. 

 

Figure 25 shows the 1H-NMR spectra of a cinnamic chitosan conjugate before and 

after deprotection. Before deprotection, the TBDMS peaks are visible in the spectra at 

0.00 and 0.86 ppm. The TBDMS-protected conjugates possess some impurities, which 

are later removed by dialysis after the deprotection step. Therefore, at this stage the 

DS calculation was not feasible due to the impurities, furthermore the CDCl3 solvent 

peak was merging with the cinnamic peaks. However, after deprotection and dialysis, 

the compounds were purified, thus the DS of the antioxidants in the conjugate and the 

remaining TBDMS content could be calculated.  

In Figure 25, the remaining TBDMS content of the conjugate after deprotection was 

0.47%, therefore the product was 99.53% deprotected. This low amount of TBDMS 

content was considered acceptable, therefore synthesis was considered complete.  
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4.2 Characterization 

4.2.1 1H NMR spectroscopy 

In order to confirm the chemical reaction and the formation of four new compounds, 

namely cinnamic, p-coumaric, ferulic and caffeic acid conjugated chitosan, 1H-NMR 

spectroscopy was carried out. The 1H-NMR spectra of the conjugates were collected, 

then a sample of mixed native chitosan and cinnamic/p-coumaric/ferulic/caffeic acid 

were submitted for analysis as well. These were compared in order to see if there was 

a chemical shift, which would confirm the synthesis of true conjugates. All samples 

were submitted in 1% DCl in D2O:DMSOd6 [1:1], except the ferulic acid-chitosan mix 

and ferulic acid conjugated chitosan which were submitted in 1% CD3COOD in D2O. 

Cinnamic acid conjugated chitosan: 

While one of the cinnamic peaks, a doublet appears at 6.81 ppm in the conjugate, the 

same peak in the cinnamic acid chitosan mix appears at 6.60 ppm. Furthermore, 

broadening of the peaks can be observed in case of the conjugates.  

 

Figure 26. Comparison of the 1H NMR spectra of a mix of cinnamic acid and 

chitosan and a cinnamic acid chitosan conjugate 

Mix of chitosan and cinnamic acid: 1H NMR (400 MHz, 1% DCl in 

D2O:DMSOd6) δ ppm: 2.08 (H-Ac, s), 3.23 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 

4.89 (H-1, s, 1H), 6.60 (H-7 and H-11 merge, d), 7.50 (H-9, H-10, H-12, H-13 merge, 

s), 7.85 (H-8, d).  
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Cinnamic acid conjugated chitosan: 1H NMR (400 MHz, 1% DCl in 

D2O:DMSOd6) δ ppm: 2.08 (H-Ac, s), 3.23 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 

4.92 (H-1, s, 1H), 6.81 (H-7 and H-11 merge, d), 7.61 (H-9, H-10, H-12, H-13 merge, 

s), 7.77 (H-8, d).  

 

Coumaric acid conjugated chitosan: 

While one of the coumaric peaks, a doublet appears at 6.66 ppm in the conjugate, the 

same peak in the coumaric acid chitosan mix appears at 6.58 ppm. Furthermore, 

broadening of the peaks can be observed in case of the conjugates. 

 

Figure 27. Comparison of the 1H NMR spectra of a mix of p-coumaric acid and 
chitosan and a p-coumaric acid chitosan conjugate  

Mix of p-Coumaric acid and chitosan: 1H NMR (400 MHz, 1% DCl in 

D2O:DMSOd6) δ ppm: 2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 

4.86  (H-1, s, 1H), 6.58 (H-7, d), 6.96 (H-10, H-11, d), 7.68 (H-8, H-9, H-12 merge). 

p-Coumaric acid conjugated chitosan: 1H NMR (400 MHz, 1% DCl in 

D2O:DMSOd6) δ ppm: 2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 

4.92  (H-1, s, 1H), 6.66 (H-7, d), 7.04 (H-10, H-11, d), 7.58 (H-8, H-9, H-12 merge). 

 

Ferulic acic conjugated chitosan: 

While one of the ferulic peaks, a doublet appears at 6.71 ppm in the conjugate, the 

same peak in the ferulic acid chitosan mix appears at 6.41 ppm. Additionally, the peaks 

don’t look identical, in case of the conjugate some of the peaks seem to merge and 

broaden.  
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Figure 28. Comparison of the 1H NMR spectra of a mix of ferulic acid and 

chitosan and a ferulic acid chitosan conjugate 

Mix of ferulic acid and chitosan: 1H NMR (400 MHz, 1% CD3COOD in D2O) δ ppm: 

2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6 and O-CH3 merge), 4.86  (H-1, 

partially overlapped with the solvent peak, s, 1H), 6.41 (H-7, d), 6.99 (H-9, d), 7.19 (H-

10, d), 7.40 (H-11, s), 7.64 (H-8, d). 

