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ABSTRACT 

Fluorescence labelling of chitosan and its cationic derivatives for 

biological studies 

 

Chitosan, amino-polysaccharide produced from chitin has demonstrated 

outstanding biological, physiological and pharmacological properties ranging from 

mucoadhesion to permeation enhancement and antimicrobial activity. The application of 

chitosan as a supporting polymer for gene delivery or tissue engineering are only few of 

numerous exciting utilization of chitosan being investigated.  

On its own, chitosan is insoluble in either organic solvents or aqueous solvents above 

the pH 6.5 but the free amino group and the two hydroxy groups in the monomers can be 

chemically modified to prepare derivates with more desirable properties. 

N-alkyl quaternized chitosan derivatives with structural motifs found in antimicrobial 

peptides had been prepared in our laboratory with the aim to enhance the antimicrobial 

activity of the polymer and its solubility at physiological pH. The mechanism of 

antimicrobial action of chitosan and its derivatives has however not been fully described.  

It this study procedures were developed for fluorescence labelling of three chitosan 

based materials; chitosan, trimethyl chitosan (TMC) and N-(2-(N,N,N-

trimethylammoniumyl) acetyl)chitosan (TMAC) with  fluorescein isothiocyanate (FITC). 

The reactions were reliable in giving desired extent of labelling which was not found to 

alter the activity of the original polymers and the purification steps were sufficient to give 

pure products. 

The synthetized materials were applied in confocal microscopy visualisation of the 

interaction between those polymers and one Gram positive bacteria (S.aureus) and one 

Gram negative bacteria (E.coli) species, which indicated the localisation of the polymers 

on the outer side of bacteria.  

The uptake mechanism of the chitosan derivatives into MDA-MB-231 metastatic 

breast carcinoma cells was also investigated. The results showed that FITC-TMC and 

FITC-TMAC were located on the cell surface as well as in the perinuclear region of the 

cells. Both were seen in clusters resembling vacuoles. 
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ÁGRIP 

Flúrmerking kítósans og katjóníska kítósanafleiða 

 fyrir líffræðilegar rannsóknir  

 

Kítósan, amínófjölsykra sem er framleidd úr kítini hefur sýnt framúrskarandi 

líffræðilegan, lífeðlisfræðilegan og lyfjafræðilegan eiginleika sem nær frá slímhimnu 

viðloðandi eiginleikum og gegndræpisaukandi áhrifum til örverudrepandi eiginleika. 

Notkun kítósanfjölliða við vefjaverkfræði og til þess að ferja gen eru aðeins ein af 

fjölmörgum spennandi nýtingu kítosans sem hefur verið rannsakað.  

Kítósan eitt og sér er óleysanlegt í bæði lífrænum leysum eða vatnslausnum yfir 

pH 6,5 en amínóhópurinn og hýdroxýhóparnir tveir í einliðunni geta verið breytt með 

efnafræðilegum hætti til þess að undirbúa afleiður með æskilegri eiginleikum.  

N-alkýl fjórgildar kítósanafleiður sem líkjast bakteríudrepandi peptíðum voru 

smíðaðar með það markmið að auka þeirra örverudrepandi virkni og leysni við lífræðilegt 

pH. Hins vegar hefur örverudrepandi verkunarmátur kítósans og kítósanafleiða ekki verið 

lýst.    

Í þessari rannsókn voru þróaðar aðferðir til að tengja flúrljómandi efni (FITC) við 

kítósan, trímetýl kítósan (TMC) og N-(2-(N,N,N-trímetýlammóníumýl)acetýl)kítósan 

(TMAC). Efnahvörfin sýndu áreiðanlega niðurstöðu við að ná tilætluðu merkingu sem 

breytti ekki virkni upprunalegu fjölliðanna og hreinsunar skrefin reyndust færar um að ná 

hreinum afurðum.   

Smíðaðar flúrljómandi fjölliður voru notuðar við confocal smásjá til þess að 

ákvarða staðsetningu þeirra í/á eina Gram jákvæða bakteríu (S.aureus) og eina Gram 

neikvæða bakteríu (E. coli) og reyndust þær staðsettar á ytri hlið bakteríanna.  

Upptaka kítósanafleiða innan MDA-MB-231 frumna var einnig rannsökuð. 

Niðurstöðurnar sýndu að FITC-TMC og FITC-TMAC voru staðsettar á yfirborði 

frumnanna sem og í umhverfis kjarna og voru sjáanlegar í þyrpingum sem líktust 

safabólum.   
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1 INTRODUCTION 

1.1 Chitin, Chitosan and chitosan derivatives 

1.1.1 Chitin 

Chitin, the structural component of shells of marine crustaceae like crabs and shrimps 

(Chen, Lin, McKittrick, & Meyers, 2008), is the most prevalent polysaccharide in nature. 

The waste from seafood processing industry provides easily accessible sources of chitin. 

The shells constitute from 15-40% of chitin (Kurita, 2006) and are highly mineralized 

typically with calcium carbonate, which gives mechanical rigidity (Chen et al., 2008).  

Chitin extraction involves milling and demineralization by hydrochloric acid at 

ambient temperatures followed by heating and protein removal by treatment with diluted 

sodium hydroxide (Kurita, 2006). This process introduces a pollution risk in the form of 

large amount of toxic waste (Chen et al., 2008) and therefore there have been attempts to 

develop more environmental microbial and enzyme-based methods (Kurita, 2006).  

The produced chitin is not soluble in common solvents because of strong 

intermolecular hydrogen interactions and is almost exclusively used for chitosan 

production (Kurita, 2006). 

1.1.2 Chitosan 

Chitosan is formed by randomly distributed -(1-4)-linked D-glucosamine and N-

acetyl glucosamine units (Hosseinnejad & Jafari, 2016) and is produced from chitin by 

de-acetylation with 40-50% aqueous sodium hydroxide at high temperature (Kurita, 

2006). Final extent of acetylation is one of the most important aspects which affects the 

properties of chitosan. The common range is 5% - 30%  (Kurita, 2006). 

The resulting polymer is non-toxic, biocompatible and biodegradable. Being amino-

polysaccharide, it has demonstrated notable biological, physiological and 

pharmacological properties (Kim, 2013). As examples can be named promotion of wound 

healing, immune enhancement, permeation enhancement, mucoadhesion, eliciting 

biological responses, and antimicrobial activity (Kurita, 2006). Further exciting 

utilization under investigation include the use of chitosan as a supporting polymer for 

gene delivery, cell culture, and tissue engineering (Dang & Leong, 2006).  
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However chitosan is insoluble in either organic solvents or water but it dissolves in 

most aqueous acids with pH below 6.5 (Kim, 2013). The free amino group and the two 

hydroxy groups in the monomer can be chemically modified to prepare derivates with 

more desirable properties like enhanced solubility in physiological environment. (Pillai, 

Paul, & Sharma, 2009).  

 

 

Figure 1: Molecular structure of chitin and chitosan monomers (Younes & Rinaudo, 2015) 

 

 

1.2 Antimicrobial activity of chitosan and chitosan derivates 

Chitosan has been demonstrated to supress the growth of some commonly pathogenic 

microorganisms like Escherichia coli (E.coli) , Pseudomonas aeruginosa, Bacillus 

subtilis, Staphylococcus aureus (S.aureus)  and Candida albicans (C.albicans). (Kurita, 

2006).  

Many factors play a role in the extent of antimicrobial properties of chitosan and 

chitosan derivatives. The antimicrobial performance is largely determined by the degree 

of deacetylation of the produced polymers which in turn determinates the amount of free 

amino groups and therefore the overall charge of the compound. Generally, the lesser the 

extent of acetylation the higher positive charge and the stronger antimicrobial properties. 

Chitosan becomes polycationic at pH below 6 but at higher pH it tends to lose charge and 

sometimes precipitates from solution (Hosseinnejad & Jafari, 2016).  

Antimicrobial properties of various chitosan derivates have been investigated in many 

studies. Substituents with cationic charge or the ones that easily form cations contribute 

to the antimicrobial properties and solubility at neutral pH (P. Sahariah et al., 2014). 
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Difference in molecular weight is another aspect that has impact on the antimicrobial 

properties. The correlation is however not straightforward. In some studies the 

antimicrobial properties tend to increase with increase of molecular weight of chitosan 

but some studies show  the opposite (Hosseinnejad & Jafari, 2016) which might suggest 

that there are different mechanisms of action behind the activity of high molecular weight 

chitosan and chitosan with low molecular weight. 

Another aspects which play a role in the extent of antimicrobial properties include type 

of bacteria, concentration, source of chitosan and type of nutrients of particular 

microorganism. (Hosseinnejad & Jafari, 2016)  Summary  of the main aspects affecting 

the antimicrobial properties of chitosan can be found in Figure 2. 

 

Figure 2: Aspects affecting the antimicrobial properties of chitosan . (Hosseinnejad & Jafari, 2016) 

 

1.2.1 Mechanism of Antimicrobial Action of Chitosan and its Derivatives 

Couple of theories exist which try to explain the mechanism behind the antimicrobial 

activity of chitosan. As high molecular weight polymers usually do not pass through the 

cellular membranes, it is believed, that some kind of interaction with the cellular surface 

inflicts the antimicrobial effect (Kim, 2013). For example, the positively charged polymer 

could interfere with negatively charged residues on the surface of bacteria and alter the 

cell permeability and cause lysis. Chitosan could also interfere with the organism viability 

by restriction the nourishment by either chelation of essential nutrition and metals or by 

preventing their uptake into the cell by film formation covering the surface of bacteria. 

Another theory describes possibility of the interaction with microbial DNA and diffused 
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hydrolysis products of chitosan which inhibit mRNA and protein synthesis (Hosseinnejad 

& Jafari, 2016). Proposed mechanisms are summarized in Figure 3. 

 

 

Figure 3: Proposed antimicrobial mechanisms of chitosan and its derivatives (Hosseinnejad & 

Jafari, 2016) 

 

 

1.3 Antimicrobial Peptides 

Antimicrobial peptides (AMP) are part of innate immunity of all eukaryotic organisms 

(van der Weerden, Bleackley, & Anderson, 2013). They protect the organism from 

bacteria and fungi and some of them are even active against viruses and cancer cells. 

(Malanovic & Lohner, 2016b) and often manifest a broad spectrum activity (Seo, Won, 

Kim, Mishig-Ochir, & Lee, 2012) (Yanmei Li, Xiang, Zhang, Huang, & Su, 2012). 

1.3.1 Structure of Antimicrobial Peptides 

Their structure is usually small, positively charged and amphipathic (van der Weerden 

et al., 2013) with a high binding selectivity toward microbial membranes. The length does 

not usually exceed 60 amino acids. (Kang, Kim, Mishig-Ochir, & Lee, 2012). -helical 

structure is frequently seen in AMPs and is believed to promote binding and insertion to 

the cell membrane which facilitates cell lysis (Mojsoska & Jenssen, 2015). Upon contact 

with microbial membrane they often acquire secondary structure or oligomerize into 
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aggregates which contributes to the diversity in mechanism of action between 

antimicrobial peptides (Malanovic & Lohner, 2016a).  

Many antimicrobial peptides, stabilized by one or more disulphide bonds, have -sheet 

structure (Shai, 1999).  They usually exert their antimicrobial activities by disrupting the 

integrity of bacterial membrane (Seo et al., 2012). 

1.3.2 Antimicrobial Peptides in the Design of New Chitosan Derivatives 

There exists a pressure due to emergence of antibiotic resistance in bacteria to the 

development of  new antimicrobial agents (Mojsoska & Jenssen, 2015). The structure of 

antimicrobial peptides has been employed as a pharmacophore in the design of new 

chitosan derivates with enhanced antimicrobial activity (Priyanka Sahariah, Óskarsson, 

Hjalmarsdottir, & Masson, 2015). Although there have been many hypothesis the 

mechanism of antimicrobial action of those compounds has not been described.  

 

1.4 Bacteria and Fungi 

1.4.1 Gram Positive Bacteria 

The common feature of all bacteria is that cytoplasmic membrane is surrounded by 

cell wall. In Gram positive bacteria it is formed by 40-80 layers of peptidoglycan (PGN) 

composed of alternating units of disaccharide N-acetyl glucosamine – N-acetyl muramic 

acid (NAG – NAM) cross-linked by a pentapeptide side chain. This component 

contributes to strength and stability of the cell wall. It is not negatively charged and has 

a porous structure which might act either as trap as well as facilitate the penetration of 

AMPs towards the cytoplasmic membrane. 

Another specific component of cell wall of Gram positive bacteria is teichoic acid 

which is composed from a soluble polymer of glycerolphosphate or ribitolphosphate 

repeating units that can be linked via  glycolipid anchor with the plasma protein or linked 

to the NAM unit of PGN.  (Malanovic & Lohner, 2016a). Lipoteichoic acid contributes 

to the overall negative charge of the bacterial envelope and might act as a letter as well 

as entrapment of AMPs (Malanovic & Lohner, 2016b). 
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Figure 4: Structure of the cell wall and plasmatic membrane of Gram-negative bacteria, Gram-

positive bacteria and fungi (Malanovic & Lohner, 2016a) 

 

Typically, the cell wall is separated from cytoplasmic membrane by narrow 

periplasmic space which contains variety of ions and proteins. The composition of 

cytoplasmic membrane phospholipids varies amongst the species. Typically Gram 

negative bacteria contain larger fraction of negatively charged phosphatidylglycerol 

containing saturated and unsaturated fatty acid with major distribution of C16:0, C18:0, 

C16:1 and C18:1, but also branched fatty acids like anteiso C15:0 and C17:0 chains. 

(Malanovic & Lohner, 2016a). 
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Figure 5: Molecular structure of peptidoglycan (Malanovic & Lohner, 2016b) 

1.4.2 Gram Negative Bacteria 

The cell wall structure of the Gram negative bacteria is even more complex. It is 

composed of 2 asymmetrical layers separated from the cytoplasmic membrane by 

periplasmic space (Murray, Rosenthal, & Pfaller, 2015) which contain binding proteins 

for amino acids, sugars and vitamins (Beveridge, 1999). The inner leaflet does not contain 

any teichoic nor lipoteichoic acid but is composed of a thin PGN layer which also contains 

phospholipids otherwise present in cytoplasmic membranes. By weight it accounts for 

only 5-10% of the cell wall. The outer leaflet forms a stiff barrier to large and hydrophobic 

molecules is composed from lipopolysaccharide (Murray et al., 2015) which are highly 

negatively charged at neutral pH and therefore highly reactive with cationic molecules. 

The cell wall is porous and allows passage of certain substances but pores formed by 

porin proteins are also present allowing for example the passage of iron. (Beveridge, 

1999). 
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Cytoplasmic membrane of Gram negative bacteria is formed of larger fraction of 

zwitterionic phosphatidilethanolamine in addition to PGN than in Gram positive bacteria 

(Malanovic & Lohner, 2016b). The membrane therefore carries negative charge with high 

electrical potential gradient (Bechinger & Gorr, 2016). 

