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Abstract 

Title:  In vitro evaluation of the cytotoxic, antibacterial and antioxidant properties of 

selected chitosan derivatives and melittin 

New excipients to improve the oral absorption of drugs are developing significantly.  

Polymers are used to enhance drug absorption through the gastrointestinal tract.  

Chitosan is a biocompatible polymer that is capable of opening tight junctions in 

membranes and therefore widely used as an absorption enhancer.  This polymer is, 

however, insoluble under normal physiological conditions and a wide range of more 

soluble chitosan derivatives was developed for the delivery of compounds in the more 

alkaline environment of the intestines.  Furthermore, the ability of chitosan to act as a 

functional excipient is advantageous in terms of antioxidant- and antimicrobial activity.  

Chitosan, in combination with melittin, a cationic peptide component of bee venom, 

has been shown to have synergistic absorption effects in vitro.  Therefore the aim and 

objectives of this study was to characterise chitosan derivatives and to evaluate their 

antioxidant- and antimicrobial activity and determine the cytotoxic effects.  In vitro 

evaluation was performed on human hepatocellular liver carcinoma cell line (HepG2 

cells) and human epithelial colorectal adenocarcinoma cell line (Caco-2 cells) and 

antimicrobial activity was determined on four bacterial strains. 

The antioxidant activity of four different chitosan derivatives namely, trimethyl chitosan 

(TMC), triethyl chitosan (TEC), dicarboxymethyl chitosan (DCMC) and chitosan 

oligomers (TEO) was determined using the 1, 1- Diphenyl- 2- picrylhydrazyl (DPPH) 

assay.  Additionally, the antimicrobial and in vitro cytotoxicity was determined of the 

four derivatives, melittin and a combination thereof.  By using the disc and well 

diffusion assays and also the minimum inhibitory concentration (MIC) assay, the 

antimicrobial activity was determined.  The 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-

Diphenyltetrazolium Bromide (MTT), lactate dehydrogenase (LDH) assays and flow 

cytometry were employed to determine the cytotoxicity.   

It was determined that TEC displayed antioxidant activity with 25.37 ± 4.00%, 43.98 ± 

6.67% and 47.66 ± 4.13% at 10 mg/ml, 25 mg/ml and 50 mg/ml, respectively, whereas 

the rest of the derivatives indicated as reactive oxygen species (ROS).  Only TMC and 

melittin indicated antimicrobial activity against Staphylococcus aureus (S. aureus) and 



 

xviii 
 

Escherichia coli (E. coli) at a concentration of 1.56 mg/ml for TMC and 0.0625 mg/ml 

and 0.03125 mg/ml for melittin respectively.  TMC also displayed the most cytotoxicity 

in HepG2 cells with 27.35 ± 1.48%, 24.56 ± 1.19%, 19.66 ± 2.05% and 17.70 ± 1.54% 

at 5 mg/ml, 10 mg/ml, 25 mg/ml and 50 mg/ml, respectively and in Caco-2 cells 33.90 

± 3.40%, 32.43 ± 3.17%, 34.95 ± 4.34% and 26.82 ± 3.32% at 5 mg/ml, 10 mg/ml, 25 

mg/ml and 50 mg/ml respectively.   Other than TMC, DCMC indicated decreased cell 

viability at high concentrations with 27.08 ± 3.15% at 50 mg/ml in HepG2 cells and 

34.45 ± 9.46% at 50 mg/ml in Caco-2 cells.  Flow cytometry also indicated that the 

mechanism by which TMC decrease cell viability in HepG2 cells is through apoptosis 

and in Caco-2 cell necrosis. 

It was concluded that TEC has antioxidant activity and TMC, melittin and a 

combination thereof has antimicrobial activity against selected bacterial strains, which 

might be an important contribution in the healing of wounds with skin infections.  TMC 

indicated the most cytotoxicity in both cell lines and from previous results, it can be 

said that the molecular weight (MW) and degree of quaternisation (DQ) influences the 

functional properties and effect on cell viability of chitosan derivatives. 