Ferulic acid conjugated chitosan: 1H NMR (400 MHz, 1% CD3COOD in D2O) δ ppm: 

2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6 and O-CH3 merge), 4.92  (H-1, 

partially overlapped with the solvent peak, s, 1H), 6.71 (H-7, d), 7.56 (H-9 and H-10 

merge), 7.67 (H-8-H-11 merge). 
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Caffeic acid conjugated chitosan: 

In case of caffeic acid, the shift is not as visible as it is with the other three conjugates, 

but a slight shift is present.  

 

Figure 29. Comparison of the 1H NMR spectra of a mix of caffeic acid and 

chitosan and a caffeic acid chitosan conjugate 

 

 

Figure 30. Close up of the 1H NMR of the caffeic peaks  

 

Mix of caffeic acid and chitosan: 1H NMR (400 MHz, 1% DCl in D2O:DMSOd6) δ ppm: 

2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 4.99  (H-1, s, 1H), 6.49 

(H-7, d), 6.98 (H-9, d), 7.15 (H-10, d), 7.22 (H-11, s), 7.61 (H-8, d). 
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Caffeic acid conjugated chitosan: 1H NMR (400 MHz, 1% DCl in D2O:DMSOd6) δ ppm: 

2.08 (H-Ac, s), 3.21 (H-2, s, 1H), 3.48–4.08 (H-3-H-6, m, 5H), 4.92  (H-1, s, 1H), 6.45 

(H-7, d), 6.95 (H-9, d), 7.13 (H-10, d), 7.20 (H-11, s), 7.60 (H-8, d). 

 

Table 15. Chemical shift of H-7, H-8 and H-9 protons 

Compound 
H-7 in mix 

(ppm) 

H-7 in 
conjugate 

(ppm) 
 δ (ppm) 

Cinnamic acid chitosan conjugate 6.60 6.81 0.21 

p-Coumaric acid chitosan conjugate 6.58 6.66 0.08 

Ferulic acid chitosan conjugate 6.41 6.71 0.30 

Caffeic acid chitosan conjugate 6.49 6.45 -0.04 

Compound 
H-8 in mix 

(ppm) 

H-8 in 
conjugate 

(ppm) 
 δ (ppm) 

Cinnamic acid chitosan conjugate 7.85 7.77 -0.08 

p-Coumaric acid chitosan conjugate 7.68 7.58 -0.10 

Ferulic acid chitosan conjugate 7.64 7.67 0.03 

Caffeic acid chitosan conjugate 7.61 7.60 -0.01 

Compound 
H-9 in mix 

(ppm) 

H-9 in 
conjugate 

(ppm) 
 δ (ppm) 

Cinnamic acid chitosan conjugate 7.50 7.61 0.01 

p-Coumaric acid chitosan conjugate 7.68 7.58 -0.10 

Ferulic acid chitosan conjugate 6.99 7.56 0.57 

Caffeic acid chitosan conjugate 7.61 6.95 -0.03 

 

Table 15 displays the comparison of chemical shifts of the conjugates and the mix of 

HCA-s and chitosan. The H-7, H-8 and H-9 protons were investigated. A chemical shift 

was observed in all cases up to a different extent. Furthermore, the shift was different 

between the H-7, H-8 and H-9 protons, suggesting intramolecular interactions rather 

than a shift due to the solvent. This suggests the formation of true conjugates. The 

most prominent shift was observed in case of the ferulic acid chitosan conjugate, while 

in case of the other compounds the shift was smaller. In case of the caffeic acid 

chitosan conjugate the chemical shift was on the range of 0.01-0.04 ppm, which is only 

a slight change from the spectra of the mix of caffeic acid and chitosan.   
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4.2.2 ATR-IR spectroscopy 

Next, ATR-IR spectroscopy was performed to the chitosan, the HCA-s and the 

conjugates and the observed spectra were analyzed.  

Cinnamic acid-chitosan conjugate  

 

 

Figure 31. IR spectra of chitosan, cinnamic acid and cinnamic acid chitosan 

conjugate 

The IR spectra of chitosan exhibits characteristic peaks, such as the O-H stretch at 

3290.86 cm-1, the C-H stretch at 2871.65 cm-1, the C=O stretch at 1640 cm-1, the N-H 

stretch at 1589.91 cm-1, the O-H bend (secondary alcohol) at 1410 cm-1 and the O-H 

bend (primary alcohol) at 1375.13 cm-1. 



  

93 
 

The spectra of cinnamic acid consists of the O-H stretch (carboxylic acid) at 2831.92 

cm-1, the C-H stretch at 2526.18 cm-1, the C=O stretch at 1669.97 cm-1 and the C-O 

bend at 1283 cm-1. 