Some Gram positive and Gram negative bacteria are surrounded by protective capsule 

formed by polysaccharide or protein layer (Murray et al., 2015). 

 

1.4.3 Fungi and yeast 

The cell wall architecture of yeast and fungi is distinctly different from the structure 

in bacteria. Most adjacent to the plasmatic membrane is a chitin layer, which ensures the 

cell wall stability, covered by -glucan network build largely of (1 → 3)-β-glucans with 

(1→6)-β-branches. The outermost layer is formed by proteins glycosylated with manose 

residues which, in fungi, can also contain galactose, glucose, and uronic acid. The 

proteins are covalently linked to -glucan network via glycophosphatidylinositol-anchor 

that links protein via a (1→6)-β-glucosidic linkage or via alkali-sensitive bond. 

Significant degree of disulphide bridges that occur between those proteins restricts the 

cell wall porosity. The main function of fungal cell wall is protection but has also role in 

cell adhesion, pathogenesis and signalling. 

The plasmatic membrane of yeast and fungi is rich in anionic phospholipids, mainly 

phosphatidylserine and phosphatidylinositol, which serve as a common target for various 

antifungal drugs and peptides. Beside that the membrane composes of sphingolipids and 

sterols, mainly ergosterol  (van der Weerden et al., 2013). The schema of the fungal cell 

wall structure is depicted in Figure 4. 

 

1.5 Mechanism of Action of Antimicrobial Peptides 

Disruption of the cytoplasmic membrane by membrane thinning, pore formation or 

altered curvature of the membrane are common mechanisms by which antimicrobial 

peptides display their properties. Those processes lead to loss of membrane potential 

which stops ATP production and subsequently the cellular metabolism leading to cell 

lysis (Mojsoska & Jenssen, 2015). Single peptide can act through several mechanisms 
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depending on the concentration, peptide: membrane lipid ratio and membrane 

composition. In general, the selectivity of the peptides is given by the interaction of the 

positively charged peptide with the negatively charged microbial membrane.  Eukaryotic 

membranes are composed of zwitterionic lipids and therefore do not interact with those 

peptides (Bechinger & Gorr, 2016). 

 

 

Figure 6: Schematic illustration of possible interactions of antimicrobial peptides with bacterial cell 

wall components of Gram negative and Gram positive bacteria (Malanovic & Lohner, 2016a). LPS- 

lipopolysaccharide; PL – phospholipid; LTA - Lipoteichoic acid 

 

 Pore formation can be explained by the barrel-stave, carpet, toroidal or aggregate 

channel mechanisms. In the barrel-stave mechanism the peptide first connects to the cell 

wall and aligns perpendicularly to the cytoplasmic membrane and forms an aggregate 

(Bechinger & Gorr, 2016) creating a barrel ring. After reaching a threshold concentration 

the formed ring opens a pore in the membrane. Hydrophobic portion of peptide interacts 

with bacterial membrane phospholipids and the core of the ring is hydrophilic (Barbosa 

Pelegrini, del Sarto, Silva, Franco, & Grossi-de-Sa, 2011). -helical proteins often act by 

this mode (Yanmei Li et al., 2012). 



 

10 

 

In toroidal model the lipids bent in a way that the peptides are always associated with 

lipid head groups even after perpendicular insertion into the lipid bilayer therefore the 

formed pore is lined by both peptide and lipid head groups (L. Yang, Harroun, Weiss, 

Ding, & Huang, 2001). The induced leakage and membrane lipid inversion lead to cell 

death even at low concentration of the peptides. 

During the carpet mechanism a large concentration of peptide acts as detergent (Imura, 

Choda, & Matsuzaki, 2008) and bacterial cytoplasmic membranes are collapsed into 

micelle-like structures (Seo et al., 2012). This model is the most common mechanism to 

kill Gram negative bacteria. 

The aggregate channel mechanism has been described relatively recently. In this 

model, the peptide destabilizes the lipopolysaccharide by competitively displacing the 

LPS-associated divalent cations which produces membrane perturbation by forming 

specific lipid–peptide aggregates which render channels for ion leakage through the 

membrane.  

 

 

 

Figure 7: Mechanisms of action of membrane acting antimicrobial agents (Scocchi, Mardirossian, 

Runti, & Benincasa, 2016). 

 

Some antimicrobial peptides developed mechanisms to cross the cytoplasmic 

membrane and kill the bacteria via interaction with intracellular targets. Common 

mechanisms lead to inhibition of protein synthesis, often cell wall biosynthesis, DNA 

binding affecting transcription and replication circle or inactivation of fundamental 

enzyme activities (Scocchi et al., 2016). Furthermore, some antimicrobial peptides can 
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interfere with bacterial cytokines which can lead to cell filamentation (Yanmei Li et al., 

2012). 

Beside the direct killing mechanisms many antimicrobial peptides have 

immunomodulatory activity and enhance TNF and IFN- release from macrophages 

promoting bacterial clearance and stimulating adaptive immune system at the same time 

(Bechinger & Gorr, 2016). 

 

1.5.1 Antimicrobial Mechanism of AMPs in Gram Negative Bacteria 

The first interaction between the antimicrobial peptide and the Gram negative bacteria 

is due to the attractive forces between positively charged peptide and negative charge 

present on the outer layer of the bacterial cell wall (Matsuzaki, Sugishita, Harada, Fujii, 

& Miyajima, 1997). 

Antimicrobial peptide can then disrupt the amphipathic lipid bilayer of the cytoplasmic 

membrane by either of the previously described mechanisms. The  destabilization of the 

high negative transmembrane potential and release of native divalent cations from the 

membrane leads to disruption and cell death (Bechinger & Gorr, 2016). 

Some antimicrobial peptides can rapidly pass the cellular membrane of Gram negative 

bacteria by ion exchange mechanism where the cationic peptides compete with Ca2+ and 

Mg2+ bound to lipopolysaccharide and function on intracellular targets (Bechinger & 

Gorr, 2016).  

 

1.5.2 Mechanism of Action of Antimicrobial Peptides in Yeast and Fungi 

Membrane acting antifungal peptides are assumed to possess similar mode of action 

based on the barrel, toroidal and carpet model. Some antifungal peptides do not require 

cell wall binding and act through inhibition of Ca2+ channels. 

Some antifungal peptides (AFP) are able to bind to the cell wall and be transferred 

over the plasmatic membrane either by forming cation-selective channel or via retrograde 

transport pathway and target intracellular proteins in order to inhibit cell cycle. Some 

AFPs do so by acting as protease inhibitors and hindering protein synthesis of the cell 

wall components others inactivate 28S rRNA through N-glycosylase, or more often 
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phosphatase activity which cleaves the phosphodiester bond of 28S rRNA. (Theis & 

Stahl, 2004). The mechanism is depicted in Figure 8. 

 

 

Figure 8: Site of action of phosphatase and RNA-glycosylase (Theis & Stahl, 2004). 

  

Very specific is the action of antifungal peptides which are able to interfere with the 

chitin component of fungal cell wall. Chitin binding proteins possess high affinity to 

nascent chitin and disrupt the growth. Chitinases are secreted to hydrolyse chitin and 

glucan binding peptides are able to digest -1,3-glucan directly which  subsequently 

weakens the fungal cell wall and causes cell lysis (Silva, Gonçalves, & Santos, 2014). 

Summary of the known mechanisms as action of AFPs can be seen in  

Figure 9. 
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Figure 9: Described mechanisms of action of antifungal peptides with examples (Silva et al., 2014). 

 

1.6 Chitosan derivatives as gene delivery carriers 

Chitosan and its cationic derivatives have been also investigated as vehicles for 

gene delivery. Enzymatic degradation of the naked DNA by nucleases restricts its serum 

half-life to only 10 minutes and the use of vectors for its efficient delivery into the targeted 

cells is therefore essential. The use of non-viral vectors offers many advantages like safety 

and possibility to large scale pharmaceutical production with better quality control (J. 

Yang, Liu, & Zhang, 2014). Stimuli responsive nanocarriers from those materials have 

also been investigated (Yingqin Li et al., 2017). 

Specific properties of a successful gene delivery system include the ability to package 

therapeutic genes and subsequently enter into the cells where it must be able to escape 

the endo-lysosomal pathway. Further it must be able penetrate to the nuclei and enable 

gene expression when at the same time remaining biocompatible (Wong, Pelet, & 

Putnam, 2007). Possible barriers to the effective transfection of delivered DNA are 

depicted in Figure 10. 
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Figure 10: Proposed pathway of internalization of cationic polymer gene carriers and possible 

cellular processing (Wong et al., 2007) 

 

Nucleic acid as negatively charged macromolecule forms stable complexes with 

cationic polymers by electrostatic interaction and entropy change. (J. Yang et al., 2014) 

however, relatively low transfection efficiency of tested material seems to be the biggest 

challenge for further studies (Liu, Zhang, Zhou, & Jiao, 2010). TMC was found to be 

superior to chitosan in transfection efficacy but introduction of hydrophobic groups into 

the chitosan structure resulted to improved transfection probably due to weakening of 

electrostatic attraction between DNA and carriers (Liu et al., 2010).  

The accepted mode of cellular entry of polymer gene carriers is tightly regulated 

internalization of the prepared polyplexes within transport vesicles derived from the 

plasmatic membrane. However the exact uptake mechanism and intracellular processing 

of the internalized polymers is still unclear (Wong et al., 2007). 

 

1.7 Fluorescence 

 Fluorescence is a luminating property of many organic and inorganic materials 

which can get into excited state by absorption of one or more photons. Fluorescence 

occurs upon spontaneous emission of those photons during relaxation of the material. 
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Physicochemical parameters of the closest environment like pH, polarity, presence of 

ions, hydrogen bonds, quenchers, pressure, temperature or electric potential, affect 

fluorescence characteristic (Valeur & Berberan-Santos, 2012). 

Fluorescence has been utilized by many highly sensitive analytical methods. Some 

advance designed methods are able to detect signal from as little as single fluorescence 

molecule by amplification (Lakowicz, 2013). 

Common analytical techniques which take advantage of fluorescence are fluorescence 

spectroscopy and fluorescence microscopy. Fluorescence spectroscopy uses high 

intensity lamp, often xenon or tungsten, as an excitation source, equipped with 

monochromators for emission and excitation wavelength selection. Fluorescence is then 

detected with photomultiplier tubes (Lakowicz, 2013). 

Intrinsic fluorophores are ideal for the research. However, they are quite uncommon 

in the nature. As examples can be named tryptophan, NADH or flavones. Therefore, 

fluorescent probes, sometimes called labels or tracers, are often used for visualization. 

Fluorescence probes are covalently bound to molecule of interest. Some studies use 

multiple fluorescence probes which can be either selectively excited or emit light of 

different colour, in a single experiment (Lamsa, Liu, Dorrestein, & Pogliano, 2012). The 

observed phenomena followed are often fluorescence intensity, kinetic change in 

excitation or alternatively quenching or photobleaching (Mason, 1999). 

There are many fluorophores available. Some of the most common are depicted in 

Figure 11. Fluorescein isothiocyanate (FITC) is widely used to attach a fluorescent probe 

to various proteins via the amine group (Zheng, Wan, Yu, & Zhang, 2016) but it has been 

also used for fluorescence labelling of chitosan by the reaction between isothiocyanate 

group of FITC and primary amino group in chitosan backbone (Huang, Ma, Khor, & Lim, 

2002). 
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Figure 11: Examples of common fluorophores reactive with amino or sulfhydryl groups and their 

substituents (Huang et al., 2002).  

 

1.7.1 Fluorescence in Investigation of Antimicrobial Mechanism of Action 

Assays used to assess the membrane disrupting properties of antimicrobial peptides 

either use membrane mimetic systems or real organisms. Fluorophore is often used to 

evaluate leakage from prepared vesicles or liposomes as indicator of membrane 

permeabilization. Another possibility is the detection of enzyme substrates or 

fluorophores that are released or by contrast, internalized. 

Popular is also the use of recombinant microorganisms expressing one cytoplasmic 

and one periplasmic enzyme. Using specific impermeant extracellular substrates, for 

example FITC-dextran, gives coloured products in correlation with the extent of damage 

of the membrane (Scocchi et al., 2016). 

Fluorescence spectroscopy has been employed in the detection of interaction of 

tryptophan rich peptides with the cytoplasmic membrane (Mojsoska & Jenssen, 2015). 

Tryptophan acts as fluorophore and the technique is based on measuring blue 

fluorescence shift and fluorescence intensity increase upon binding of the peptide to 

bacterial membrane (Shai, 1999). The shift is obtained when tryptophan moves from more 

flexible position in water-exposed environment to more restricted position in the 

hydrophobic region of the membrane and is in proportion to binding to the membrane. 
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Information about the process of the peptide binding in time can also be obtained by 

fluorescence spectroscopy (Epand & Vogel, 1999). 

Depolarization of the membrane can be detected using cationic fluorescent probes 

which are accumulated at the  cell membrane and released into the medium when 

depolarized causing measurable fluorescence (Scocchi et al., 2016). 

Fluorescence microscopy is a powerful research tool in investigation of biological 

processes. It can be used to investigate the localization and levels of molecules and can 

provide information about distribution, dynamics and interactions (Molinari, 2016). 

Bacterial cytological profiling using fluorescence microscopy is a powerful approach 

to identify cellular pathway affected by antimicrobial agent and can be therefore used to 

discriminate between the major classes of antibiotic mechanisms (translation, 

transcription, DNA replication, lipid synthesis, and peptidoglycan synthesis inhibition) 

(Nonejuie, Burkart, Pogliano, & Pogliano, 2013). In this method, the bacteria are cultured 

with the antimicrobial agent and then stained with various fluorescent probes. Obtained 

images are compared with the images of similarly treated bacteria cultured with an 

antibiotic with known mechanism of action (Nonejuie et al., 2013). 

It is often desirable to perform killing assays concurrently to the membrane 

permeabilization assay to evaluate if the two properties are in correlation (Scocchi et al., 

2016). Flow cytometry is often used for this purpose (Jepras, 1995). 
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2 Aim 

2.1 Primary aim 

The primary aim was to develop efficient procedure for fluorescent labelling of 

chitosan and cationic chitosan derivates to be used for various imaging biological studies. 

The procedure was developed for three of chitosan based materials with previously 

described antimicrobial properties; chitosan, trimethyl chitosan and N-(2-(N,N,N-

trimethylammoniumyl)acetyl)chitosan. Fluorescein isothiocyanate was used as the 

labelling agent. Various reaction conditions were to be investigated with the targeted 

extent of labelling between 0.4 – 0.6% of the monomer units in the polymer. Methods for 

purification and characterization of the materials were also to be developed. The effect of 

the labelling on the antimicrobial activity of the compounds was to be tested and 

determined if these materials were suitable for confocal microscopy studies. Furthermore 

the aim was to use these materials to study the antimicrobial mechanism of action against 

one Gram positive bacteria species (S.aureus) one Gram negative bacteria species (E.coli) 

and one fungus (C. albicans). 