 

Keywords: Polymers, absorption enhancer, chitosan, antioxidant activity, 

antimicrobial activity, cytotoxicity, flow cytometry  
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Uittreksel 

Titel: In vitro evaluering van die sitotoksiese, antibakteriële en antioksidant 

eienskappe van geselekteerde chitosan derivate en melittin 

Nuwe hulpstowwe om orale absorpsie van geneesmiddels te bevorder word daagliks 

ontwikkel.  Polimere word gebruik om geneesmiddel absorpsie te bevorder deur die 

spysverteringskanaal.  Kitosaan is ŉ polimeer wat in staat is om hegte aansluitings 

oop te maak en sodoende algemeen gebruik as absorpsie bevorderaar.  Kitosaan is 

egter onoplosbaar onder normale fisiologiese toestande en ŉ reeks oplosbare derivate 

is ontwikkel vir die aflewering van geneesmiddels in meer neutrale en basiese 

omgewings van die dunderm.  Verder, die vermoë van kitosaan om as ŉ funksionele 

hulpstof te reageer is voordelig in terme van antioksidant en antimikrobiese aktiwiteit.  

Kitosaan in kombinasie met melitien, ŉ kationiese peptied en die hoof komponent van 

bye gif, het gewys dat dit ŉ in vitro sinergistiese absorpsie effekte het.  Dus die doel 

van die studie was om kitosaan derivate te karakteriseer en om die antioksidant en 

antimikrobiese aktiwiteit en sitotoksisiteit te bepaal.  In vitro eksperimente is gedoen 

op menslike lewer kanker sellyn (HepG2) en menslike epiteel kolorektale 

adenokarsinoma selle (Caco-2) en die antimikrobiese aktiwiteit is bepaal op vier 

bakteriële variante. 

Die antioksidant aktiwiteit van die vier kitosaan derivate naamlik, trimetiel chitosan 

(TMC), trietiel chitosan (TEC), dikarboksiemetiel chitosan (DCMC) en chitosan 

oligomere (TEO) is bepaal met behulp van die antioksidant metode (DPPH).  Die 

antimikrobiese aktiwiteit en in vitro sitotoksisiteit is bepaal van die vier derivate, 

melitien en ŉ kombinasie daarvan.  Deur gebruik te maak van die skyfie diffusie, putjie 

diffusie en minimum inhiberende konsentrasie metode, is die antimikrobiese aktiwiteit 

bepaal.  Die lewensvatbaarheid (MTT), laktaat dehidrogenase (LDH) en 

vloeisitometrie metodes is gebruik om die sitotoksisiteit te bepaal. 

Dit is bevind dat TEC antioksidant aktiwiteit getoon het met 25.37 ± 4.00%, 43.98 ± 

6.67% en 47.66 ± 4.13% by 10 mg/ml, 25 mg/ml en 50 mg/ml onderskeidelik.  Die res 

van die derivate het geen antioksidant aktiwiteit getoon nie en eerder as ŉ pro-oksidant 

opgetree wat lei tot ŉ reaktiewe suurstof spesie (ROS).  Net TMC en melitien het 

antimikrobiese aktiwiteit getoon teen Staphylococcus aureus en Escherichia coli met 



 

xx 
 

ŉ konsentrasie van 1.56 mg/ml vir TMC en 0.0625 mg/ml en 0.03125 mg/ml vir melitien 

onderskeidelik.  TMC het ook die meeste sitotoksisiteit getoon in HepG2 selle met 

27.35 ± 1.48%, 24.56 ± 1.19%, 19.66 ± 2.05% en 17.70 ± 1.54% by 5 mg/ml, 10 mg/ml, 

25 mg/ml en 50 mg/ml onderskeidelik en vir Caco-2 selle 33.90 ± 3.40%, 32.43 ± 

3.17%, 34.95 ± 4.34% en 26.82 ± 3.32% by 5 mg/ml, 10 mg/ml, 25 mg/ml en 50 mg/ml 

onderskeidelik.  Behalwe vir TMC, het DCMC verlaagde sel lewensvatbaarheid by hoë 

konsentrasies met 27.08 ± 3.15% by 50 mg/ml in HepG2 selle en 34.45 ± 9.46% by 

50 mg/ml in Caco-2 selle.  Vloeisitometrie het ook gewys dat die meganisme waarmee 

TMC verlaagde sel lewensvatbaarheid het in HepG2 selle is as gevolg van apoptose 

en in Caco-2 selle nekrose. 

Die gevolgtrekking van hierdie ondersoeke is dat TEC antioksidant aktiwiteit het en 

TMC, melitien en ŉ kombinasie daarvan het antimikrobiese aktiwiteit teen sommige 

van die bakteriële stamme wat belangrik kan wees in die genesing van wonde wat 

geïnfekteerd is.  TMC het die meeste sitotoksisiteit aangedui in albei sellyne en as 

vorige studies in ag geneem word, kan dit gesê word dat die molekulêre gewigte (MW) 

en graad van kwaternisering (DQ) van die derivate die funksionele eienskappe en 

effek op sel lewensvatbaarheid beïnvloed.   