The cinnamic-chitosan conjugate consists of the same peaks as chitosan in the 

diagnostic region, while in the fingerprint region it varies from both chitosan and 

cinnamic acid which suggests the presence of a new compound. The fingerprint region 

somewhat resembles the fingerprint region of chitosan, however a few additional sharp 

peaks appear at 1449.86 cm-1 and 766.09 cm-1. These peaks can be found in the 

fingerprint region of cinnamic acid as well.  

These sharp peaks possess higher intensity in cinnamic acid compared to the 

cinnamic-chitosan conjugate.  

When three cinnamic-chitosan conjugates (24, 31, 32) with different DS are 

investigated, it was found that the intensity of these peaks correlated with the DS 

(Figure 32). 

 

Figure 32. IR spectra of three cinnamic acid chitosan conjugates with different 

DS values 
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As the DS increases, the intensity of the peak at 766 cm-1 increases as well. The 

increase of intensity is also present at 1449 cm-1, although not as easily noticeable. 

While in the conjugate with DS=15.3% these peaks are barely visible, they are evident 

in conjugate with high DS. This suggests, that the DS could be estimated using IR 

spectroscopy.  

p-Coumaric acid-chitosan conjugate 

 

 

Figure 33. IR spectra of chitosan, p-coumaric acid and p-coumaric acid chitosan 

conjugate 
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The spectra of p-coumaric acid consists of the O-H stretch (alcohol) at 3340.97 cm-1, 

O-H stretch (carboxylic acid) at 2822.01 cm-1, the C-H stretch at 2577.37 cm-1, the 

C=O stretch at 1666.46 cm-1, and the C-O bend at 1311.03 cm-1. 

The p-coumaric-chitosan conjugate consists of the same peaks as chitosan in the 

diagnostic region, while in the fingerprint region it varies from both chitosan and p-

coumaric acid which suggests the presence of a new compound. The fingerprint region 

somewhat resembles the fingerprint region of chitosan, however a few additional sharp 

peaks appear at 1509.97 cm-1 and 833.56 cm-1. These peaks can be found in the 

fingerprint region of p-coumaric acid as well.  

These sharp peaks possess higher intensity in p-coumaric acid compared to the p-

coumaric-chitosan conjugate.  

When three p-coumaric-chitosan conjugates (39, 40, 41) with different DS are 

investigated, it was found that the intensity of these peaks correlated with the DS 

(Figure 34). 

 

Figure 34. IR spectra of three p-coumaric acid chitosan conjugates with different 

DS values 
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As the DS increases, the intensity of the peak at 833 cm-1 increases as well. The 

increase of intensity is present at 1513 cm-1 as well. While in conjugate with DS=9% 

these peaks possess low intensity, they are larger in the conjugate with high DS.  

 

 

Caffeic acid-chitosan conjugate 

 

 

Figure 35. IR spectra of chitosan, caffeic acid and caffeic acid chitosan 

conjugate 
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The spectra of caffeic acid consists of the O-H stretch (alcohol) at 3399.46 cm-1, O-H 

stretch (carboxylic acid) at 2827.21 cm-1, the C=O stretch at 1641.18 cm-1, and the C-

O bend at 1275.25 cm-1. 

The caffeic-chitosan conjugate consists of the same peaks as chitosan in the 

diagnostic region, while in the fingerprint region it varies from both chitosan and caffeic 

acid which suggests the presence of a new compound. The fingerprint region 

somewhat resembles the fingerprint region of chitosan, however a few additional sharp 

peaks appear at 1258.04 cm-1 and 749.27 cm-1. These peaks can be found in the 

fingerprint region of caffeic acid as well.  

These sharp peaks possess higher intensity in caffeic acid compared to the caffeic-

chitosan conjugate.  

When three caffeic-chitosan conjugates (42, 43, 44) with different DS are investigated, 

it was found that the intensity of these peaks correlated with the DS (Figure 36).  

 

Figure 36. IR spectra of three caffeic acid chitosan conjugates with different DS 

values 

As the DS increases, the intensity of the peaks at 1258.04 cm-1 and at 794.27 cm-1 

increase as well. While in conjugate with DS=4.6% these peaks are barely visible, they 

are evident in conjugate with higher DS.  
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Ferulic-chitosan conjugate 

 

 

Figure 37. IR spectra of chitosan, ferulic acid and ferulic acid chitosan conjugate 

The spectra of ferulic acid consists of the O-H stretch (alcohol) at 3424.05 cm-1, O-H 

stretch (carboxylic acid) at 2839.86 cm-1, the C-H stretch at 2513.96 cm-1, the C=O 

stretch at 1660.50 cm-1 and the C-O bend at 1265.37 cm-1. 