2.2 Secondary aim 

Due to unforeseen circumstances, it was not possible to do all planned studies 

with the bacteria. A study of the mechanism of uptake of these polymers into MDA-MB-

231 metastatic breast carcinoma cells was added as a secondary aim in the project.  
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3 MATERIALS, INSTRUMENTS AND METHODS 

3.1 Materials and equipment 

Chitosan mesylate (CM) with 5% degree of acetylation (Mw(monomer) 254.56 g/mol) 

had been prepared in our laboratory by Priyanka Sahariah from low molecular weight 

chitosan (batch S030626-2, 95% deacetylation) kindly provided by Primex ehf. by  

previously described method (Rúnarsson, Malainer, Holappa, Sigurdsson, & Másson, 

2008). The average molecular weight was found by gel permeation chromatography 

(GPC) carried out by Priyanka Sahariah according to previously published procedure (P. 

Sahariah et al., 2014) to be 28.01kDa with polydispersity 3.52.    

Trimethyl chitosan (TMC) (Mw(monomer) 204.30 g/mol) had also been synthetized by 

Priyanka Sahariah according to previously described method (Benediktsdóttir et al., 

2011) from same compound and its molecular weight found by GPC as described for 

chitosan was 20.69kDa with polydispersity 1.51. The material was analysed by 1H-NMR 

and the degree of trimethylation was calculated using integration of peaks in formed NMR 

spectra according to Equation 1 to be 95%. Figure can be found in Appendix 1.  1H-NMR 

(400 MHz D2O): δ ppm: 3.30 (N-(CH3)3); 3.70 (H-2); 3.81-3.88 (H-5-6); 4.30 (H-4); 4.42 (H-

3); 5.41 (H-1).  

 

Equation 1: Degree of trimethylation of TMC 

Degree of trimethylation of TMC = (∫N(CH3)3) / 9) / (∫H-1 / 1) 

 

Silyl protected 3,6-O-di-tertbutyldimethyl silyl chitosan (DiTBDMS-chitosan) 

(Mw(monomer) 391.88 g/mol) was also prepared by Priyanka Sahariah according to 

previously described procedure (Song, Gaware, Rúnarsson, Másson, & Mano, 2010). 
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Table 1: Purchased material 

Material  Producer 

0.1% PBS solution of Triton X-100  Prepared by BMC 

Acetic acid glacial MERCK 

Acetone 

Acetone for NMR tubes 

Skeljungur 

Sigma - Aldrich 

Acetonitrile 99.8% Sigma - Aldrich 

Agar plates Oxoid 

Bromoacetylbromide Sigma - Aldrich 

Carbondeoxide  AGA 

Cyclohexane 99.5% MERCK 

DAPI for nucleic acid staining  Sigma – Aldrich 

Deuterium chloride Sigma – Aldrich 

Deuterium oxide Sigma – Aldrich 

Dichloromethane 99.8% Sigma - Aldrich 

Dimethyl sulfoxide 99.9% Sigma - Aldrich 

E. coli. ATCC 25922  American Type Culture Collection 

Ethyl acetate 99.7%  Sigma – Aldrich  

Fluorescein isothiocyanate isomer I Sigma - Aldrich 

Formaldehyde 3.7% Sigma - Aldrich 

Gentamicin solution Prepared in Landspítali 

Hydrochloric acid 37.2% Sigma – Aldrich 

MDA-MB-231 Cell Line human  Sigma - Aldrich 

Methanol 99.9% Sigma - Aldrich 

Muller Hinton broth at pH 7.2 Oxoid 

n-heptane 99% Sigma – Aldrich 

Nitrogen AGA 

Opti-MEM I cell culture media Gibco 

Petroleum ether PRA grade Sigma - Aldrich 

Phosphate buffered saline (PBS) Prepared in BMC 

S. aureus. ATCC 29213  American Type Culture Collection 

Sodium chloride Honeywell Fluka 
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To-Pro Molecular probes Thermo Fisher 

Triethylamine ≥ 99% Sigma - Aldrich 

Trimethylamine 31-35 wt. % in ethanol, toluene as 

stabilizer 

Sigma - Aldrich 

 

Table 2: Equipment employed 

Instrument Producer 

Aluminium foil Western plastics 

Autoclave Astell  

Centrifuge  MSE Centaur 2 

Computer Dell Fujitsu  

Confocal microscope FV12-IXCOV  Olympus 

DensiCHECK plus meter Biomerieux 

Dialysis membrane Spectra/Por ®3 MWCO 3.5kD Spectrum Laboratories 

Fixo gum Marabu 

Florescence Spectrometer LS55 PerkinElmer 

Fluoromount aqueous mounting media Sigma 

Freeze dryer Scanvac Cool Safe TM 

Fridge Gram 

Fume hood Holten laminar air Thermo Electron corporation 

Gassed incubator Heraeus Cytoperm 2 Kendro 

Glassware drying oven Whirpool 

Lab armor bead bath Grant 

Magnetic stirrer hot plates Heidolph, Stuart Scientific, Maple   

scientific 

Magnifying mirror Unknown 

Microtiter plates Unknown 

NMR-tubes Norell 

Parafilm Bemis 

pH meter Orion 3 Star Thermo  

Rotavapour R-200 

Vacuum Controller V-805 

Buchi  

Buchi 

Scale Mettler Toledo 

Shaker plate Fisher Vortex Genie 

Silica coated TLC plates Fluca analyticals 

Vacuum pump RZ 2.5 Vacuumbrand 

Water deionizer Purelab option 
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Table 3: Software used for data collection and evaluation 

Software Developer(s) 

Adobe Acrobat Adobe Systems 

EndNote Creative Analytics 

Fiji 3D Viewer Benjamin Schmid, Albert Cardona, Mark 

Longair, Johannes Schindelin 

Fiji ImageJ Johannes Schindelin, Albert Cardona, 

Mark Longair, Benjamin Schmid, and 

others 

FL WinLab Perkin Elmer 

Fluoview Olympus 

Marvin Sketch CheAxon 

Office Microsoft 

Topspin Bruker 

 

3.2 Locations 

All synthetic procedures were carried out at the Faculty of Pharmaceutical Sciences 

of the University of Iceland. NMR analysis was performed at the Science Institute of 

School of Engineering and Natural Sciences of the University of Iceland. All microbial 

studies were done at the Department of Biomedical Science of the University of Iceland 

and all cellular studies and confocal microscopy were carried out at the Biomedical Center 

(BMC) of the University of Iceland.  

 

3.3 Methods 

3.3.1 Synthesis of TMAC 

N-(2-(N,N,N-trimethylammoniumyl)acetyl)chitosanchloride (TMAC) was 

synthetized according to previously described procedure (Priyanka Sahariah et al., 2015) 

with only few modifications. The diTBDMS-chitosan (1.013g; 2.585mmol monomer 

units; 1Eq.)  was weighted into round bottom flask and dissolved in 55mL 

dichloromethane under the nitrogen atmosphere and cooled to -20°C by submerging the 
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flask in mixture of acetone and dry ice. Then triethylamine (1.8mL; 12.93 mmol; 5 Eq.) 

was added. The temperature was followed closely during the reaction and adjusted by 

adding more dry ice when necessary. Bromoacetylbromide (0.9mL; 10.36 mmol; 4 Eq.) 

was diluted by 3mL dichloromethane and added dropwise after which the solution turned 

brownish. Stirring was applied for another hour. After that the solvents were removed in 

rotavapor and the solid was washed with acetonitrile (20mL; 3 repeats) and allowed to 

dry on sinter funnel to obtain light brown powder (1.307g; 2.533mmol; 0.98 Eq.). 

The solid was dissolved in dichloromethane (30mL) and trimethylamine solution 

(5mL; 21.00 mmol; 8.1 Eq.) was added. The reaction mixture was allowed to stir at room 

temperature for 48 hours. The solution was than dialyzed in deionized water for 3 days 

and the precipitate filtered off by using sintered funnel. The solid was then washed by 

acetonitrile (25mL) and dried on rotavapor after which it was washed by petroleum ether 

(25mL) and dried on rotavapor for another 30 minutes.  

The product was then dispersed in methanol (25mL) and 4M HCl solution added 

dropwise (7.8mL) while cooling the reaction on ice. The reaction was then dialyzed or 3 

days in deionized water at the end of which was performed ion exchange against 10% 

NaCl(aq) solution for 3 hours. The product was then freeze dried to give 469mg (yield 

72%) of white solid material. The molecular weight found by GPC as described for 

chitosan and TMC was 25.17 with polydispersity 2.66. 1H-NMR (400 MHz D2O): δ ppm: 

3.35 (N-(CH3)3); 3.52 (H-4); 3.73 (H-3, H-5); 3.88 (H-6); 4.21 (H-2); 4.66 (CH2); 4.79 (H-

1). 

 

3.3.2 Synthesis of fluorescently (FITC) labelled polymers 

3.3.2.1 Synthesis of FITC labelled chitosan 

Chitosan mesylate (CM) (56.99mg; 0.224mmol monomer units; 1Eq) was placed in 

reaction vial and dissolved in denoised water (2.5mL). Fluorescein isothiocyanate (FITC) 

(0.90mg; 0.0023mmol; 0.010Eq) was dissolved in dimethyl sulfoxide (DMSO) (0.3mL) 

and added into the vial along with a magnetic stirring bar. After sealing the vial was 

immersed in an oil bath at 80°C and applied stirring. The reaction was followed by TLC 

analysis of small amount of reaction mixture taken by needle through the septum after 
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20minutes, 22hours and 46 hours and the approximate portion of attached FITC was 

calculated according to Equation 8. The reaction was interrupted after 48 hours.  

After cooling to room temperature, the product was precipitated in acetone (250mL), 

filtered on sinter funnel and washed with DMSO (3x7mL) followed by immediate 

precipitation in acetone (15mL) between each wash to prevent loss of product. Then the 

solid was dissolved in deionized water (50mL) acidified with few drops of HCl and 

dialyzed against deionized water for 3 days. Thru removing the solvent by freeze drying 

for 2 days was obtained 26.18mg of yellow fluffy material (70.5%yield) – FITC-

Chitosan.  1H NMR (400 MHz, D2O): δ ppm 3.12 (H-2) 3.69–3.86 (H-3 – H-6), 4.81 (H-1). 

 

3.3.2.2 Synthesis of FITC labelled trimethyl chitosan  

Into a reaction vial was weighted trimethyl chitosan (TMC) (59.15mg; 0.308mmol 

monomer units; 1Eq.) and dissolved in deionized water (2mL). FITC (5.89mg: 

0.0151mmol; 0.05Eq.) was dissolved in DMSO (1.4mL) and added to the vial along with 

magnetic stirring bar. The vial was then sealed. The reaction was carried out for 46 hours 

at 80°C with constant stirring. The labelling was followed by TLC analysis of a small 

amount of reaction mixture taken by a needle through the septum after 20 minutes, 22 

hours and 46 hours as described before. 

After cooling to room temperature, the water was removed on rotavapor. The material 

was re-dissolved in acetic acid solution (28.6mL; pH 3.33; T 20.8°C), moved into a 

separatory funnel and extracted with ethyl acetate (4x30mL). The phases were allowed to 

separate for 20 minutes and 40 minutes in case of last extraction.  

The solution was then dialyzed for 3 days against deionized water and freeze dried for 

2 days to give 42.72mg of orange solid. (70.81% yield) – FITC-TMC. 1H NMR (400 

MHz, D2O): δ ppm 3.40 ((N(CH3)3), 3.80 (H-2), 3.97 (H-6), 4.02 (H-5), 4.41 (H-4), 4.52 

(H-3), 5.52 (H-1) ppm.  

 

3.3.2.3 Synthesis of FITC labelled TMAC  

TMAC (149.01mg; 0.598mmol monomer units; 1Eq.) was weighted into reaction vial 

and dissolved in 6mL of deionized water. Magnetic stirring bar was placed into the vial.  

FITC (9.53mg; 0.0245mmol; 0.0409 Eq.) was dissolved in 3 mL of DMSO and 
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transferred into the vial which was then sealed and heated to 80°C at constant stirring. 

After 48 hours, the vial was allowed to cool down to the room temperature and the product 

was precipitated in acetone and filtered on sintered funnel.  

The material was dissolved in mixture of DMSO (0.5mL) and aqueous acetic acid 

(29.5mL; pH 3.33; T 20.8°C) and moved into a separatory funnel. FITC impurities were 

then extracted with ethyl acetate (4x30mL).  The phases were allowed to separate for 5-

10 minutes.  

The solution was subsequently dialyzed for 3 days and froze dried for 2 days giving 

77.20mg of orange solid (48% yield) – FITC-TMAC. 1H NMR (400 MHz, D2O): δ ppm 

3.28 (N-(CH3)3), 3.46 (H-2), 3.79-3.63 (H-3 - H-6), 4.12 (CH2), 4.59 (H-1) 

 

3.3.3 Analytical and purification methods 

3.3.3.1 Fluorescence spectroscopy  

Two standard curves were prepared for either solvent used for fluorescence 

spectroscopic measurements by making 11 serial dilutions (5mL:5mL) of stock solution 

(0.68mg FITC/10mL DMSO). Chosen solvents were deionized water and 0.4M HCl (12 

mL HCl/988 mL H2O; pH 0.87; T 21.1°C). The pH of the acidic solvent was measured 

by pH meter immediately after calibration. Maximal fluorescence excitation and emission 

wavelengths were found both for water (excitation 492nm; emission 524nm; background 

3.987) and for acidic solvent (excitation 450nm; emission 524nm; background 0.228) 

using the prescan mode in FL WinLab. Standard curve for aqueous solvent was used for 

calculations of FITC concentration in solutions of FITC-TMC and FITC-TMAC products 

as shown in Equation 2. 

 

Equation 2: Calculation of FITC concentration in deionized water solution 

c(FITC; average) = 
𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑎𝑣𝑒𝑟𝑎𝑔𝑒)−18.251

469245
 

 

Standard curve for 0.4M HCl as solvent was possible to linearize by using logarithmic 

scale and it was used for calculations of FITC concentration in solutions of chitosan 

products as described in Equation 3.  
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Equation 3: Calculation of FITC concentration in 0.4M HCl solution of pH 0.87 

c(FITC;average) = e
ln intensity (average)−9.9302

0.7815   

 

3.3.3.1.1  Determination of the degree of FITC labelling  

Part of each product was weighted, dissolved in appropriate solvent and measured 

with fluorescence spectrometer using settings with respect to the used solvent. The 

measurements were repeated twice with at least 2-week intervals. The extent of the 

polymer FITC labelling and the effectiveness of the reaction were calculated according 

to Equation 4 and Equation 5 respectively. 