 

Sleutelwoorde: Polimere, absorpsie bevorderaar, kitosaan, antioksidant aktiwiteit, 

antimikrobiese aktiwiteit, sitotoksisiteit, vloeisitometrie 
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Introduction 

The oral route of drug administration remains the most beneficial route of drug 

administration when considering good patient compliance.  The gastrointestinal tract is 

the reason for limited absorption of peptide drugs and drugs with poor water solubility.  

This causes reduced bioavailability of these drugs (Aungst, 1993, Hamman et al., 

2005).  Therefore the search for new excipients to incorporate in dosage forms to 

improve drug delivery and bioavailability is continuing (Aleeva et al., 2009).  Polymers 

are used in drug delivery systems to improve the delivery of drugs through the 

gastrointestinal tract by enhancing absorption.  When a polymer exhibit additional 

functions apart from a filler, binder or lubricant, it can be described as a functional 

excipient (Liu et al., 2015).  It is therefore important that an excipient needs to be 

characterised before using it in a dosage form to determine possible pharmacological 

toxic effects and interactions with these drugs.   

Chitosan, a natural cationic polymer obtained from chitin, is known for its use as an 

absorption enhancer by opening tight junctions to enhance the absorption of drugs 

through the paracellular pathway (Borchard and Junginger, 2001, Kotzé et al., 1998, 

Thanou et al., 2001).   It is suspected to have wound healing properties and antioxidant 

and antimicrobial activity as well.  The development of chitosan derivatives became 

necessary because chitosan is insoluble in neutral and basic environments in the 

intestine (Li et al., 1992, Mourya and Inamdar, 2009).  Derivatives were also 

synthesised to develop possible functional properties such as antioxidant and 

antimicrobial activity which could be useful in the pharmaceutical industry.  Derivatives 

exhibiting antimicrobial activity would also be advantageous in wound healing for the 

treatment of skin infections (Archana et al., 2013).  The synthesis of chitosan 

derivatives entails the reductive methylation of chitosan by repeating the process to 

produce TMC, TEC, DCMC and TEO (Domard et al., 1986).  Other derivatives can be 

produced by various other chemical synthesis procedures.  

It has been shown that chitosan with different DQ have different effects on absorption 

(Enslin, 2005, Snyman et al., 2003, Venter, 2005b), enzyme inhibition (Oberholzer, 

2009) and gene transfection ability (Venter, 2005a).  Different MW and DQ also 

influence the toxicity (Fischer et al., 2003, Schipper et al., 1996).  It is known that 

chitosan and one of its derivatives namely TMC, has antioxidant- and antimicrobial 
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activity against selected bacteria.  In spite of this, the cytotoxicity of TMC is poorly 

characterised and is not known of some of the other derivatives and therefore it is 

important to characterise the polymers.    

Antioxidants are substances which prevent or delays oxidative damage to cells and are 

necessary to prevent diseases such as Alzheimer’s disease, arthritis and to delay the 

ageing process.  Studies have shown that chitosan and some of its derivatives has 

antioxidant activity which have advantageous applications especially in the food 

industry (Alexandrova et al., 1999, Darmadji and Izumimoto, 1994, Kamil et al., 2002).  

Compounds with antimicrobial activity are advantageous when considering 

antimicrobial resistance of compounds.  The increasing resistance of both Gram- 

positive and Gram- negative bacteria can lead to deaths around the world (Cornaglia, 

2009).  Therefore the need exists to discover new compounds to overcome 

antimicrobial resistance (Clark, 1996).  Chitosan and some of its derivatives have been 

shown to exhibit antimicrobial activity against selected bacterial strains (Chen et al., 

1998, Rhoades and Roller, 2000).  The antimicrobial activity of chitosan could make it 

a valuable alternative for antibiotics.  

 

Therefore the overall aim of this study was to characterise chitosan derivatives by 

determining their antioxidant- and antimicrobial activity and characterise their cytotoxic 

effects.  This entailed an in vitro study on human hepatocellular liver carcinoma cell 

line and human epithelial colorectal adenocarcinoma cells.  These cell lines were used 

as these are the sites the polymers will most likely be in contact with after oral 

administration.   