The ferulic-chitosan conjugate consists of the same peaks as chitosan in the diagnostic 

region, while in the fingerprint region it varies from both chitosan and ferulic acid which 

suggests the presence of a new compound. The fingerprint region somewhat 

resembles the fingerprint region of chitosan, however a few additional sharp peaks 
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appear at 1515.53 cm-1 and 836.14 cm-1. These peaks can be found in the fingerprint 

region of ferulic acid as well.  

These sharp peaks possess higher intensity in ferulic acid compared to the ferulic-

chitosan conjugate.  

When three ferulic-chitosan conjugates (45, 46, 47) with different DS are investigated, 

it was found that the intensity of these peaks correlated with the DS (Figure 38).  

 

 

Figure 38. IR spectra of three ferulic acid chitosan conjugates with different DS 

values 

As the DS increases, the intensity of the peaks at 1515 cm-1 increase as well.  

However, the peak at 836.14 cm-1 is only present in the compound with DS=26.3%.   
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4.2.3 Gel permeation chromatography 

The molecular weight of the chitosan starting materials and some of the products have 

been analyzed using GPC. The results are displayed in Table 16.  

Table 16. Results of GPC 

Compound DS (%) 
Molecular weight 

(kDa) 

Chitosan (1)  136.41 

Chitosan (1B)  14.62 

Chitosan (1C)  233.77 

Mesylate salt (6)  94.56 

Mesylate salt (7)  7.01 

Mesylate salt (8)  230.31 

Cinnamic acid chitosan conjugate (24) 15.3 89.96 

Cinnamic acid chitosan conjugate (31) 33.0 101.34 

Cinnamic acid chitosan conjugate (32) 60.1 97.55 

 

First, the chitosan starting materials were investigated. The results suggested that 1 

was a polymer with a medium MW while 1B and 1C possessed low and high MW, 

respectively. In case of the chitosan mesylate salts, compound 6, 7 and 8 were 

synthesized from chitosan 1, 1B and 1C, respectively. A reduction of MW was 

observed in all cases, most prominently in case of mesylate 6, where the MW 

decreased by 41.85 kDa compared to chitosan 1. The MW reduction for mesylate 6 

and 7 were smaller, namely 7.61 and 3.46 kDa, respectively. The reduction in the MW 

is presumably due to acid hydrolysis. In case of the studied cinnamic acid chitosan 

conjugates, all compounds were synthesized from mesylate 6. Thus, in case of 

compound 24 there was a 4.6 kDa reduction of MW, while in case of conjugate 31 and 

32 an increase was observed, namely 6.78 kDa and 2.99 kDa. These conjugates 

possess different DS values ranging between 15.3 and 60.1%. It was expected, that 

with increasing DS the MW would increase as well. It was indeed observed, that 

compound 24 with DS=15.3% possessed the lowest MW among the three conjugates, 

however, there was a small decrease in MW compared to mesylate 6. In case of 

compound 31 (DS=33.0%) and 32 (DS=60.1%), the MW values increased compared 

to the mesylate salt of chitosan (6), confirming the conjugation of cinnamic acid. 

However, the increase was not proportional to the DS.  

The deprotection step of the synthesis consists of stirring the conjugates in a 2 M 

HCl/MeOH solution for 48 h, which presumably causes some acyd hydrolysis, 

therefore MW reduction of the products.  

Due to lack of resources, it was not possible to perform GPC to all conjugates.  
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4.2.4 Antibacterial activity 

The antibacterial activity of the chitosan starting material and the synthesized 

conjugates were investigated against Gram-negative E. Coli and Gram-positive S. 

aureus. The MIC and MLC of the compounds were measured at pH 5.5 and the results 

are displayed in Table 17. The MLC values were equal to the MIC values in all cases, 

suggesting that all conjugates and starting materials are bactericidal.  

Table 17. Antibacterial activity of the conjugates and starting materials against 

S. aureus and E. coli 

Compound DS (%) 
MIC/MLC values (µg/mL) 

S.aureus E.coli 

Chitosan TM3511 (1)   256 256 

Cinnamic acid (2)   512 1024 

p-Coumaric acid (3)   512 512 

Caffeic acid (5)   1024 1024 

Ferulic acid (4)   512 1024 

Cinnamic conjugate (29B) 6.7 256 128 

Cinnamic conjugate (23) 9.1 128 64 

Cinnamic conjugate (24) 15.3 128 128 

Cinnamic conjugate (31) 33 ≥2048 512 

Cinnamic conjugate (32) 60.1 ≥2048 ≥2048 

p-Coumaric conjugate (39) 9.0 256 128 

p-Coumaric conjugate (40) 35.1 1024 512 

p-Coumaric conjugate (41) 39.8 1024 256 

Caffeic conjugate (42)                                           4.6 1024 64 

Caffeic conjugate (43) 12.5 512 1024 

Caffeic conjugate (44) 20.9 ≥2048 ≥2048 

Ferulic conjugate (45) 5.8 256 256 

Ferulic conjugate (46) 26.3 1024 256 

Ferulic conjugate (47) 35.3 1024 1024 

Gentamicin    16  16 

 