 

Equation 4: Calculation of the extent of FITC labelling of chitosan 

Extent of FITC labelling = 
𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐹𝐼𝑇𝐶

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠
 *100 

 

Equation 5: Calculation of the effectiveness of the FITC labelling reaction 

Efficiency of labelling = 
𝐸𝑥𝑡𝑒𝑛𝑑 𝑜𝑓 𝐹𝐼𝑇𝐶 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 𝑜𝑓 𝐹𝐼𝑇𝐶 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 
 *100 

 

3.3.3.2 Liquid-liquid extraction 

As an aqueous phase was used solution prepared by diluting 170µL of acetic acid to 

200 mL with deionized water. The solution was measured with calibrated pH meter and 

adjusted with couple of drops of acetic acid to the pH 3.33 (T 20.8°C).  

Stock solution was prepared (0.25mg FITC; 5mL DMSO) and 1mL of this solution 

was diluted with 12mL of the aqueous phase. The optimal fluorescence excitation and 

emission wavelengths were found using the prescan mode in FL WinLab (ex. 450; em. 

524). Standard curve for this solvent was prepared by making 5 dilutions (6mL:6mL 

aqueous phase) and the data were linearized using logarithmic scale. 

Small amount of FITC was dissolved in drop of DMSO (clear solution) and diluted to 

10 mL with aqueous phase (bright yellow solution). The concentration of the FITC was 

found by fluorescence spectrometer. The solution was moved to separatory funnel and 

extracted with ethyl acetate (10mL). After phase separation both solutions were 

completely clear and the FITC concentration in the aqueous phase was measured again. 

The distribution coefficient was calculated as shown in Equation 6. 
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Equation 6: Distribution coefficient  

KD = 
𝐹𝐼𝑇𝐶 (𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒)

𝐹𝐼𝑇𝐶 (𝑎𝑞𝑜𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒)
  

 

3.3.3.3 TLC analysis and estimation of unreacted FITC impurities 

3.3.3.3.1 Standard curve preparation and estimation of precision and accuracy 

Part of FITC-chitosan was dissolved in approximately 1.5 mL of 0.4M HCl and the 

concentration of FITC was determined by fluorescence spectroscopy after diluting 50µL 

of this solution with 3mL of 0.4M HCl. It was assumed that all FITC in this solution was 

attached to chitosan. 

Stock solution of FITC was prepared (0.51mg/10mL DMSO) and prepared 4 dilutions 

by blending 100µL of stock solution with 40µL, 80µL, 120µL and 160µL (i, ii, iii, iv 

resp.) of 0.4M HCl.  

Test solutions for the TLC analysis were prepared by mixing 50µL (A), 100µL (B) 

and 50µL of B (C) FITC-chitosan solution with 50µL of FITC dilution series as depicted 

in schema in  Table 4. The ratio between chitosan-attached and free FITC in test solutions 

was calculated as shown in Equation 7. 

 

Equation 7: Calculation of portion of FITC attached to chitosan in test solutions  

% of attached FITC = 
𝑐(𝐹𝐼𝑇𝐶;𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑)

𝑐(𝐹𝐼𝑇𝐶;𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑)+𝑐(𝐹𝐼𝑇𝐶;𝑢𝑛𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑)
 *100  

 

 

Table 4: Calculated ratio between chitosan-attached and free FITC in test solutions for TLC analysis 
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Dilutions of FITC stock solution in 0.4M HCl (50µL) 

Stock i ii iii iv 

50µL (A) 35:65 43:57 49:51 54:46 58:42 

100µL (B) 51:49 60:40 66:34 70:30 73:27 

50µL of B (C) 21:79 27:73 32:68 37:63 41:59 

 

 

As stationary phase was used silica coated aluminium plate. Mixture of methanol 

and deionized water in volume composition 3:1 was used as mobile phase. Each test 

solution was spotted 3 times, allowed to dry and developed at room temperature. After 
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drying the plate was scanned with fluorescence spectrometer using the TLC-scan mode 

in FL WinLab (ex.492; em. 524; data interval 0.2 mm; plate scan speed 300mm/min; 

ex.slit 10nm; em.sit 10nm).  

The scanned surface was opened in 3D view in FL Winlab and created a vertical cut 

through the 2 separated peaks as depicted in schema in Figure 12. The fluorescence signal 

at the original loading place (left in Figure 12) was assumed to be emitted from FITC 

attached to chitosan and signal to the right in Figure 12 was considered to represent 

unattached FITC in the solution.  

The formed spectrum was analysed using the Area application for calculating areas 

under the peaks. The average ratio between peak areas was calculated and plotted against 

concentration ratio between attached and unattached FITC in tested solution. Standard 

deviation between measurements and accuracy were calculated. 

 

 

Figure 12: Schema of TLC analysis of FITC impurities in fluorescence labelled chitosans. After plate 

development and complete evaporation of mobile phase the plate was scanned by fluorescence 

spectrometer and created a vertical cut through the two separated dots. Obtained spectrum was then 

analysed by FL Winlab and the areas under the peaks calculated. 
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3.3.3.3.2 Semi- quantification of FITC impurities in products by TLC analysis  

Each product was analysed in the same way as described for test solutions and the 

portion of FITC impurities calculated as shown in Equation 8. 

 

Equation 8: Calculation of approximate portion of FITC attached to polymer 

% of attached FITC = (0.7691 * Peak area ratio(average) + 0.1291) * 100 

 

3.3.3.4 1H NMR analysis 

NMR samples were prepared by dissolving approximately 10 mg of tested material in 

0.8mL of appropriated NMR solvent and transferred into an NMR-tube, labelled and 

submitted for the analysis.  

After that the material was recovered either by precipitation in acetone and filtering of 

on sintered funnel or it was freeze dried.  

3.3.3.5 Dialysis 

Required length of dialysis membrane was cut and submerged in deionized water to 

soften. One end of the membrane was folded, closed with heavy clamp and the ends 

secured with parafilm. The material was dissolved in appropriate solvent, diluted by 

deionised water and transferred inside the membrane. The excess air was pushed out and 

the upper end folded, closed with a light clamp and placed into container with deionised 

water. The dialysis was carried out for required period at constant stirring while changing 

the deionised water twice per day.   

3.3.3.6 Freeze drying 

 Dialysed solution was placed into a beaker which was submerged in a mixture of 

acetone and dry ice and rotated until completely frozen. The beaker was covered by 

aluminium foil which was secured in place by wrapping parafilm around the beaker. 

Small holes were made into the foil by needle. The beaker was then placed into a freeze-

drying glass, closed by a cap and placed into the freeze dryer. The average drying time 

was 2 days.  
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3.3.3.7 Molecular weight of product and yield calculation 

Molecular weight of each product and %yield were calculated as shown in Equation 

9 and Equation 10 respectively.  

 

Equation 9: Calculation of molecular weight of FITC labelled chitosan monomer 

Mw (Product monomer) = Mw(Starting material; monomer) + Extent of FITC labelling * (Mw(FITC) - H) 

 

Equation 10: % Yield calculation 

% Yield =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑦𝑖𝑒𝑙𝑑

𝑀𝑤(𝑝𝑟𝑜𝑑𝑢𝑐𝑡; 𝑚𝑜𝑛𝑜𝑚𝑒𝑟) ∗ 𝑁𝑜.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑢𝑠𝑒𝑑
 * 100  

 

3.3.4 Antimicrobial studies 

3.3.4.1 Minimal inhibitory concentration 

All equipment and solvents were sterilized in autoclave as described previously and 

samples were weighted into vials. Solutions of concentration 8mg/mL were prepared in 

deionized water and in case of chitosan and FITC-labelled chitosan in mixture of 

deionized water and 1% acetic acid(aq) (v/v 1:1). The samples were then frozen and stored 

until the next step. 

After reaching the room temperature the samples were pipetted into microtiter plate 

(100µL) and diluted in series (50µL:50µL Muller Hinton broth) to lowest concentration 

of 8µg/mL (10 dilutions). Gentamicin dilution series was used as standard for the test. 

Muller Hinton broth was used as negative control. Positive control of bacteria in broth 

was also included. 

S.aureus ATCC 29213 and E.coli ATCC 25922 were organisms chosen for the test as 

a representatives of Gram positive and Gram negative bacteria species. Direct bacterial 

colony suspensions were prepared in 0.9% w/v NaCl(aq) and the turbidity adjusted using 

densiCHECK meter (S.aureus 0.50McF; E.coli 0.51McF). The suspension (50µL) was 

then inserted into test and standard dilutions and incubated at 36°C in plastic bag together 

with moistened paper cloth for 22hours.  

As MIC was considered the lowest concentration of the compound that completely 

inhibited visible growth of the microorganisms in the microtiter plate as viewed under 

magnifying mirror. 
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3.3.4.2 Determination of bacteria concentration 

Prepared bacterial suspensions were serially diluted in Muller Hinton broth (1mL:9mL 

broth; 4 dilutions) and the dilutions set on agar plate (10µL) in duplicates and incubated 

overnight as described before. Second day were formed colonies counted and average 

bacteria concentration in the suspension calculated (S.aureus 9.9*105 bacteria/mL; E.coli 

3.7*105 bacteria/mL) and found to be in range as recommended by published standard 

method procedure (CLSI, 2012). 

 

3.3.4.3 Visualisation of polymer interaction with bacteria 

Isotonic 0.9% w/v NaCl(aq) solution (2.25mg NaCl: 250mL deionised water) and 95% 

v/v methanol solution (47.5mL methanol: 2.5mL deionized water) were prepared and 

stored in fridge until needed. DAPI (1µL) was stored in freezer until diluted with 0.9% 

w/v NaCl(aq) (5000µL) right before staining. 

Instruments were sterilised in autoclave as described. Samples were weighted into 

vials and diluted to concentration 0.417mg/mL with 0.9% w/v NaCl(aq) or in case of FITC-

labelled chitosan with mixture of 0.9% w/v NaCl(aq) and 1% v/v acetic acid (1:1; acidified 

saline). FITC control solution was prepared in both types of solvents. FITC (170µg) was 

solubilised in DMSO (20µL) and diluted by 0.9% w/v NaCl(aq) (2661µL). This stock 

solution was further diluted in 0.9% w/v NaCl(aq) (1mL:1mL) and 1% v/v acetic acid(aq) 

(1mL:1mL). 

The samples were frozen and stored until the next part of the experiment. After thawing 

the test solutions and control solutions (150µL) were placed into Eppendorf tubes 

according to schema in Table 5. Half of the tubes were heated in incubator to 36°C and 

another half placed in fridge to cool down to 4°C.    
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Table 5: Schema showing conditions in which microorganisms were incubated  
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Five loops full of bacteria were suspended in Muller Hinton (5mL) broth and shaken 

to obtain homogenous mixtures which were then placed (100µL) into prepared Eppendorf 

tubes to give final polymer concentration 0.25mg/mL and 0.019mg/mL in case of FITC 

control solution. The tubes were then incubated in moist conditions at same temperature 

for 30 minutes. After that the tubes were centrifuged (2200RPM; 2 minutes) and 

supernatant discarded. The platelets were washed with 0.9% w/v NaCl(aq) (3*250µL), 

while shaken and centrifuged between the washes. Then the bacteria were suspended in 

0.9% w/v NaCl(aq) (150µL) and taken 2 smears on slide as demonstrated in Figure 13.  

 

 

Figure 13: Smears placement on slide 
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After complete drying the bacteria were fixed by covering the slide in 95% methanol 

for 1 minute and allowing it to air dry. Smear on right side of each slide was covered with 

DAPI solution (150µL) for 30 minutes and then washed 3 times with deionised water. 

The slides were let to dry overnight. Fluoromount mounting medium was dripped on the 

slide (3-8 drops) which was then covered with coverslip and secured in place with glue 

around the edges. The slide was stored at 4°C for 4 days before viewed under confocal 

microscope using oil immersion objective lens (green(FITC) – ex.488nm em.524nm; 

blue(DAPI)– ex.340nm; em488nm; 60x magnification). The obtained images were 

processed using Fiji ImageJ.  

 

3.3.5 In vitro uptake studies in human epithelial cells 

3.3.5.1 Cell culture preparation 

Monolayer culture of human MDA-MB-231 metastatic breast carcinoma cells 

was cultured on 8-chamber slide in RPMI-1640 medium supplemented with 10% fetal 

bovine serum and 0.5% penicilin/streptomicin PBS solution by Sarah Sophie Steinhäuser 

to 90% confluence (6 days).  

 

3.3.5.2 Uptake studies and visualization 

All glassware and instruments (tweezers, spatulas) were sterilized in autoclave 

(123°C; 1.5h). FITC-labelled TMC (4.0 mg) and TMAC (4.1mg) as well as FITC 

(0.29mg) were weighted into vials. FITC labelled chitosan was omitted from this part of 

experiment as it was only soluble at low pH which was not compatible with the cell line 

used. FITC was solubilised with 20µL DMSO. 

Formaldehyde (1mL) diluted with PBS (9mL), Opti-MAM cell culture media and 

PBS were preheated to 37°C. Weighted samples were placed in laminal flow hood. PBS 

was used to dissolve TMC (4.0 mL), TMAC (4.1 mL) and FITC (3mL). Solutions were 

further diluted with Opti-MAM by 1mL:3mL dilution to final concentration 0.25mg/mL 

for chitosans and 0.025mg/mL for FITC, similar concentration as concentration of FITC 

in TMAC solution. The vials were closed and placed into lab armor bead bath to maintain 

temperature 37°C.  
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Culture medium was removed from chamber slide and cells were rinsed twice 

with PBS. Test and control solutions were applied (250µL) according to Table 6 and 

incubated for 30 minutes (37°C; 5%CO2; 23.0% rH).  

 

Table 6: Schema of allocation of test and blank solutions on chamber slide.  

Label 

FITC TMC Opti-MAM TMAC 

Opti-MAM TMC FITC TMAC 

 

 

The cells were rinsed twice with PBS and fixed with formaldehyde solution (250µL; 

8 minutes) after which the cells were washed once quickly and two times for 5 minutes 

with PBS. DAPI solution (150µL) was placed into 4 chambers in lower half of the slide 

and slide covered with aluminium foil. After 30 minutes was the liquid pipetted off and 

cells washed once quickly and twice for 5 minutes with PBS. The chamber was removed 

and the slide was allowed to dry. Mounting media, coverslip and glue were then placed 

on the slides as described in section 3.3.4.3 and stored in fridge until viewed by confocal 

microscope as described previously. The obtained images were processed using Fiji 

ImageJ and Fiji 3D Viewer. 
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4 RESULTS 

4.1 Synthesis of FITC labelled polymers 

It was decided to fluorescently label three chitosan based materials with known 

antimicrobial properties for further visualisation studies by confocal microscopy; 

chitosan, TMC and TMAC.  