 

Problem statement 

The development of functional excipients is important to modify the release or 

absorption of a drug in the body.  Absorption enhancers are functional excipients which 

are incorporated in formulations to improve the absorption and therefore increase the 

bioavailability of the drug (Aungst, 2000). 
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Before compounds can be used as functional excipients they have to be characterised 

to understand the functionality of the compound.  Problems that are associated with 

excipients or absorption enhancers include cytotoxicity that may compromise the safety 

of the compound (Pifferi and Restani, 2003).  On the other hand, excipients exhibiting 

antimicrobial and antioxidant activities may be advantageous.  Therefore, in this study 

we investigated the cytotoxic-, antimicrobial- and antioxidant activities of absorption 

enhancers, including the chosen chitosan derivatives, namely: TMC, DCMC, TEC and 

TEO.  Melittin, an antimicrobial peptide (AMP) with absorption enhancing effects was 

included in the study to determine synergistic cytotoxic, antibacterial or antioxidant 

activities. 

 

Aim and Objectives 

The aim of this study was to characterise and investigate the antioxidant- and 

antimicrobial activity and the cytotoxicity of chitosan derivatives, TMC, DCMC, TEC 

and TEO in combination with the AMP, melittin. 

 

The objectives of the study were: 

 To determine the antioxidant activity of different chitosan derivatives. 

 To determine the effect of different chitosan derivatives, melittin and combinations 

thereof on the antimicrobial activity against Gram- positive bacteria namely, S. 

aureus and Staphylococcus epidermidis (S. epidermidis) and Gram- negative 

bacteria namely, E. coli and Pseudomonas aeruginosa (P. aeruginosa). 

 To determine the effect of different chitosan derivatives, melittin and combinations 

thereof on the cytotoxicity of HepG2 and Caco-2 cells. 

 

Structure of dissertation 

Chapter 1 gives a brief background of the study along with a problem statement and 

aim and objectives of the study.  Chapter 2 will focus on the relevant literature 

regarding polymers, absorption in the gastrointestinal tract, absorption enhancers, 
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chitosan and its derivatives, applications thereof, melittin and the antioxidant- and 

antimicrobial activity of chitosan derivatives.  In chapter 3 the synthesis of chitosan 

derivatives, the experimental design and the methods used to achieve the aim and 

objectives in this study is described.  Chapter 4 illustrates the results that were found 

regarding antioxidant-, antimicrobial activity and cytotoxicity in this study along with a 

discussion thereof.  Chapter 5 is the conclusion and summarises the results that 

were found in this study along with possible future prospects and recommendations.  

This study is unique as the author is unaware of studies using a combination of two 

absorption enhancers and their cytotoxicity profiles.  This study will help identify if 

chitosan derivatives is non- toxic as the literature states, if the combination of two 

absorption enhancers will increase the absorption enhancing effects and the 

antioxidant and antimicrobial activity of chitosan derivatives.  

The Harvard referencing style is used in this dissertation in accordance with the 

North- West University.  The references in the text are sorted alphabetically, then 

chronologically.   Multiple references from the same author in the same year are 

identified by the letters ‘a’, ‘b’, ‘c’, etc., placed after the year of publication.  Journal 

names are written out.  
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2.1. Introduction 

There is an on-going search for new excipients to include in various dosage forms 

through every possible route such as oral (tablets, capsules etc.), dermal, parenteral, 

nasal, rectal, ophthalmic preparations and on the oral mucosa (Mansour et al., 2010).  

Excipients are used along with the active ingredient to assist in effective drug delivery.  

These components can act as a lubricant, coating or filling agent or solubilising agent 

etc.  When an excipient can perform various other functions along with their basic 

function, they can be classified as a functional excipient (Aleeva et al., 2009).  It is also 

important to characterise excipients before using it in a dosage form to examine their 

possible interactions.  The polymers used in this study were characterised in terms of 

its antioxidant-, antimicrobial activity and cytotoxicity.     

   

2.2. Polymers 

Polymers have been used in the biomedical and pharmaceutical industry to improve 

drug delivery systems.  Pharmaceutical polymers are used to improve drug delivery 

through the gastrointestinal tract (Liu et al., 2015).  Cationic polymers are polymers 

with a positive charge such as chitosan.  Some of these polymers have advantageous 

properties for instance wound healing properties, antioxidant and antimicrobial activity 

and absorption enhancers which make them a functional excipient.  Absorption 

enhancers (see section 2.4) are used to improve the absorption of drugs for various 

routes although the oral route remains the most common route of administration and 

is generally researched to improve absorption of drugs (Borchard et al., 1996).    