The MIC of the chitosan starting material was found to be 256 µg/mL against both S. 

aureus and E. coli, while the HCA-s exhibited a higher MIC ranging between 512 and 

1024 µg/mL. In case of the conjugates, a trend was observed. It was visible that 

conjugates with lower DS values exhibited better antibacterial activity against the 

investigated strains than conjugates with higher values. Additionally, there seemed to 

be an optimum DS range. In case of the cinnamic acid chitosan conjugates (29B, 23, 

24, 31, 32), five compounds were investigated with the DS ranging between 6.7-60-

1%. It was found that compound 23 had the highest activity among the conjugates with 

DS=9.1%, namely 128 µg/mL MIC against S. aureus and 64 µg/mL MIC against E. 
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coli. This activity was stronger than the activities of the starting materials, therefore the 

conjugate possessed an improved antibacterial activity against the two studied strains. 

A similar activity was observed in compound 24 with DS=15.3%, which possessed an 

MIC of 128 µg/mL against both strains. In case of the cinnamic chitosan conjugate with 

DS=6.7% (29B), an MIC of 256 µg/mL against S. aureus and an MIC 128 µg/mL 

against E. coli were observed, which are close to chitosan’s activity. However, with 

increasing DS, the activity was decreasing. The cinnamic chitosan conjugates with 

DS=33.0% (31) and DS=60.1% (32) exhibited weakened antibacterial activity 

compared to the chitosan starting material. These data suggests that the optimum 

range for improved antibacterial activity against S. aureus and E.coli is around 9-15%. 

The same was observed in case of the p-coumaric acid conjugates (39, 40, 41). 

Compound 39 with DS=9.0% exhibited the highest activity among the three 

conjugates, while the two other conjugates with higher DS exhibited worsened activity 

against S. aureus. However, in case of E. coli the MIC values remained comparable 

to chitosan’s. In case of the caffeic acid chitosan conjugates (42, 42, 44), a difference 

was observed between the MIC for S. aureus and E. coli. While the optimum DS was 

found to be around 12% DS against S. aureus, the optimal DS against E. coli was 

found to be lower, namely around 5%. Furthermore, compound 42 with DS=4.6% 

exhibited an MIC of 64 µg/mL against E. coli, which was a twofold dilution improvement 

compared to the activity of chitosan. However in case of the S. aureus, the obtained 

values showed weaker antibacterial activity compared to chitosan in all three 

conjugates. In case of the ferulic acid chitosan conjugates, the optimum DS was found 

to be around 6%, with comparable activities to chitosan. Overall, it was concluded that 

the increasing DS caused the antibacterial activity against S. aureus and E. coli to 

decrease and there was an optimum DS for improved activity. However, most of the 

improvements were only one or two dilutions, which makes it questionable whether the 

obtained activities are significant. To obtain a more accurate optimum range, further 

test are required with a higher number of conjugates with different DS values.  

The obtained data contradicts some results published by other authors. Lee et al. 

reported that conjugating HCA-s to chitosan improves the antimicrobial activity and 

there is a linear relationship between the DS and the antimicrobial activity (Lee et al. 

2013). Sun et al. also reported enhanced activity against E. coli, Salmonella 

typhimurium, and Bacillus subtilis, where the conjugate with the highest DS exhibited 

the strongest activity (Sun et al. 2014). In another study by Lee et al., a series of 
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antioxidant-chitosan conjugates were tested against MRSA, and the conjugate with 

the highest DS was found to possess the highest antibacterial activity (Lee et al. 2014).  

 

4.2.5 Antioxidant activity 

The DPPH radical scavenging assay was carried out using the method reported by 

Moreno-Vasquez et al. with slight modifications (Moreno-Vasquez et al. 2017). First, 

the HCA-s were investigated, starting with cinnamic acid. The DPPH inhibition 

percentage (I%) was plotted against the final concentration, resulting in the following 

plots: 

 

Figure 39. The DPPH scavenging activity of cinnamic acid, where the inhibition 

(I%) is plotted against the final concentration 

As Figure 39 shows, cinnamic acid did not exhibit good antioxidant activity in the tested 

concentrations. The highest DPPH scavenging activity exhibited by cinnamic acid was 

6.5% at the highest concentration (624 µg/mL) and had no activity in the following 

dilutions.  