Mesylate salt of chitosan was chosen as a starting material for the synthesis of FITC 

labelled chitosan because it is water soluble at neutral pH. It was available in our 

laboratory and therefore it did not have to be newly synthetized. 

 TMC was known to possess one of the highest antimicrobial properties between 

cationic chitosan derivatives.  There was no need for new synthesis as TMC was also 

available in our laboratory from former studies. 

 TMAC had to be synthetized from silyl protected precursor diTBDMS-chitosan 

which was also available in the laboratory. 

4.2 Synthesis of TMAC  

The synthesis of TMAC was reported to be very sensitive to reaction conditions 

(Priyanka Sahariah et al., 2015) and had to be therefore tightly monitored.  The reaction 

schema is depicted in Figure 14. Should the temperature fail to keep below -20°C during 

the first step of the synthesis the product could become soluble in acetonitrile and be lost 

during washing. Prolonged remaining of the first reaction step product at room 

temperature could turn it insoluble in dichloromethane.  
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Figure 14: Schema of TMAC synthesis route. 1. Dichloromethane, nitrogen, triethylamine, 

Bromoacetylbromide, -20°C; 2. dichloromethane, trimethylamine; 3. methanol, HCl, 0°C 

 

However, none of the above-mentioned issues occurred during the procedure and 

NMR spectrum of the formed product, shown in Figure 15, indicated that the synthesis was 

successful. There was a sharp alkyl peak at 4.21 ppm for the CH2 protons of the acetyl chain 

and the distinct trimethyl peak at 3.35 ppm indicated 94% degree of saturation. 

 

Figure 15: 1H -NMR spectrum of N-acetyl-N,N,N-trimethyl chitosan (TMAC) 
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4.3 Fluorescence labelling of chitosan mesylate 

FITC labelled chitosan was prepared at various reaction conditions including different 

solvents, reaction time and at different reagent ratios. The exact parameters of each 

reaction are recorded in Appendix 3. The synthesis schema is shown in Figure 16 and the 

summary of reaction conditions along with achieved results can be found in Table 7. 

 

 

Figure 16: Schematic illustration of chemical synthesis of FITC labelled chitosan. * FITC was reacted 

with chitosan mesylate at various conditions: a) DMSO:H2O (v/v 3:7), 80°C, 25 hours; b) DMSO, 

80°C, 25 hours; c) and d) DMSO, 80°C, 46 hours 
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Table 7: Summary of chitosan labelling reaction variable conditions and results; effectiveness of 

labelling was estimated by fluorescence spectroscopy and FITC impurities were analysed by TLC 

unless specified otherwise 

Product 

 

T 

(h) 

Solvent  

(Eq)       

DMSO   H2O 

FITC  

Eq 

Yield 

(%) 

Labelling Effectiveness 

of labelling 

FITC 

impurities  

1 25 0.05 0.49 0.071 50.7 0.1% 

(by NMR) 

4.2% Present 

 (by NMR) 

2 25 0.52 0 0.059 52.7 - - Present 

 (by NMR) 

3 48 0.21 0 7*10-3 75.1 0.43% 60.6% Trace 

4 48 0.12 0 6*10-3 89.1 0.13% 20.8% None 

FITC-Chitosan 48 0.019 0.62 0.01 70.5 0.68% 68% None 

 

4.3.1 Synthetic method development 

4.3.1.1 Choice of solvent and reaction time 

To find the most suitable solvent for the labelling reactions products 1 and 2 were 

synthetized using DMSO and DMSO: H2O (v/v 1:2) as solvents respectively. Other 

conditions were kept similar (reaction time 25h; 80°C; approximately 0.065 Eq. FITC).  

Data obtained from fluorescence spectroscopy measurements were later found inadequate 

for calculation of FITC concentration and effectiveness of labelling reaction as the precise 

pH of used solvent was not recorded and therefore it was not possible to prepare 

appropriate calibration curve.   

DMSO was selected as solvent for further reactions because the second reaction 

had larger yield and seemed to give better labelling at the time of choosing solvent. It was 

also decided to lengthen the reaction time to 48 hours as the achieved labelling found by 

integration of NMR spectra of product 1 was below the targeted value. 

However, during the synthesis of product 3 it was discovered that this solvent did 

not allow precipitation of the synthetized product in acetone which was desirable in order 

to include a washing step that could be performed without time consuming dialysis and 

freeze drying. The longer reaction time seemed to improve the labelling effectiveness and 

therefore it was kept to 48 hours for all subsequent reactions. 
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 During the next reaction was the solvent amount reduced which on one hand 

facilitated the precipitation but on the other hand negatively affected the effectiveness of 

labelling of product 4 possibly due to precipitation of chitosan.  

Mixture of DMSO and water (1:2 v/v) was finally chosen as the most suitable 

solvent for synthesis of FITC-Chitosan. Yield of the reaction was only slightly lower 

than for reactions in DMSO (average 82.1%) but the effectiveness of FITC attachment 

was the largest of all synthetized materials.  

As shown in Figure 17. the reaction was found to quickly proceed because after 

only 20 minutes of the reaction time 34% (+/- 4.7%) of the FITC was already attached to 

the polymer giving approximately 0.34% labelling. After that the reaction rate seemed to 

slow down probably due to the limiting amount of FITC. 

 

 

Figure 17: Approximate extent of FITC labelling of CM at different time points of the labelling 

reaction of FITC-Chitosan found by TLC analysis of the reaction mixture. The accuracy of TLC 

analysis is indicated by error bars and the measurements data can be found in Appendix 2.  

 

This solvent also made precipitation in acetone and washing of product with 

DMSO possible. There were no detectable impurities in this product and the synthetized 

amount was sufficient for planned further studies. TLC plate scans can be found in 

Appendix 2. Therefore, this product was chosen for further confocal microscopy studies 

although the extent of labelling was slightly above the range aimed for.  
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4.3.1.2 Purification method and detection of impurities 

After the synthesis of products 1 and 2 the reaction mixture was dialysed and 

freeze dried. 1H NMR spectra of those compounds (Figure 18 and Figure 19 resp.) 

indicated the presence of mesylate (δ ppm: 2.72) and unattached FITC impurities (δ ppm: 

7-8) in the compounds. 

 

Figure 18: 1H NMR spectrum of product 1 before wash with DMSO  

 

Figure 19: 1H NMR spectrum of product 2 before wash with DMSO 
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Dialysis was therefore found to be insufficient for the removal of impurities.  

Hence the analytes were recovered by precipitation in acetone and washed with DMSO 

(10mL). After that they were dialyzed and freeze dried again. Part of both products was 

lost by this wash as they were partially soluble in the washing liquid. New 1H NMR 

analysis of washed product 1 showed reduced amount of FITC and mesylate impurities 

(Figure 20) but it was not possible demonstrate FITC attachment to the polymer by this 

method. The need to dialyse and freeze dry the compound before was also found 

inconvenient.  

 

Figure 20: NMR spectrum of product 1 after DMSO wash 

 

The amount of washed product 2 was insufficient for another NMR analysis.   

 

The amount of FITC equivalents in the next reaction was reduced and the reaction 

time lengthened to 48 hours in order to achieve best possible attachment and reduce 

amount of impurities. TLC analysis of the synthetized product 3 was applicated to 

demonstrate covalent bonding of FITC to chitosan and presence or absence of unattached 

FITC. Scans of all TLC analysis plates of final products can be found in Appendix 2. 

Traces of FITC impurities were detected by TLC analysis. The extent of labelling found 
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by fluorescence spectroscopy was 0.43% therefore the amount of FITC equivalents was 

considered to be sufficient to achieve targeted labelling of chitosan. All data from 

fluorescence spectroscopy measurements can be found in Appendix 5. 

After the synthesis of product 4 the reaction mixture was precipitated in acetone 

and washed with DMSO (10mL). TLC analysis did not detect any unattached FITC 

impurities. This washing step was therefore found to be sufficient purification method of 

FITC labelled chitosan and was also successfully applied in preparation of FITC-

Chitosan, used in further studies. 
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4.4 FITC labelling of quaternary chitosan derivatives TMC and 

TMAC 

TMC and TMAC labelling reactions were carried out at same conditions which were 

found to be suitable for FITC-labelling of chitosan. Mixture of DMSO and deionized 

water (1:2 v/v) was used as solvent at 80°C for 48 hours. The portion of FITC in the 

reactions was higher (approximately 0.05Eq) in compare to chitosan labelling reactions 

because of the expected lower reaction rate between FITC and the OH groups of TMC 

and TMAC as the amino group which is usually preferred attachment site of FITC (Green, 

1990) is occupied in those polymers. The detail parameters of each reaction can be found 

in Appendix 3. 

4.4.1  TMC 

Schema of the TMC labelling reaction is depicted in Figure 21. 

 

Figure 21: Schematic illustration of chemical synthesis of FITC labelled TMC: # another possible 

position of FITC attachment 
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A summary of results of TMC labelling reactions can be found in Table 8. The 

effectiveness of the labelling did not exceed 19%. The synthesis of final FITC-TMC was 

followed by TLC analysis of the reaction mixture at 20 minutes, 22 hours and 46 hours 

of the reaction time (Figure 22). The progress of reaction was found to be indeed much 

slower than in case of chitosan which have amino group available for the reaction.   

 

 

Figure 22: Approximate extent of FITC labelling of TMC at different time points during the labelling 

reaction estimated by TLC analysis of reaction mixture. The accuracy of TLC analysis is indicated 

by error bars. Measurements data can be found in Appendix 2. 

 

 

Table 8: Summary of results of TMC labelling reactions; effectiveness of labelling was estimated by 

fluorescence spectroscopy and FITC impurities were analysed by TLC  

Product 

no. 

Yield FITC 

(Eq) 

Labelling Effectiveness of 

labelling 

FITC 

impurities (%) 

(by TLC) 

Product 6 71.2% 0.048 0.61% 13% 12% 

Product 7 82.0% 0.052 0.36% 7% 58% 

FITC-TMC 70.9% 0.050 0.93% 19% None 
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4.4.1.1 Purification by washing with organic solvents 

The product of the first TMC reaction – product 6, was washed with DMSO 

(3mL) after precipitation in acetone, collected in water, dialyzed and freeze dried but 

NMR analysis (data not shown) reviled presence of unattached FITC impurities in the 

material. Therefore, it was washed one more time with DMSO (10mL) and subsequently 

dialyzed and freeze dried again. Later TLC analysis of the washed product reviled 

remaining presence of unattached FITC (12%; +/-4.7%). All data from TLC analysis be 

found in Appendix 2. Therefore, this washing procedure failed to ensure satisfactory 

purification and furthermore it caused significant loss of product.  

After the synthesis of product 7 was washed with DMSO and the material was 

then dissolved in 1mL DMSO:H2O (v/v 1:4) and  precipitated again in acetone. The 

precipitate was filtered on a sinter funnel and washed with acetone (20 mL; 7 repeats). 

The fluorescence in the washing liquid was followed by fluorescence spectroscopy (ex. 

492nm; em. 524nm) until it reached plateau at intensity 42.864-45.780.  According to 

TLC analysis (data not shown) the acetone washing was not effective enough to remove 

FITC impurities and therefore, the product was washed with DMSO (3mL each time; 5 

repeats) followed immediately by wash with acetone (10mL each time) to prevent loss of 

product by dissolution in DMSO. Subsequent TLC analysis showed that the amount of 

FITC impurities was around 58%. Therefore, this method was found to be ineffective in 

removal of FITC impurities. Large amount of the product was also lost by this treatment. 

The extent of labelling was calculated to be 0.36%, the lowest obtained labelling between 

TMC-reactions. 

 

4.4.1.2 Liquid – liquid extraction 

At the end of the synthesis of final FITC-TMC was the material dried on 

rotavapor and re-dissolved in aqueous phase of pH 3.33. The unattached FITC was then 

extracted with ethyl acetate. 

 The phases were allowed to separate for 20 minutes and for 40 minutes in case of last 

extraction to ensure maximum possible removal of FITC impurities. Subsequent TLC 

analysis did not detect any unattached FITC in the product. This method was therefore 

the most efficient of tested approaches of TMC purification.  
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The extent of labelling was calculated to be 0.93% which represents attachment 

of 19% of available FITC and is in good correlation with the labelling predicted by last 

TLC analysis of the reaction mixture (Figure 22).  

This product was chosen for further studies even though the extent of labelling 

somehow exceeded the targeted value mostly because the synthetized amount was 

adequate to the planned procedures and the purity of this product.  

 

4.4.2 TMAC 

Schema of the FITC labelling reaction of TMAC can be found in and Figure 23 and 

the summary of results of TMAC fluorescence labelling reactions can be seen in Table 9. 

 

Figure 23: Schematic illustration of FITC labelling reaction of TMAC; # another possible position of 

FITC attachment 
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Table 9: Summary of the results from FITC labelling reaction of TMAC; effectiveness of labelling 

was estimated by fluorescence spectroscopy and FITC impurities were analysed by TLC  

Product 

no. 

Yield FITC 

(Eq) 

Labelling Effectiveness of 

labelling 

FITC 

impurities  

(%) 

Product 9 47% 0.063 1.7% 28% 34%/18% 

FITC-TMAC 51% 0.042 1.02% 25% 16% 

 

 

4.4.2.1 Purification by glass wool filtration 

The excess FITC was once again not possible to remove by single DMSO wash as 

found by the TLC analysis of washed product 9. It was decided to try to clean remaining 

FITC impurities off by dissolving the dialyzed and freeze dried material in water and 

filtering mixture over a glass wool. FITC is insoluble in water and undissolved crystals 

should therefore be separable. A piece of glass wool was stuffed into a Pasteur pipet and 

the solution run through the tube. The filtrate was precipitated in acetone and filtered on 

sinter funnel. This process was repeated 7 times at the end of which was prepared new 

TLC analysis which reviled that the amount of impurities declined to 18%. This method 

was however time consuming and not satisfyingly effective. Part of the product was also 

lost by this treatment. 

 

4.4.2.2 Liquid-liquid extraction 

Extraction with ethyl acetate after product 10 precipitation and washing with 

acetone was able to remove large amount of unattached FITC. The time for phase 

separation was 10 minutes for the first 3 extractions and 20 minutes in case of the last 

extraction. The portion of FITC impurities was however still around 16%. Despite this 

and although the extent of labelling was above the targeted amount this product was 

chosen for the further biological studies. 
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4.5 Characterisation of products  

4.5.1 Fluorescence spectroscopy 

The fluorescence properties of FITC are greatly affected by acidity and ionic 

strength of solvent (Sjöback, Nygren, & Kubista, 1995) therefore it was necessary to 

prepare calibration curves for both water, used as solvent for TMC and TMAC products, 

and acidic solvent, used for dissolution of chitosan.  