 

2.3. Gastrointestinal absorption of drugs 

The oral route of drug administration is considered more advantageous regarding 

patient compliance.  The efficiency of this route of administration is sometimes limited 

due to poor oral bioavailability of selected drugs.  This is especially true in the case of 

compounds with poor water solubility as well as peptide based drugs.  These 

compounds have low bioavailability when orally administrated due to their degradation 

by digestive enzymes and the acidic stomach environment (Aungst, 1993, Bayat et 

al., 2008, Hamman et al., 2005, Owens et al., 2003).  This decrease in bioavailability 

can be attributed to the extended deliverance route of oral drugs, where they must first 
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be absorbed in the gastrointestinal tract, metabolised by the liver and then absorbed 

in the systemic circulation (Benet et al., 1996).  Hence, the active ingredient is required 

to reach the cell membrane of the target cell, where it will be absorbed whether it is 

dermal, mucosal or intestinal absorption (Aungst, 2012).  The gastrointestinal tract is 

the main area where absorption takes place in the human.  However, only a portion of 

the substance is absorbed due to the gastrointestinal tract containing certain barriers 

(DeSesso and Jacobson, 2001, Yeh et al., 1995).  There are several factors that 

influence the absorption of drugs from the gastrointestinal tract namely, the 

environment of the gastrointestinal tract, physiochemical properties of the drug (e.g. 

solubility) and physiological factors (e.g. pH, gastric emptying) (Dahan et al., 2009).  

The delivering of drugs to the colon is a possible solution to overcome the degradation 

of substances owing to the fact that the colon has low enzymatic activity and is also 

more susceptible to absorption enhancers (Yang et al., 2002, Yeh et al., 1995).      

 

2.4. Absorption enhancers 

According to the World Health Organization (WHO) a pharmaceutical excipient or an 

absorption enhancer is defined as a substance which is included in the drug delivery 

system or dosage form other than the active ingredient of the drug product.  This can 

lead to improved stability, bioavailability and effectiveness (WHO, 1999).  Absorption 

enhancers are successful as excipients in dosage forms where the drug is poorly 

absorbed and is used to maximise the bioavailability of the drug (Enslin, 2005, Lin et 

al., 2011, Thanou et al., 2001b) to the desired therapeutic level of the drug (Maher et 

al., 2007).  It can also be employed to overcome any shortcomings regarding 

membrane permeability (Hamman and Steenekamp, 2012) and to enhance the 

transport of drugs across the gastrointestinal mucosal epithelial (van Hoogdalem et 

al., 1989, Zhou, 1994).  Various types of absorption enhancers have been investigated 

to improve the oral absorption of biopharmaceuticals, including lipids (Kalepu et al., 

2013), polymers (Nakamura et al., 2008) and cell penetrating peptides (Fonseca et 

al., 2009).  The term cell penetrating peptide and AMP is in some cases used 

interchangeably and the peptides have in most cases both cell penetrating potential 

as well as antimicrobial activity.  
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Drugs are transported across intestinal epithelial and absorbed into the systemic 

circulation through the transcellular pathway or the paracellular pathway.  The 

transcellular pathway involves the transport of small molecules and lipophilic drugs 

across the plasma membrane whereas the paracellular pathway makes use of tight 

junctions to transport large molecules and hydrophilic drugs (Gonzalez-Mariscal et al., 

2008).  The mechanism by which absorption enhancers improve absorption is by 

acting either on the tight junctions, mucous layer or membrane components (Lehr et 

al., 1993, Murakami et al., 1982, Tengamnuay and Mitra, 1990).  Polymers, as 

absorption enhancers, functions by preventing metabolic activity and also enhancing 

the permeability of membranes by opening tight junctions (Figure 2.1) (Aungst, 2012, 

Borchard et al., 1996, Lueβen et al., 1996). 

 

 

Figure 2.1: Schematic representation of tight junctions which hold epithelial cells 

together (A) and an enlargement of tight junctions viewed from the side indicating the 

size of the tight junction and intercellular space (B) (Junginger and Verhoef, 1998, 

Magos, 1991).  

 

Absorption enhancers must adhere to certain properties such as, an immediate 

response, therapeutic plasma drug levels must be reached, the effect must be 

reversible, should not display systemic or toxic effects and should not cause damage 

to membranes (Fix, 1996, Junginger and Verhoef, 1998).  It is also important to 

characterise an excipient before using it in a dosage form.   
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There are various types of compounds which are used as absorption enhancers to 

promote the absorption of drugs (Aungst, 1993, Hamman et al., 2005, Hinchcliffe and 

Illum, 1999).  In Table 2.1 a summary of the compounds applicable to absorption of 

drugs in the intestines is given.  