 

 

 

 

 

y = 0,0098x - 0,3996

0

10

20

30

40

50

60

70

80

90

100

-10 90 190 290 390 490 590

I%

Final concentration (µg/mL)

Cinnamic acid



  

104 
 

Next, the activity of p-coumaric acid was investigated.  

 

Figure 40. The DPPH scavenging activity of p-coumaric acid, where the 

inhibition (I%) is plotted against the final concentration 

As it is demonstrated on Figure 40, p-Coumaric acid exhibited 39.5% DPPH 

scavenging activity at 624 µg/mL concentration and showed activity until 58.5 µg/mL. 

The IC50 of p-coumaric acid was estimated to be 755 µg/mL. 

Next, the activity of caffeic acid was investigated.  

 

Figure 41. The DPPH scavenging activity of caffeic acid, where the inhibition 

(I%) is plotted against the final concentration 
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Caffeic acid possessed strong DPPH scavenging activity in the tested concentrations 

by exhibiting nearly full inhibition in almost all tested concentrations (Figure 41). The 

IC50 of caffeic acid was estimated to be 2.3 µg/mL. 

Next, the activity of ferulic acid was investigated.  

 

Figure 42. The DPPH scavenging activity of ferulic acid, where the inhibition 

(I%) is plotted against the final concentration 

Ferulic acid exhibited strong antioxidant activity as well, with nearly full inhibition of 

DPPH up to 19.5 µg/mL (Figure 42). The IC50 of ferulic acid was estimated to be 4.9 

µg/mL. 
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Next, the antioxidant activity of chitosan was investigated.  

 

Figure 43. The DPPH scavenging activity of chitosan, where the inhibition (I%) 

is plotted against the final concentration 

The results suggested that chitosan had no DPPH scavenging activity in the tested 

concentrations, thus chitosan did not exhibit any antioxidant activity (Figure 43).  

The DPPH scavenging activity of the conjugates were studied next (Figure 44-46). 

 

Figure 44. The DPPH scavenging activity of three p-coumaric acid chitosan 

conjugates with DS 9.0, 35.1 and 39.8% values, where the inhibition (I%) is 

plotted against the final concentration 
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Figure 45. The DPPH scavenging activity of three caffeic acid chitosan 

conjugates with DS 4.6, 12.5 and 20.9% values, where the inhibition (I%) is 

plotted against the final concentration 

 

 

Figure 46. The DPPH scavenging activity of three ferulic acid chitosan 

conjugates with DS 5.8, 26.3 and 35.3% values, where the inhibition (I%) is 

plotted against the final concentration 

As expected, the cinnamic acid chitosan conjugates did not exhibit DPPH scavenging 

activity due to neither cinnamic acid nor chitosan possessing antioxidant activity in the 

tested concentrations. In case of the three other conjugates a trend was observed. 
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suggests that conjugating p-coumaric acid, caffeic acid and ferulic acid improves the 

antioxidant activity of chitosan. While at concentration 936 µg/mL chitosan exhibited 

only 2.8% inhibition of DPPH, the conjugates exhibited an inhibition up to 94%. Among 

the four HCA-s, p-coumaric acid exhibited the second lowest activity after cinnamic 

acid. At DS=9.0%, the conjugate did not exhibit enhanced scavenging activity 

compared to chitosan However, with DS=35.1% and 39.8% the conjugates exhibited 

an eight and 11-fold increase in activity compared to chitosan, respectively (Figure 44). 

In case of the ferulic and caffeic conjugates, a much higher increase was observed. 

The three ferulic acid chitosan conjugates with DS values 5.8%, 26.3% and 35.3% a 

24-, 29- and 30-fold increase was observed compared to native chitosan, respectively 

(Figure 45-46). Due to ferulic acid possessing a strong antioxidant activity (IC50=4.9 

µg/mL), even a 5.8% DS provided a 24-fold increase in the DPPH scavenging activity 

and 67.5% inhibition at 936 µg/mL concentration.  The highest antioxidant activity was 

detected in the caffeic acid chitosan conjugates. With DS values of 4.6%, 12.5% and 

20.9% the conjugates provided a 32, 33 and 34-fold increase compared to chitosan, 

respectively. It is worth noting, that the highest DS obtained in the caffeic acid chitosan 

synthesis was 20.9%, which is lower than in case of the other conjugates, still providing 

the strongest inhibition. This is due to the strong DPPH scavenging activity of caffeic 

acid with IC50=2.3 µg/mL.  

 

Figure 47. Comparing the DPPH scavenging activity of chitosan, a ferulic acid 

chitosan conjugate with DS=35.5%, a caffeic acid chitosan conjugate with 

DS=20.9% and a p-coumaric acid chitosan conjugate with DS=39.8% 
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It is visible that while chitosan possessed no antioxidant activity in the tested 

concentrations, conjugating p-coumaric, ferulic or caffeic acid to chitosan provided 

enhanced scavenging activity (Figure 47). The antioxidant activity and the DS of the 

compounds were in linear correlation, providing stronger activity with increasing DS. 