The maximum excitation wavelength was also affected by solvent´s pH. Reported 

dissociation constants for FITC are pK l = 2.08, pK 2 = 4.31, and pK 3 = 6.43 (Sjöback et 

al., 1995) therefore at the pH of our acidic solvent (pH 0.87; T 21.1°C) the cationic form 

of FITC had maximal absorption 450nm whereas at neutral pH the anionic form of  FITC 

was most excitable by light at 492nm. The maximal emission wavelength was not affected 

and was 524nm for both solvents but the intensity decreased with lower pH. The 

unlabelled polymers did not possess any fluorescence properties at given wavelengths.  

The prepared standard curve for FITC at neutral pH of the water solvent was linear 

as depicted in Figure 24.  

 

Figure 24: Calibration curve for fluorescence spectroscopy measurements of FITC in deionised water 
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At pH 0.87 the relationship between FITC concentration and intensity became 

nonlinear (Figure 25) but could be linearized by using data logarithms. The calibration 

curve can be viewed in Figure 26.  

 

 

 

Figure 25: Relationship between FITC concentration in 0.4M HCl and fluorescence intensity 

 

 

Figure 26: Calibration curve for fluorescence spectroscopy measurements of FITC in 0.4M HCl 
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4.5.2 NMR analysis 

The NMR analysis was not sufficiently sensitive to detect subtle changes in the 

polymer structure by the FITC labelling and was therefore performed mainly to assure 

that the polymers structure was not altered by the synthesis. NMR spectra of synthetized 

final products can be found in Appendix 1.  

4.5.3 Extraction 

Extraction of FITC after the competition of the labelling reaction was the most 

successful purification method tried for TMC and TMAC products. 

In order for the extraction to be successful it was necessary to prepare aqueous phase 

with the exact pH 3.3 at which the FITC molecule become neutral and can be therefore 

extracted to the organic phase.  

The solubility of FITC, TMC and TMAC was tested in heptane, cyclohexane and ethyl 

acetate but all compounds turned to be completely insoluble in these solvents. Ethyl 

acetate was chosen for the extraction because of highest polarity index (4.4). The 

calculated distribution coefficient for FITC was 82. Data from fluorescence spectroscopy 

measurements of the aqueous phase can be found in Appendix 5 in Table 37.  

4.5.4 TLC 

TLC analysis was performed to demonstrate that FITC detected by fluorescence 

spectroscopy of formed products have been indeed attached to the backbone chain. FITC 

covalently bound to the polymer would not move from the original loading point whereas 

FITC impurities would elute with approximate retention factor 0.68 in chosen mobile 

phase.   

This method also allowed for semi-quantification of FITC impurities by estimating 

the ratio between attached and unattached FITC using areas under the peaks of spectra 

formed by vertical cut through scanned TLC plate surface.  

To estimate the precision and accuracy of this method 15 different solutions of 

mixture of bound and unbound FITC in known rations were prepared and analysed by 

this method. Data can be found in Appendix 7.  
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. First, the relationship between concentrations ratio and area under the peaks, peak 

volumes and peak heights were examined and the best correlation was found between 

FITC concentrations ratio and peak areas ratio (R2 =0.9068). 

TLC plate with solution 14 developed behind the edge and was therefore excluded 

from the calculations. Measurement 2b was considered to be an outlier and was as well 

excluded. The plot of the relationship between FITC concentration ratios and average 

peak area ratios can be viewed in Figure 27. 

 

 

Figure 27: Calibration curve for TLC semi-quantificative analysis of FITC impurities in products 

Formed calibration curve was used for the calculation of the portion of unattached 

FITC in prepared products. The highest relative standard deviation between 

measurements was 10.9% and the % portion of unattached FITC in the sample could be 

estimated with +/- 4.7% accuracy. The calculations can be found in Appendix 7 in Table 

39.  

The detection limit of the method could however not be estimated as the method 

only evaluates concentration ratios, not intrinsic FITC concentrations. However, the 

simplicity, safety and relative low cost of this method overcame its drawbacks as the exact 

quantification of FITC impurities was not essential.  
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4.6 Antimicrobial studies 

4.6.1 MIC assay of labelled polymers and their starting materials 

Minimal inhibitory concentration of synthetized polymers has previously been 

reported (Priyanka Sahariah et al., 2015) and the assay was performed to test if the FITC 

labelling of polymers affected their antimicrobial properties. The results are listed in 

Table 10. The MIC of solvent used for dissolution of chitosan was by 1 dilution for 

S.aureus and 2 dilutions for E.coli under the MICs of the this solvent which included the 

polymers suggesting that chitosan might have somehow protected the bacteria from the 

acid. Negative and positive controls were successful and standard solution of gentamicin 

had MIC in range recommended by guidelines (CLSI, 2012) for both bacteria. 

 

Table 10: Minimal inhibitory concentration (µg/mL) of FITC-labelled polymers and corresponding 

starting materials against S.aureus and E.coli. 

Bacteria Chitosan TMC TMAC 

 Original Labelled Original Labelled Original Labelled 

S.aureus ATCC 29213 8000 8000 16 16 32 64 

E.coli ATCC 25922 >8000 >8000 64 128 500 250 

 

The FITC-labelling did not affect the antimicrobial activity of the compounds 

against S.aureus and E.coli. Even though the numbers did not match exactly between 

TMAC and FITC-labelled TMAC against both bacteria and TMC and FITC-labelled 

TMC against E.coli the values of MICs were always next dilutions of the compounds 

therefore the exact MIC value could lie in the interval between those values.  

The effect of labelling of chitosan to the antimicrobial activity against E.coli could 

however not be estimated as the MICs were above the concentrations of the starting test 

solutions. 

Due to restricted time in the laboratory it was not possible to preform minimal 

lethal concentration assay. 
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4.6.2 Microbial confocal microscopy studies 

4.6.2.1 Bacteria treated by FITC negative control solution 

Confocal microscopy pictures of bacteria treated with 0.019 mg/mL FITC did not 

show any green fluorescence indicating that FITC did not interact with the cell wall of 

Gram positive S.aureus at neither temperature and was completely removed during the 

washing step as seen in overlay pictures in  Figure 28. Therefore, it was assumed that the 

green signal in pictures of treated S.aureus belonged to the polymers. 

 36°C 4°C 
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Figure 28: Confocal microscopy pictures of S.aureus after 30 minutes treatment with 0.019mg/mL 

FITC (green) in 0.9%NaCl(aq) at 36°C (left) and 4°C (right) and subsequent DAPI staining (blue). Bar 

50µm.  

However, FITC was found to interact with the cell wall of Gram negative E.coli 

(Figure 29) therefore it was not possible to rule out that some fluorescence in the pictures 

of this bacteria was caused by the FITC which could have been in some way hydrolysed 

from the polymer by the bacteria or FITC impurities in case of TMAC, which was known 

not to be completely free of unattached FITC. 
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Figure 29: Confocal microscopy pictures of E.coli after 30 minutes treatment with 0.019mg/mL FITC 

(green) in 0.9%NaCl(aq) at 36°C (left) and 4°C (right) and subsequent DAPI staining (blue). Bar 10µm  

 

4.6.2.2 FITC-Chitosan interaction with bacteria 

Confocal microscopy images of S.aureus and E.coli treated by 0.25mg/mL of 

FITC-chitosan are shown in Figure 30 and Figure 31 respectively. Chitosan was found 

on the outside of both bacteria suggesting that it is most likely not absorbed and does not 

pass the cell wall of neither Gram positive nor Gram negative bacteria. The pictures show 

big clusters of bacteria with the polymer accumulation on the outside of the cluster. The 

patterns did not vary vastly between bacteria incubated at 36°C and 4°C. The amount and 

distribution of fluorescence in images of E.coli is unlike the pictures of bacteria treated 

with FITC control solution, therefore it is likely that at least some of the green 

fluorescence indicated presence of FITC-chitosan. 
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Figure 30: Confocal microscopy images of S.aureus after 30 minutes treatment with 0.25mg/mL 

FITC-labelled  chitosan at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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Figure 31: Confocal microscopy images of E.coli after 30 minutes treatment with 0.25mg/mL FITC-

labelled  chitosan at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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4.6.2.3 FITC-TMC interaction with bacteria 

Images of TMC treated S.aureus at concentration 0.25 mg/mL at 36°C (Figure 32; 

first line) showed that only small amount of bacteria survived the treatment but the 

amount of bacteria treated at 4°C (Figure 32; third line) did not seem to decrease in 

compare to the negative control shown in Figure 28. The TMC was again observed on the 

surface of the bacteria. 

Pictures of E.coli treated by this solution showed little clusters when treated at 

36°C but almost none when treated at 4°C as can be seen in Figure 33. 
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Figure 32: Confocal microscopy images of S.aureus after 30 minutes treatment with 0.25mg/mL 

FITC-labelled  TMC at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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Figure 33: Confocal microscopy images of E.coli after 30 minutes treatment with 0.25mg/mL FITC-

labelled  TMC at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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4.6.2.4 FITC-TMAC interaction with bacteria 

Confocal microscopy pictures of bacteria treated by 0.25mg/mL FITC-TMAC 

solution were more alike the images of the bacteria treated by FITC-Chitosan then FITC-

TMC as can be compared from Figure 34 and Figure 35. There were large clusters formed 

at both temperature conditions. The polymer was again observed on the outer side of the 

bacteria.  

The images of E.coli after the treatment with this solution were different from the 

FITC-negative control treated bacteria seen in Figure 29. 
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Figure 34: Confocal microscopy images of S.aureus after 30 minutes treatment with 0.25mg/mL 

FITC-labelled  TMAC at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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Figure 35: Confocal microscopy images of E.coli after 30 minutes treatment with 0.25mg/mL FITC-

labelled  TMAC at 36°C and 4°C. Bar 50µm (line 1 and 3). Bar 10µm (line 2 and 4) 
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4.7 In vitro epithelial cell studies 

Having FITC-labelled quaternary chitosan derivatives TMC and TMAC offered 

the possibility to employ them in a study of their localization on or inside of human 

epithelial cell line MDA-MB-231 which could help further elucidate their effects on their 

biological targets.   

In order to assess the approximate location of the polymers on or inside the he 

epithelial cell line MDA-MB-231, cells were treated with either FITC negative control, 

FITC-TMC or FITC-TMAC and the nuclei were subsequently stained. First attempt was 

done with ToPro® as nuclear staining but those results were inconclusive (see Appendix 

8).However, nuclear staining with DAPI gave clearer result.  

As can be seen in Figure 36, free FITC did not bind nor became internalized into 

the cells.  FITC-TMC and FITC-TMAC were observed on the surface of the cells as well 

as in cytoplasm where it was present in small clusters resembling vacuoles. Created three-

dimensional model of the cells treated by FITC-TMC is recorded on attached CD. Closer 

look at the location of these polymer can be seen in  Figure 37 where it seems as both 

polymers are also located in the perinuclear region of the cells.  
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Figure 36: Fluorescence microscopy images of MDA-MB-231 cell monolayer after 30 minutes 

treatment with 0.025mg/mL FITC (first line), 0.25mg/mL FITC-TMC (second line) and FITC-

TMAC (third line) (green) and subsequent DAPI staining (blue); bar = 50µm; pictures taken by 

Sævar Ingþórsson 
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Figure 37: Magnified views of the fluorescence microscopy images of MDA-MB-231 cells after 30 

minutes treatment with 0.25mg/mL FITC-TMC (left) and FITC-TMAC (right). DAPI for nuclei 

staining is shown in blue, polymers in green. First line shows the original size (bar 50µm); second line 

twofold (bar 25µm) and third line fourfold (bar 12.5µm) magnification. 
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5 DISCUSSION 

In this work, new procedures were developed to label chitosan and its cationic 

derivatives TMC and TMAC with fluorescein isothiocyanate. These fluorescently 

labelled materials were subsequently used in visualisation studies by confocal 

microscopy. The targeted extent of labelling 0.4-0.6% was chosen to resemble 

commercially available FITC-dextran used for similar purposes as intended. Chitosan and 

TMC were available in our laboratory from previous studies but TMAC had to be newly 

synthetized from semi precursor diTBDMS chitosan.  

5.1 TMAC synthesis 

TMAC synthesis was successfully carried out according to well established procedure 

published by Sahariah et al. (2015). The final product had 94 % degree of trimethylation. 

The reaction conditions had to be tightly monitored as the reaction is known to be very 

sensitive but all previously described issues were avoided and a good yield was achieved. 

The structure of final product was confirmed by 1H NMR analysis.  

5.2 Synthesis of FITC labelled polymers 

The prepared polymers had extent of labelling above the targeted range but this was 

not found to significantly alter their activity against tested bacteria in MIC assays. 

Although MIC values of original and labelled polymers did not match numerically the 

values were never more than 1 dilution away from each other a therefore the precise MIC 

value could lie on the interval between those values. Another explanation can be the low 

sensitivity of the assay as the turbidity of the solutions is only evaluated by the naked eye 

observation. MLC assay could clarify this enquiry in the future studies. 

The MICs for chitosan and FITC-Chitosan against E.coli could however not be 

compared as they were above 8mg/mL in both cases, which was the concentration of the 

most concentrated test solution. However, testing a higher concentration could have been 

prevented by the viscosity of the solution. 

TMAC showed lower activity against E.coli then previously published 128µg/mL 

by Sahariah et al. (2015) but other results of the MIC assay of TMA and TMAC against 
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S.aureus and E.coli agreed fairly with this research. Repeating the MIC assay could 

confirm low activity of the synthetized TMAC material. 

The labelling reaction was found to quickly proceed in case of chitosan when there is 

unoccupied amino group present in the polymer. The reactions gave a stable yield and 

around 5*10-3 FITC equivalents were sufficient to achieve required extent of labelling.  

Mixture of deionized water and DMSO was found to be the most suitable solvent for 

the reaction as it allowed to precipitate the product and wash of the excess FITC one time 

with DMSO before subsequent dialysis. This was found to be sufficient purification 

procedure as there were no unattached FITC impurities detectable by TLC analysis of the 

product.   

The labelling reaction of N-substituted chitosan derivatives was on the other hand 

much slower which was anticipated because the OH groups are less reactive.. The 

effectiveness of the TMAC labelling reaction was higher than in TMC reactions although 

similar conditions were used for both. The reason for this is unknown but could be 

possibly explained by more steric hindrance of the OH group in the TMC molecule.  The 

yield of the reactions TMAC was on the other hand lower than for TMC. 

Larger amounts of FITC had to be used for labelling of TMC and TMAC when 

compared to labelling of chitosan. The removal of unreacted FITC was therefore the main 

challenge in these syntheses.  

Separation methods based on difference in solubilities of the chemicals were tried first. 

FITC has the highest solubility in DMSO but it does not dissolve in deionized water. 