 

Table 2.1: A summary of compounds used to improve intestinal absorption of drugs 

as well as their mechanism of action (adapted from Aungst, 1993, Hamman et al., 

2005, Hinchcliffe and Illum, 1999). 

Absorption 

enhancer 
Example Mechanism of action 

Surfactants  
Sodium lauryl sulphate, 

sodium dodecyl sulphate  
Membrane damage 

Bile salts Sodium taurocholate 

Opening of tight junctions, 

Inhibition of enzymes, 

Disruption of membranes 

Enzyme inhibitors Bestatin Inhibition of enzymes 

Cationic polymers 

Chitosan  

N-trimethyl chitosan 

chloride 

Opening of tight junctions 

(ionic interaction with cell 

membrane and 

mucoadhesion) 

Toxins and venom 

extracts 
Melittin (bee venom) Opening of tight junctions 

 

When absorption enhancers are used in combination with another excipient or in 

combination with an antimicrobial compound, it may show a synergistic effect due to 

their different mechanisms of absorption enhancement (Enslin et al., 2008).  Melittin 

has potential as an absorption enhancer although the mechanism by which it exhibits 

the absorption enhancing effect is uncertain (Liu et al., 1999).  Both chitosan and 

melittin are cationic polymers and improve absorption by enhancing paracellular 

permeability.  The use of absorption enhancers in combination from different classes 

has hardly been studied and the ideal absorption enhancer remains a problem to 

improve the absorption of drugs which is poorly absorbed (Enslin, 2005). 
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2.5. Chitosan 

Chitin was first discovered in mushrooms by a French professor, Henri Braconnot, in 

1811 (Brück et al., 2010, Khoushab and Yamabhai, 2010, Mati-Baouche et al., 2014, 

Thirunavukkarasu and Shanmugam, 2009).  Nowadays it is accepted that chitin is the 

main component of the exoskeletons of crustaceans and can also be found in cell 

walls of yeast and fungi (Rinaudo, 2006).  As a long-chain polymer, chitin can undergo 

N-deacetylation to produce chitosan and its derivatives (Mourya and Inamdar, 2009).  

Chitosan is a polymer that is derived from chitin through alkaline hydrolysis also known 

as the deacetylation of chitin.  Chitosan as a pharmaceutical excipient has several 

advantages such as low toxicity, biodegradability, biocompatibility, antimicrobial 

activity and mucoadhesive properties (Al-Qadi et al., 2012).  These advantages make 

chitosan a favourable absorption enhancer in drug delivery.  The proposed mechanism 

by which chitosan can act as an absorption enhancer is by interacting with tight 

junctions whereas the tight junctions open and lead to the absorption of 

macromolecular drugs through paracellular permeation (Borchard and Junginger, 

2001, Kotzé et al., 1998, Thanou et al., 2001b).  Chitosan (Figure 2.2) is a cationic 

polymer with a potential in drug delivery systems (Ilium, 1998).  This positive charge 

of chitosan is responsible for its various properties and applications in the industry. 
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Figure 2.2: Schematic illustration of the chemical structure of chitosan.  Adapted 

from (Chen et al., 2013) 

 

Chitosan has the following molecular structure (GlcN)n + (GNAc)m (C6H11N1O4)n + 

(C8H13 N1O5)m.  Chitosan is a polysaccharide composed of GlcN and GlcNAc linked 

with β (1 → 4)-glycosidic linkages.  Chitosan is obtained by removing die acetyl groups 

(CH3-CO) from chitin.  This process, known as deacetylation, releases the amine 

groups (NH) and results in chitosan with cationic characteristics. 
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Applications 

Chitosan and its derivatives have various functional properties making it possible to 

use them in various applications.  This includes the use in biomedicine (Larsson et al., 

2013, Rinaudo, 2006) where chitosan is used in cosmetics as a film- forming agent 

(Baldrick, 2010, Dodane and Vilivalam, 1998, Jayakumar et al., 2010b, van der Merwe 

et al., 2004b), as well as in tissue engineering (Jayakumar et al., 2010a).  Chitosan is 

also used in the food industry and can promote weight loss (Thanou et al., 2001a) and 

wound healing in surgery (Dodane and Vilivalam, 1998, Soares et al., 2014).  The 

wound healing effect of chitosan is advantageous because it can deliver a drug to the 

wound which helps in the process of healing (Dash et al., 2011).  This wound healing 

effect and antimicrobial activity of chitosan can contribute in treating microbial skin 

infections and further research is required (Archana et al., 2013). 