The caffeic acid chitosan conjugates exhibited the strongest DPPH scavenging 

activity, followed by the ferulic and p-coumaric acid conjugates, while the cinnamic 

acid chitosan conjugates did not have enhanced actvitiy compared to chitosan. Table 

18 summarizes the IC50 of the tested compounds.  

Table 18. IC50 of the tested compounds 

Compound DS (%) 
DPPH scavenging 

IC50 (µg/mL) 

Chitosan TM3511 (1)   NA 

Cinnamic acid (2)   755 

p-Coumaric acid (3)   NA 

Caffeic acid (5)   2.3 

Ferulic acid (4)   4.9 

Cinnamic conjugate (29B) 6.7 NA 

Cinnamic conjugate (23) 9.1 NA 

Cinnamic conjugate (24) 15.3 NA 

Cinnamic conjugate (31) 33.0 NA 

Cinnamic conjugate (32) 60.1 NA 

p-Coumaric conjugate (39) 9.0 2043.7 

p-Coumaric conjugate (40) 35.1 NA 

p-Coumaric conjugate (41) 39.8 1514.6 

Caffeic conjugate (42)                                           4.6 227.6 

Caffeic conjugate (43) 12.5 5.5 

Caffeic conjugate (44) 20.9 1.3 

Ferulic conjugate (45) 5.8 536.7 

Ferulic conjugate (46) 26.3 215.3 

Ferulic conjugate (47) 35.3 105.4 

 

Interestingly, compound 44, a caffeic acid chitosan conjugate with DS=20.9% 

exhibited enhanced antioxidant activity compared to both chitosan and caffeic acid 

(IC50=2.3 µg/mL) starting materials. 
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5 CONCLUSIONS 
 
 

In conclusion, a new synthetic method was developed for the synthesis of antioxidant 

chitosan conjugates, using cinnamic-, p-coumaric-, ferulic and caffeic acids. First, the 

TBDMS-protection of chitosan was carried out based on previous publications of prof. 

Már Másson’s research group. Next, the literature was studied on the subject and a 

suitable method was found and adopted for the TBDMS-protection of the 

hydroxycinnamic acids. After all the precursors were successfully synthesized and 

characterized, the synthesis development for conjugates begun. First, cinnamic acid 

was conjugated to chitosan due to its simple structure, following a published method, 

with the use of TEA as the reagent. In this procedure, the hydroxycinnamic acid was 

converted into its acyl chloride to make the hydroxyl group of the carboxylic acid moiety 

provide a better leaving group. Acyl chlorides are more reactive than carboxylic acids 

and chloride is a good leaving group, therefore the conjugation with chitosan via TEA 

could be carried out. The preliminary experiments were successful, furthermore a 

suitable solvent was chosen for the synthesis (DCM), however the DS was found to 

be very low (DS=3%). Since the desired DS values were set to be 25 and 50%, the 

next goal was to obtain conjugates with higher substitution. Next, the possibility of 

faulty acyl chloride synthesis was excluded, thus the conjugation step had to be 

investigated.  In order to do that, an optimization was carried out using the Design of 

Experiment (DOE) approach. With the help of a full factorial design consisting of three 

factors on two levels, an optimized synthetic method was obtained with DS=15.3%, a 

five-fold increase compared to the initial experiments. To further increase the DS, 

cinnamoyl chloride was applied in excess to obtain conjugates with 36 and 60.1% DS 

values, resulting in a 12 and 20-fold increase, respectively. To compare these results 

to the literature, six published methods were carried out and characterized, providing 

conjugates with DS ranging from 0 to 7.6%. These findings suggested that the new 

synthetic method provides a better alternative with higher DS compared to the tested 

published methods. A suitable deprotection method was found for the antioxidant 

chitosan conjugates, using 2 M HCl/MeOH and stirring for 48 h at room temperature. 

Next, the synthesis of the remaining conjugates were carried out with three different 

DS values. The obtained products were characterized by 1H-NMR and ATR-IR 

spectroscopy to confirm their structure, then their biological activities were 

investigated. The antibacterial activity against Gram-negative E. Coli and Gram-

positive S. aureus were tested with the broth microdilution method. All tested 

compounds were found to be bactericidal. Chitosan possessed good antibacterial 
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activity against the two strains, namely 256 µg/mL MIC. Some of the conjugates 

exhibited comparable or - in some cases – enhanced activity compared to chitosan.  