However, precipitation the product in acetone and washing with DMSO was not sufficient 

treatment to remove these impurities. Furthermore, the polymers were found to be 

partially soluble in DMSO. Washing with DMSO therefore caused loss of products. 

Filtering FITC crystals of from deionized water solution using a glass wool was also 

unsuccessful.  

This difference from chitosan products can probably be explained by the presence of 

the cationic quaternary anime group in the polymers. At a neutral pH FITC carries 

negative charged and therefore could be electrostatically associated with the polymers 

which could prevent FITC crystallization and separation of the compounds.  

Commonly used method for separation of FITC from fluorescence labelled proteins 

which has been also applied in studies of FITC-labelled chitosan is size exclusion 
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chromatography (Huang et al., 2002). However, the column was not equipped in our 

laboratory and it has been hypothesised that this method might have not worked for the 

same reason as mentioned above. This method also allows for purification of only small 

amount of the compound at a time and could therefore be very time consuming.   

Liquid-liquid extraction of FITC into ethyl acetate from aqueous phase of pH 3.33 was 

found as a suitable procedure for the purification.  At this pH FITC molecules become 

electrically neutral and are therefore extractable into the organic phase. It was found 

important in order to achieve fullest possible removal of FITC impurities to allow 

sufficient time for phase separation. By this method could be prepared FITC-TMC 

without any detectable FITC impurities by TLC analysis. 

This was found to be quick and equipment-undemanding method which could be used 

for separation of FITC from labelled polymers. It is also possible that DMSO is removed 

during this step as well which could possibly avoid time consuming dialysis but this is to 

be confirmed by future studies.  

There are endless possibilities for future application of FITC-labelled chitosan and 

cationic chitosan derivatives prepared by methods developed in this research. The 

labelling reactions were reliable and the described purification steps gave clean products 

without apparent alteration of the activity from their starting materials. This was 

important achievement as the purity of the final labelled products could be very important 

for future studies involving preparation of labelled polymer complexes with components 

like drugs or DNA, or any other formulations. 

 

5.3 Characterization of FITC- labelled polymers 
1H NMR analysis was found inadequate for the detection of FITC impurities and 

confirmation of the attachment to the polymer backbone. The structural alteration 

involved less than 1% of the monomer units and this makes it difficult to detect any 

changes of the NMR spectra.  Furthermore, NMR analysis requires the sample to be 

dialysed and freeze dried prior the procedure and was therefore only used to demonstrated 

that the structure of the labelled materials did not change during the synthesis. 

TLC analysis was found useful to demonstrate that the FITC detected by fluorescence 

spectrometer measurements of the dissolved products was indeed attached to the polymer. 

It was theorised that the polymers would not move from the original loading place on the 
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TLC silica plate and therefore the FITC covalently bound to the polymers would emit 

detectable signal at this spot. However, potential unattached FITC impurities would 

separate and travel with the mobile phase.  

The subsequent scanning of the TLC plate by fluorescence spectrometer and analysis 

by FLWinlab was found to be a convenient method to approximately estimate the 

proportion between polymer-attached and unattached FITC in any mixture. This could be 

done with approximately 5% accuracy.  

Application of this method to analysis of a small amount of progressing reaction 

mixture could be used to estimate the extent of labelling achieved at the particular time. 

Therefore, this method could be useful in further studies of chitosan derivatives for which 

the rate of labelling reaction has not been described before as the reaction could be 

interrupted at the time when satisfactory amount of labelling is achieved, preventing 

possible need for repeating reactions. 

The choice of mobile phase was however unfortunate as polar solvents are not usually 

used in normal phase TLC. Although the obtained geometry of the spots was found fitting 

for the analysis it would be suggested to test a more lipophilic solvent for the future 

studies. 

Due to the time restriction, the molecular weight of labelled products was not 

determined by GPC. Therefore, it is not certain that the reaction conditions and 

purification steps did not affected the molecular weight of the original polymers. 

However, the antimicrobial activity is known to be affected by significant change in the 

molecular weight of the polymers (Rúnarsson et al., 2010). Therefore, the results of MIC 

assay indirectly indicated that the procedures probably did not cause major degradation 

of the polymers. The used reaction conditions were also considered to be relatively mild.  

  

5.4 Microbial imaging 

Due to unforeseen circumstances, it was necessary to limit the antimicrobial 

experiments to minimum as the time in the laboratory was restricted. The visualization of 

the interaction of the polymers with C.albicans was therefore omitted from the 

experiment and only studied the interactions of the labelled polymers with S.aureus and 

E.coli. 
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Confocal microscopy visualisation showed that the FITC molecules interact with 

the cell wall of E.coli. Therefore, it would be desirable to select other labelling agent for 

future studies of Gram negative bacteria as some fluorescence in the obtained confocal 

microscopy pictures of E.coli treated with FITC labelled polymers could have been 

caused by FITC molecules possibly detached from the polymers by some action of the  

bacteria or by FITC impurities in the compound.  

All tested FITC labelled polymers were observed on the outer side of the both 

bacteria suggesting that there is an interaction of the polymers with the bacterial cell wall 

of both Gram negative and Gram positive bacteria species.   

Bacteria treated by FITC-Chitosan and FITC-TMAC at 36°C and 4°C were found 

to form clusters. However, it is not certain if cluster formation is the intrinsic property of 

the polymers or bacteria and possibly therefore involved in the antimicrobial activity or 

if it was provoked by some procedures during the washing steps. For example, clusters 

seen in the picture of bacteria treated by FITC-chitosan might have been caused by the 

polymer precipitation induced by the pH change during the washing step with 0.9% 

NaCl(aq). Centrifugation of the treated bacteria could be another reason which could 

possibly contribute to cluster formation. 

Pictures of FITC-TMC treated bacteria did not show any large clusters. On the 

other hand, only a small number of bacteria seemed to survive the treatment at 36°C.  

It would be interesting to do a more thorough study with various compound 

concentrations and diverse treatment time periods. It would be also desirable to try to 

involve different washing steps to get a better assessment of the strength of interaction 

and the nature of the antimicrobial properties of the polymers. Previous studies reported 

fluorescence labelled low molecular weight chitosan localisation inside of E.coli and 

interaction with DNA (Fei Liu, Lin Guan, Zhi Yang, Li, & De Yao, 2001). This is 

different from our findings and suggests that the mechanism of action could vary between 

the same polymers of different molecular weights. Further studies using various 

molecular weight of the compounds could clarify this in the future. 
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5.5 Cellular uptake imaging 

The MDA-MB-231 cell line was chosen for convenience as it was being cultured 

in BMC during the time of the experiment.  FITC-chitosan was not tested in this part of 

experiment as it required dissolution in acidic solvent which might have negatively affect 

the viability of the cells.  

ToPro® stain was found at atypical places in the cells treated with labelled 

polymers and it was therefore found to be unsuitable for the use together with TMC and 

TMAC in cellular studies. DAPI on the other hand was successfully used as a nuclei stain. 

The confocal microscopy study of the uptake of FITC-TMC showed that after 30 

minutes of treatment, the polymer was located on the cell surface as well as intracellularly 

which is in good correspondence to previously published study of bronchial cell line 

VA10 cells by Benediktsdóttir et al. (2012). Furthermore, the polymer seemed to be 

packed in vesicles which suggests that it might have entered the cells by endocytosis. 

 It has been hypothesised that at this time point these vacuoles have probably not 

been fused with lysosomes, which have a lumen pH ranging between 4.5 –5 as the 

intensity of the fluorescence in collected images was clear and bright. 

It would be interesting to use FITC-TMC in a real-time observation study and follow 

the entry into the cell and the faith of the vesicles in time. Using FITC as the labelling 

probe might be useful in this case as endocytosed vesicles are often acidified by 

lysosomes. Since FITC fluorescence is very pH sensitive this might cause observable 

quenching of the emitted fluorescence light.  

It would also be interesting to preform studies with different polymer concentrations 

and time points as well at uptake study at 4°C which could prove that the observed 

fluorescence pattern is indeed caused by active intake of FITC-TMC into the cell. 

FITC-TMAC was observed on the surface as well as in the perinuclear region of the 

cells but often accumulate on one side relative to the nucleus suggesting that it might have 

been delivered in some form of vacuoles. However, the observed pattern was different 

from the cells treated by FITC-TMC and the distinct round formations resembling 

vacuoles were not observed. It would be interesting to research the relationship between 

the polymer structure and the mode of cellular uptake.  
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6 CONCLUSIONS  

Synthetic methods of FITC-labelling and purification of chitosan, TMC and TMAC 

were successful. The achieved extent of labelling between 0.68-1.02% did not affect the 

antimicrobial properties of the polymers against S.aureus and E.coli with the exception 

of FITC-chitosan against E.coli where this was not demonstrated.  

FITC labelling of chitosan, TMC and TMAC enabled the visualization of the 

compounds interaction both in studied bacteria as well as human metastatic carcinoma 

MDA-MB-231 cell line by confocal microscopy. For both S.aureus and E.coli tested 

polymers were observed on the outer side of bacteria. 

For epithelial cell line the results indicated the both FITC-TMC and FITC-TMAC were 

localized in the perinuclear region as well as on the cell surface. FITC-TMC was observed 

in formations resembling vacuoles. 

Despite these encouraging results, further elucidation of the exact mechanisms behind 

the antimicrobial action and cellular uptake of tested polymers was not reached.  
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APPENDIXES 

Appendix 1 NMR spectra 

 

Figure 38: 1H NMR spectrum of TMC starting material for the labelling reactions 

 

Figure 39: 1H NMR spectrum of product 5 
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Figure 40: 1H NMR spectrum of product 8 

 

Figure 41: 1H NMR spectrum of product 10 
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Appendix 2:TLC plate scans and spectra analysis data 

 

Figure 42: TLC analysis of products (from the top) 3,6,9,7 and 4 The fluorescence signal at the 

loading place (left) represents FITC attached to chitosan whereas signals to the right represent FITC 

impurities which eluted with the mobile phase. 

 

 

Figure 43: TLC analysis of product 5 – Chitosan 
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Figure 44: TLC analysis of product 8 -TMC 

 

 

Figure 45: TLC analysis of product 10 – TMAC; from the top: FITC solution, 3x test solution 
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Table 11: Data from spectra analysis of TLC of reaction mixture of TMC-labelling reaction at 

various time points 

Reaction time A(FITC;attached)     A(FITC; unattached) Areas ratio 

20 minutes 
1.4957 56.9036 0.025612 

 
2.7506 60.8388 0.043256 

 
2.0871 59.4310 0.033927 

22 hours 44.1314 145.1338 
0.233172 

 36.4392 129.4166          0.219704 

 44.0341 133.8341          0.247566 

46 hours 38.8234 89.5201 
0.302496 

 34.1536 82.4044          0.293018 

 34.2101 82.3096          0.293599 

 

 

 

Table 12: Data from spectra analysis of TLC of reaction mixture of Chitosan-labelling reaction at 

various time points 

Reaction time A(FITC;attached)     A(FITC; unattached) Areas ratio 

20 minutes 14.5324 19.1582 0.431349 

 12.8148 18.7618 0.405832 

 12.8919 29.0193          0.307600 

22 hours 28.2157 26.9528 0.511446 

 22.8325 18.6238          0.550761 

 22.8325 16.3742          0.582362 

46 hours 53.2149 34.0647 0.609706 

 47.3617 28.6844          0.622802 

 48.0380 28.3993          0.628463 

 

 



 

F 

 

Table 13: Data from spectra analysis of TLC of product 6 

A(FITC;attached) A(FITC; unattached) Areas ratio 

11.3424 4.0547 0.736658 

10.5225 2.8536             0.786664 

10.3035 2.6860             0.793218 

 

Table 14: Data from spectra analysis of TLC of product 7 after excessive washing with DMSO 

A(FITC;attached) A(FITC; unattached) Areas ratio 

41.4403 41.7087 0.603215 

23.2023               22.1156              0.566594 

22.7904               22.7904              0.578145 

 

Table 15: Data from spectra analysis of TLC of FITC-TMAC  

A(FITC;attached) A(FITC; unattached) Areas ratio 

45.1117 15.7471 0.762154 

47.6883 15.7586              0.771947 

126.1733 17.5699               0.889290 

 

Table 16: Data from spectra analysis of TLC of Product 9 before filtering over glass wool 

A(FITC;attached) A(FITC; unattached) Areas ratio 

1166.5349 545.3748 0.359896 

351.5932             168.7637              0.368502 

 

Table 17: Data from spectra analysis of TLC of Product 9 after filtering over glass wool 

A(FITC;attached) A(FITC; unattached) Areas ratio 

79.5155     15.9531     0.167103 

75.2838 11.3061 0.130571 

78.5107 26.1357 0.249752 
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Appendix 3: Reaction tables 

Table 18: FITC labelling of chitosan – Product 1 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

Chitosan mesylate 254.559 20.13 0.079 1 

FITC 389.382 2.20 0.0057 0.071 

DMSO 78.130 0.33 0.004 0.053 

H2O 18.015 0.70 0.039 0.491 

Product 1 191.007 7.66 0.040 0.507 

 

Table 19: FITC labelling of chitosan – Product 2 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

Chitosan mesylate 254.559 20.84 0.082 1 

FITC 389.382 1.89 0.0049 0.059 

DMSO 78.130 1.10 0.014 0.172 

Product 2 186.285 8.04 0.043 0.527 

 

Table 20: FITC labelling of chitosan – Product 3 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

Chitosan mesylate 259.347 51.25 0.20 1 

FITC 389.382 0.56 0.0014 0.007 

DMSO 78.130 3.30 0.042 0.210 

Product 3 166.032 25.11 0.15 0.751 

 

Table 21: FITC labelling of chitosan – Product 4 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

Chitosan mesylate 259.347 150.14 0.59 1 

FITC 389.382 1.46 0.0038 0.006 

DMSO 78.130 5.50 0.070 0.119 

Product 4 165.727 87.07 0.53 0.891 
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Table 22: FITC labelling of chitosan – FITC-Chitosan 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

TMC 259.347 56.99 0.224 1 

FITC 389.382 0.90 0.0023 0.010 

DMSO 78.130 0.33 0.004 0.019 

H2O 18.015 2.50 0.139 0.620 

Product 13 165.906 26.18 0.158 0.705 

 

Table 23:FITC labelling of TMC – Product 6  

   Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

   TMC 204.295 22.81 0.116 1 

   FITC 389.382 2.18 0.0056 0.048 

   DMSO 78.130 0.33 0.004 0.036 

   H2O 18.015 0.70 0.039 0.335 

   Product 6 208.230 17.21 0.083 0.712 

 

Table 24: FITC labelling of TMC – Product 7 

   Reagent Mw (g/mol) Mass 

(mg) 

No. of mmol Equivalents 

   TMC 204.295 30.83 0.157 1 

   FITC 389.382 3.18 0.0082 0.052 

   DMSO 78.130 0.33 0.004 0.027 

   H2O 18.015 0.70 0.039 0.248 

   Product 7 205.712 25.46 0.129 0.820 

 