Chitosan can be used in the agriculture and horticultural industry.  Chitosan has a 

bactericidal or bacteriostatic effect which helps in controlling postharvest fungal 

diseases (Bautista-Baños et al., 2006, Rabea et al., 2003).  It can also increase the 

crop yield and delay ripening of fruits by forming a semi- permeable barrier on the 

surface of the fruit which leads to extended storage life of products (Cheah et al., 1997, 

El Ghaouth et al., 1992, Rabea et al., 2003).  This coating of chitosan can assist in 

sustainable agriculture.  Chitosan is also effective in water filtration, where it can 

remove any particulates, dissolved substances and unwanted metal ions (also known 

as the chelation of metal ions) by forming an intermolecular hydrogen bond (Renault 

et al., 2009, Zeng et al., 2008).  Another field where chitosan can be applied is in wine 

making where it immobilises enzymes to heighten the aroma of wines, musts and fruit 

juices (Spagna et al., 1998, Spagna et al., 2001, Zappino et al., 2015).  It also has a 

high affinity to phenolic compounds which leads to good anti- browning action in wines. 

The reason for the browning effect in wines is due to the presence of phenolic 

compounds and causes economic damage (Spagna et al., 1996).  Chitosan has 

various pharmaceutical applications such as controlled drug release using several 

routes of administration and has been used to produce tablets, beads, liposomes etc. 

(Sieval et al., 1998).  Due to chitosan being cationic, it is able to open tight junctions 

on the negatively charged cell membranes and thus increasing the mucosal absorption 

(Hamman et al., 2003).  This is noteworthy for the transport of large hydrophilic drugs 
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like peptides (Kotze et al., 1999a, Thanou et al., 2000).  Due to chitosan which is 

cationic, many pharmaceutical applications can be applied such as antioxidant activity 

(Guo et al., 2006, Jarmila and Vavrikova, 2011), antimicrobial activity (de Britto et al., 

2011, Sadeghi et al., 2008, Wiarachai et al., 2012), gene transfection (Venter, 2005a) 

and absorption enhancing effects (Enslin, 2005, Snyman et al., 2003, Venter, 2005b).  

According to most literature, chitosan is non- toxic although the toxicity of polymers 

depend on their MW and DQ (Fischer et al., 2003).  Some studies have shown that 

chitosan can be cytotoxic depending on the concentration and salt used although more 

research is required (Carreño-Gómez and Duncan, 1997).           

 

2.6. Chitosan derivatives 

Due to the ability of chitosan to open tight junctions in membranes it can therefore 

increase the bioavailability of a drug, functioning as an absorption enhancer.  This 

potentially makes chitosan important in the formulation of biopharmaceuticals 

(Antunes et al., 2012).  However, it is insoluble in water and will only become soluble 

in a more acidic environment where the pH is below 5.6 (Mourya and Inamdar, 2009).  

Chitosan derivatives have been formulated to overcome this problem of chitosan’s 

solubility (Na et al., 2013, van der Merwe et al., 2004b) and also to determine their 

functional properties such as antioxidant and antimicrobial activity which will be 

discussed in section 2.8 and 2.9 respectively. 

 

Various derivatives of chitosan have been synthesised including trimethyl chitosan 

(TMC) (Sadeghi et al., 2008), triethyl chitosan (TEC) (Bayat et al., 2008), 

dicarboxymethyl chitosan (DCMC) (Muzzarelli et al., 1998) and chitosan oligomers 

(TEO) (Sun et al., 2007).   

 

As described in section 2.5, chitosan is obtained by the N-deacetylation of chitin.  

Chitosan and TMC consists out of glucosamine units (Freepons, 1991) and is known 

as a polymer.  The synthesis of chitosan derivative, TMC include the reductive 

methylation of chitosan by adding three methyl groups as described in section 2.6.1.  

TEC is obtained by adding three ethyl groups to chitosan and is described in section 

2.6.2.  DCMC is the derivative of chitosan which contains a negative charge and has 

two carboxymethyl groups added to its structure.  Chitosan oligomers are the same as 
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chitosan except with shorter chains of only 2-20 repeating units which makes this 

polymer water soluble.  Thus TEO is included in this study because of its water 

solubility (Yamada et al., 2005).        

 

The various derivatives have not only increased water solubility, but also several other 

functional properties, making them suitable excipients in numerous dosage forms and 

for countless applications.  They can be classified as multifunctional polymers, where 

a substance has two or more functions in a formulation (Rios, 2006).  Recent studies 

indicate that chitosan and its derivatives have antibacterial effects against both Gram- 

negative and Gram- positive bacteria (Jayakumar et al., 2010b, Sadeghi et al., 2008) 

and also antioxidant activity (Alexandrova et al., 1999). 