An optimal DS range was observed, suggesting that there is a minimum amount of 

HCA that has to be present in the polymer in order for the conjugates to possess 

antibacterial activity. However, further increasing the DS resulted in decreasing 

activity. The DPPH scavenging activity of the starting materials and the conjugates 

were studied as well. While chitosan did not have antioxidant activity in the tested 

concentrations, the p-coumaric, ferulic and caffeic acid conjugates exhibited enhanced 

activities. The DS and the activity were found to be in a linear correlation, therefore the 

inhibition was stronger with increasing DS of the compounds. The caffeic acid chitosan 

conjugates possessed the strongest scavenging activity, followed by the ferulic and p-

coumaric conjugates.  
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6   FUTURE PERSPECTIVES 
 
 

The data reported in this thesis has allowed us to establish the structure activity 

relationship for chitosan HCA conjugates. It has been shown that the conjugation has 

only limited beneficial effects on the antimicrobial activity and only at low DS and at 

high DS there is a clearly negative effect. This is not consistent with most other studies, 

but in many cases these studies were based on relatively few conjugates with rather 

ill-defined structure or even incorrect structure characterization.  

In contrast, the conjugation of antioxidants had a very significant effect on the 

antioxidant activity and this was highly correlated with the DS and the structure of the 

antioxidant moiety. This finding was also not entirely consistent with previous, more 

limited studies. 

Therefore, there is a good reason to use the same approach to study the structure 

activity relationship with other conjugates of natural and synthetic antioxidants. 

Chitosan is well known for other activities than just antioxidant and antimicrobial 

activities, such as the effect to stimulate bone growth and wound healing. It would be 

interesting to study the effect of antioxidant conjugation on these activities as well. 

Part of the text presented in the introduction is part of a review chapter to be published 

in Encyclopedia of Marine Biotechnology. The experimental work will now be written 

up for a manuscript that will be submitted to a scientific journal.  
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9 APPENDIX 

No.  DS (%) Compound 

1  Chitosan TM3511 

1B  Chitosan TM3623 

1C  Chitosan HMC  

2  Cinnamic acid 

3  p-Coumaric acid 

4  Ferulic acid 

5  Caffeic acid 

6  Mesylate salt of chitosan  

7  Mesylate salt of chitosan  

8  Mesylate salt of chitosan  

9  Mesylate salt of chitosan  

10  3,6-di-TBDMS-chitosan 

11  3,6-di-TBDMS-chitosan 

12  3,6-di-TBDMS-chitosan 

13  3,6-di-TBDMS-chitosan 

13B  3,6-di-TBDMS-chitosan 

14  3,6-di-TBDMS-chitosan 

15  3,6-di-TBDMS-chitosan 

16  p-TBDMS-coumaric acid 

17  TBDMS-ferulic acid 

18  di-TBDMS-caffeic acid 

19 3.0 Cinnamic acid-chitosan conjugate 

20 3.0 Cinnamic acid-chitosan conjugate 

21 1.0 Cinnamic acid-chitosan conjugate 

22 2.0 Cinnamic acid-chitosan conjugate 

23 9.1 Cinnamic acid-chitosan conjugate 

24 15.3 Cinnamic acid-chitosan conjugate 

25 8.6 Cinnamic acid-chitosan conjugate 
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No. DS (%) Compound 

26 13.4 Cinnamic acid-chitosan conjugate 

27 8.6 Cinnamic acid-chitosan conjugate 

28 14.9 Cinnamic acid-chitosan conjugate 

29 8.3 Cinnamic acid-chitosan conjugate 

30 15.2 Cinnamic acid-chitosan conjugate 

27B 8.3 Cinnamic acid-chitosan conjugate 

27C 9.2 Cinnamic acid-chitosan conjugate 

23B 9.5 Cinnamic acid-chitosan conjugate 

25B 9.9 Cinnamic acid-chitosan conjugate 

29B 6.7 Cinnamic acid-chitosan conjugate 

31 36.0 Cinnamic acid-chitosan conjugate 

32 60.1 Cinnamic acid-chitosan conjugate 

33 NA Cinnamic acid-chitosan conjugate 

34 6.4 Cinnamic acid-chitosan conjugate 

35 7.6 Cinnamic acid-chitosan conjugate 

36 NA Cinnamic acid-chitosan conjugate 

37 0.6 Cinnamic acid-chitosan conjugate 

38 0.4 Cinnamic acid-chitosan conjugate 

39 9.0 p-Coumaric acid-chitosan conjugate 

40 35.1 p-Coumaric acid-chitosan conjugate 

41 39.8 p-Coumaric acid-chitosan conjugate 

42 4.6 Caffeic acid-chitosan conjugate 

43 12.5 Caffeic acid-chitosan conjugate 

44 20.9 Caffeic acid-chitosan conjugate 

45 5.8 Ferulic acid-chitosan conjugate 

46 26.3 Ferulic acid-chitosan conjugate 

47 35.3 Ferulic acid-chitosan conjugate 
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