Table 25:FITC labelling of TMC – FITC-TMC 

   Reagent Mw (g/mol) Mass 

(mg) 

No. of mmol Equivalents 

   TMC 204.295 59.15 0.301 1 

   FITC 389.382 5.89 0.0151 0.050 

   DMSO 78.130 1.54 0.020 0.065 

   H2O 18.015 2.00 0.111 0.369 

   Product 12 207.974 42.72 0.213 0.709 
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Table 26: Synthesis of TMAC 

Reagent Mw 

(g/mol) 

 

(mg/mL) 

Mass  

(mg) 

Volume 

(mL) 

No. of 

mmol 

Equivalents 

   TBDMS-CS 391.83 - 1013 - 2.585 1 

   TEA 101.19 0.726 - 1.8 12.925 5 

   Bromoacetylbromide 201.86 2.317 - 0.9 10.340 4 

   DCM 84.93 1.33 - 55 0.861 0.33 

   DCM 84.93 1.33 - 30 0.470 0.18 

   4,2M (CH3)3N - - - 5 21.0 8.1 

   4M HCl - - - 7.8 31.0 12 

   MeOH 32.04 0.792 - 12 0.297 0.11 

   TMAC 255.32 - 469 - 1.837 0.72 

 

Table 27: FITC labelling of TMAC - Product 9 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

TMAC 255.318 22.88 0.090 1 

FITC 389.382 2.23 0.0057 0.063 

DMSO 78.130 0.33 0.004 0.047 

H2O 18.015 0.70 0.039 0.431 

Product 9 261.920 11.03 0.042 0.470 

 

Table 28: FITC labelling of TMAC – FITC-TMAC 

Reagent Mw (g/mol) Mass (mg) No. of mmol Equivalents 

TMAC 255.318 149.02 0.588 1 

FITC 389.382 9.53 0.0245 0.042 

DMSO 78.130 3.30 0.042 0.072 

H2O 18.015 6.00 0.333 0.567 

Product 10 259.309 77.20 0.300 0.510 
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Appendix 4: Molecular weight calculations 

Table 29: Molecular weight of 5% acetylated chitosan mesylate monomer 

Structure Atom Atomic weight  Quantity Weight 

 

C 12.0107 6 72.06 

O 15.9994 4 64.00 

N 14.0067 1 14.01 

H 1.008 10 10.08 

Mesylate  98.1219 0.95 93.22 

Acetyl group 43.0448 0.05 2.20 

Amino H 1.008 2*0.95 1.92 

 Weight of monomer 257.56 g/mol 

 

Equation 11: Molecular weight of FITC-labelled chitosan product monomer calculation 

Mw(FITC-Chitasan; monomer) = Mw (Chitosan; monomer) + Extent of labelling * (Mw(FITC) – H) – 0.95*Mw(mesylate) 

 

Table 30: Molecular weight of TMC monomer 

Structure Atom Atomic weight  Quantity Weight 

 

C 12.0107 9 72.06 

O 15.9994 4 64.00 

N 14.0067 1 14.01 

H 1.008 18 10.08 

 Weight of monomer 204.30 g/mol 

 

Equation 12: Molecular weight og FITC-labelled TMC product monomer  

Mw(FITC-TMC; monomer) = Mw(TMC; monomer) + Extent of labelling * (Mw(FITC) – H) 
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Table 31: Molecular weight of TMAC monomer 

Structure Atom Atomic weight  Quantity Weight 

 

C 12.0107 11 132.12 

O 15.9994 5 70.03 

N 14.0067 2 32.00 

H 1.008 21 21.17 

 Weight of monomer 255.32 g/mol 

 

 

Equation 13: Molecular weight of FITC-labelled TMAC monomer 

Mw (FITC-TMAC; monomer) = Mw(TMAC; monomer) + Extent of labelling * (Mw(FITC) – H) 

 

Appendix 5: Data from fluorescence spectroscopy measurements 

Table 32: Intensity measurements of dilution series in deionized water (pH 7) for standard curve 

preparation for FITC fluorescence spectroscopy   

FITC 

concentration 

(mg/mL) 

Intensity 

6.8*10-3 NA 

3.4*10-3 NA 

1.7*10-3 796.762 

8.5*10-4 434.208 

4.25*10-4 234.819 

2.13*10-4 180.506 

1.06*10-4 59.709 

5.31*10-5 28.693 

2.66*10-5 15.074 

1.33*10-6 6.037 

6.64*10-6 0.767 

3.32*10-6 NA 
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Table 33: Data and data linearization from fluorescence spectroscopy measurements of FITC 

dilution series in 0.4M HCl (pH 0.87) for  standard curve preparation 

FITC 

concentration 

(mg/mL) 

Intensity ln c(FITC) ln 

intensity 

6.8*10-3 266.915 -4.99083 5.58693 

3.4*10-3 236.756 -5.68398 5.46703 

1.7*10-3 163.985 -6.37713 5.099775 

           8.5*10-4 101.363 -7.07027 4.618708 

4.25*10-4 57.077 -7.76342 4.044401 

2.13*10-4 31.686 -8.45657 3.455875 

         1.06*10-4 17.958 -9.14972 2.888036 

5.31*10-5 9.487 -9.84286 2.249922 

2.66*10-5 5.183 -10.536 1.645384 

1.33*10-5 2.493 -11.2292 0.913487 

6.64*10-6 1.757 -11.9223 0.563608 

3.32*10-6 NA -12.6155 NA 

 

Table 34: Fluorescence spectroscopy data and measurements of FITC labelled chitosan products 

 c(mg/mL) Intensity(average) 

Product 1 - - 

Product 2 - - 

Product 3 0.057 60.867 

Product 4 0.038 17.667 

FITC-Chitosan 0.006 2.515 
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Table 35: Fluorescence spectroscopy data and measurements of FITC labelled TMCs 

 c(mg/mL) Intensity(average) 

Product 6 0.021 153.455 

Product 7 0.064 293.056 

FITC-TMC 0.044 398.668 

 

Table 36: Fluorescence spectroscopy data and measurements of FITC labelled TMACs 

 c(mg/mL) Intensity(average) 

Product 10 0.035 546.216 

FITC-TMAC 0.016 159.183 

 

Table 37: Fluorescence intensity measurements of FITC solutions prepared to determine FITC 

concentration in aqueous phase before and after extraction with ethyl acetate. 

 Intensity 
Calculated c(FITC) (mg/mL) 

Before extraction 133.392 1.128*10-3 mg/mL 

After extraction 2.644 1.377*10-5 mg/mL 

 

Appendix 6: Standard curve for pH 3.3 acetic acid used in extraction 

Table 38: Intensity measurements and data linearization of FITC dilution series in aqueous acetic 

acid solvent (pH 3.33) used during extraction  

C(FITC) Intensity ln 

C(FITC) 

ln 

intensity 

3.846*10-3 354.032 -5.56068 5.869387 

1.923*10-3 225.974 -6.25383 5.42042 

9.62*10-4 124.905 -6.94698 4.827553 

4.81*10-4 66.663 -7.64012 4.19965 

2.4*10-4 33.762 -8.33327 3.519336 

1.2*10-4 16.731 -9.02642 2.817263 



 

N 

 

 

 

Figure 46: Relationship of fluorescence intensity and FITC concentration using in acidic solvent of 

pH3.33 

 

 

Figure 47: Standard curve for fluorescence spectroscopic measurements of FITC using acidic solvent 

of pH 3.3 
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Appendix 7: TLC analysis data 

Table 39: Precision and accuracy of the TLC plate scan method 

 
Concentration 

ratio 

Average peak 

area ratio 

Standard 

deviation 

RSD (%) Accepted ratio Accuracy (%) 

1 0.3588 0.3591 0.0130 3.62 0.4051 -4.60 

2 0.4393 0.4536 0.0152 3.35 0.4670 -1.34 

3 0.5018 0.5914 0.0455 7.70 0.5151 7.64 

4 0.5518 0.5426 0.0369 6.80 0.5535 -1.09 

5 0.5927 0.5415 0.0555 10.25 0.5849 -4.34 

6 0.5281 0.5019 0.0199 3.97 0.5353 -3.34 

7 0.6104 0.5512 0.0151 2.75 0.5986 -4.74 

8 0.6683 0.6507 0.0307 4.71 0.6431 0.76 

9 0.7112 0.6896 0.0322 4.66 0.6761 1.35 

10 0.7442 0.7425 0.0005 0.07 0.7015 4.10 

11 0.2186 0.3355 0.0367 10.93 0.2973 3.83 

12 0.2815 0.3069 0.0157 5.12 0.3456 -3.87 

13 0.3350 0.4345 0.0082 1.89 0.3867 4.77 

15 0.4211 0.4614 0.0057 1.23 0.4530 0.85 

 

Table 40: Data obtained by analysis of scanned TLC plates in tested solutions 

 Chitosan attached FITC Unattached FITC impurities  Calculated ratios 

 Area Diameter Height Area Diameter Height Baseline Volume* Area Height 

1a 18.7542 6.51 15.17 31.6156 7.76 20.42 11.22 0.33 0.37 0.43 

1b 15.0999 5.82 15.17 28.4950 6.75 19.3 11.16 0.31 0.35 0.44 

1c 16.3436 6.12 14.79 29.2342 7.76 19.33 11.12 0.31 0.36 0.43 

2a 5.3305 5.9 12.84 6.1501 9 12.9 11.07 0.36 0.46 0.50 

2b 10.6223 7.13 14.16 1.4440 7.67 14.39 10.94 0.87 0.88 0.50 

2c 10.9573 5.43 14.56 13.7867 7.68 14.71 11.02 0.36 0.44 0.50 

3a 7.2954 5.12 13.28 6.0446 6.12 12.72 10.95 0.50 0.55 0.51 

3b 6.7930 5.12 13.15 4.7301 5.36 12.49 10.95 0.58 0.59 0.51 

3c 6.0870 5.12 13.08 3.4554 5.36 12.07 10.95 0.63 0.64 0.52 

4a 28.3484 6.79 18.99 21.7911 7.83 16.52 11.03 0.53 0.57 0.53 

4b 29.1739 6.79 19.12 25.9886 7.83 17.21 11.03 0.49 0.53 0.53 

4c 24.8093 6.79 18.1 21.7005 7.83 16.36 11.03 0.50 0.53 0.53 

5a 12.8101 5.75 15.06 12.5457 6.2 14.39 10.97 0.49 0.51 0.51 

5b 9.0059 5.75 13.91 6.8917 6.2 13.11 10.97 0.55 0.57 0.51 
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5c 13.0336 5.75 14.93 10.5468 6.2 14.11 10.97 0.53 0.55 0.51 

6a 23.7023 6.83 18.27 23.0829 6.75 17.74 11.14 0.51 0.51 0.51 

6b 21.1521 6.83 17.84 21.9563 6.75 17.63 11.14 0.49 0.49 0.50 

6c 25.9828 6.83 19.02 25.1209 6.75 18.43 11.14 0.51 0.51 0.51 

7a 18.5122 6.52 16.74 15.7966 6.36 15.51 11.15 0.55 0.54 0.52 

7b 15.6416 6.52 16.04 12.1332 6.36 14.73 11.15 0.57 0.56 0.52 

7c 15.8842 6.52 16.04 12.9456 6.36 14.73 11.15 0.56 0.55 0.52 

8a 11.9985 5.93 15.05 5.8692 5.69 12.6 10.9 0.68 0.67 0.54 

8b 11.5870 5.93 14.83 5.6754 5.69 12.51 10.9 0.68 0.67 0.54 

8c 12.3721 5.93 14.76 7.9316 5.69 13.16 10.9 0.62 0.61 0.53 

9a 7.0634 5.04 13.12 3.3562 4.11 11.91 10.87 0.72 0.68 0.52 

9b 6.6673 5.04 13.12 2.8232 4.11 11.91 10.87 0.74 0.70 0.52 

9c 6.2390 5.04 13.12 2.8239 4.11 11.91 10.87 0.73 0.69 0.52 

10a 15.9984 6.18 15.68 10.5068 7.35 11.82 10.87 0.56 0.60 0.57 

10b 8.853 6.18 13.73 3.0755 7.35 11.86 10.87 0.71 0.74 0.54 

10c 9.4451 6.18 13.94 3.2691 7.35 13.4 10.87 0.71 0.74 0.51 

11a 10.5512 5.93 13.82 24.3618 6.73 17.12 10.81 0.28 0.30 0.45 

11b 12.2381 5.93 14.55 24.9016 6.73 15.17 10.81 0.30 0.33 0.49 

11c 13.0035 5.93 14.79 21.6920 6.73 16.84 10.81 0.35 0.37 0.47 

12a 12.0973 6.24 15.81 29.7541 6.07 17.53 11.49 0.29 0.29 0.47 

12b 15.5171 6.24 16.19 33.1942 6.07 19.34 11.49 0.32 0.32 0.46 

12c 14.6141 6.24 15.99 32.0571 6.07 18.85 11.49 0.32 0.31 0.46 

13a 16.3807 5.94 15.76 20.5235 6.3 16.58 10.93 0.43 0.44 0.49 

13b 9.8535 5.94 14.19 13.1252 6.3 14.41 10.93 0.41 0.43 0.50 

13c 7.7945 5.94 13.58 10.3026 6.3 13.86 10.93 0.42 0.43 0.49 

15a 30.2724 6.86 20.85 36.0152 9.24 21.09 12.68 0.38 0.46 0.50 

15b 16.3992 5.77 18.06 19.2552 6.24 18.52 12.68 0.44 0.46 0.49 

15c 11.5729 4.89 16.86 13.1707 6.24 16.89 12.68 0.41 0.47 0.50 

* For volume calculation was assumed cone-geometry of the peak and used formula V = 
𝑟𝐴

3
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Table 41: Scanned TLC plates of test solutions for method accuracy and precision evaluation 
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Appendix 8: Confocal microscopy images of MDA-MB-231 cells after treatment 

with FITC – negative control, FITC-TMC or FITC-TMAC test solutions and 

subsequent staining with ToPro® 

 

 

Figure 48: Cells treated with FITC (green) solution in cell culture media at similar concentration as 

in test solutions and stained with nuclear stain TO-PRO® (blue); bar 50µm; picture taken by taken 

by Sævar Ingþórsson 

  

Figure 49: Cells treated with FITC-TMC 

(green) solution in cell culture media 

(0.25mg/mL) for 30 minutes and stained with 

nuclear stain TO-PRO® (blue); bar = 50µm; 

picture taken by Sævar Ingþórsson 

Figure 50: Cells treated with FITC-TMAC 

solution in cell culture media (0.25mg/mL) for 

30 minutes and stained with nuclear stain TO-

PRO® (blue); bar = 50µm; picture taken by 

Sævar Ingþórsson 
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