 

2.6.1. TMC 

The synthesis of TMC involves the reductive methylation of chitosan of the amino 

groups using a reaction with methyl iodide on the C-2 position of chitosan (Domard et 

al., 1986), whereas TMC with different DQ can be acquired by repeating the step 

(Hamman et al., 2002).  The synthesis of TMC can be seen in Figure 2.3.   

 

Figure 2.3: Schematic illustration of the synthesis of chitosan derivative, Trimethyl 

chitosan (TMC).  Adapted from (Chen et al., 2013) 

 

The DQ is the amount of positive charges available for interactions on a molecule and 

is an indication of the charge density of the polymer (Hamman et al., 2003, Thanou et 
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al., 2000).  The degree of deacetylation (DD) involves the alkaline N- deacetylation of 

chitin to chitosan (Figure 2.4).  The compound becomes more water soluble because 

of the free amino (-NH2) groups that is produced during protonation (Dung et al., 1994, 

Sieval et al., 1998).  This influences the solubility and physical properties of chitosan.  

Also a higher DQ accounts for better mucoadhesivity of TMC due to an increased 

positive charge to interact with the negatively charged cell membrane and cause the 

opening of tight junctions (Hamman et al., 2003, Kotze et al., 1999a).  

 

 

Figure 2.4: Schematic illustration of the deacetylation of chitin to produce chitosan.  

Adapted from (Raafat and Sahl, 2009) 
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TMC has absorption enhancing effects by opening the tight junctions of epithelial cells 

through the paracellular pathway and has the best absorption enhancing effects at 

high DQ (Kotze et al., 1999b, van der Merwe et al., 2004b).  A high DQ, which is the 

number of positive charges available for interactions to take place on a molecule, will 

result in improved absorption enhancing properties.  This can be explained by the 

positive charges of TMC with high DQ where it interacts with the cell membrane which 

has a negative charge (Thanou et al., 2000).  Like chitosan, TMC binds to cell 

membranes to cause paracellular permeability.  TMC has several advantages over 

chitosan which include the use in neutral and basic environments where chitosan is 

ineffective.  Thus it can be said that TMC is soluble over a wide range of pH.  This can 

aid with the delivery of hydrophilic drugs such as protein and peptide drugs (van der 

Merwe et al., 2004b).  

TMC has various applications in the pharmaceutical field (Mourya and Inamdar, 2009) 

where the cationic nature of this polymer has led to investigating gene and vaccine 

delivery through oral, buccal, nasal and colonic routes (Amidi et al., 2006, van der 

Merwe et al., 2004a).  Another advantageous application of TMC is that it induces 

humoral immunity which is important to prevent infectious diseases (Keijzer et al., 

2011) and has antimicrobial activity against S. aureus and E. coli (Geng et al., 2013).  

TMC also has antioxidant activity at low concentrations where it exhibit radical 

scavenging activity (Ozhan et al., 2012).  According to Amidi et al. (2006), TMC 

showed less toxicity when used in the form of nanoparticles (Amidi et al., 2006).  

Although the toxicity of TMC has been determined when used in nanoparticle form, 

the in vivo and in vitro toxicity thereof has not been established and needs further 

investigating.   

 

2.6.2. TEC 

TEC has three ethyl groups (Figure 2.5) to replace the protons on the C-2 position on 

chitosan and is involved in making TEC more water soluble.  It enhances absorption 

through tight junctions and therefore acts as an absorption enhancer to enhance the 

absorption of hydrophilic compounds in the epithelial of the colon (Mukhopadhyay et 

al., 2012).  The incorporation of TEC in formulations can be useful to increase the 
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product’s mucoadhesive properties for absorption at a specific place e.g. the 

gastrointestinal tract (Atyabi et al., 2007).   

 

 

Figure 2.5: Schematic illustration of the synthesis of chitosan derivative, Triethyl 

chitosan (TEC).  Adapted from (Chen et al., 2013) 

 

2.6.3. DCMC 

DCMC has two dicarboxymethyl groups in its structure (Figure 2.6) which contributes 

to its use in the industry.  DCMC is used in tissue engineering where it is applied to 

treat bone lesions and improve bone mineralisation as well as osteogenesis 

(Jayakumar et al., 2010b).  Muzzarelli et al., (1998) confirmed that DCMC is involved 

with the reconstruction of bone tissue by chelating calcium and magnesium.  They 

found that bone defects in sheep can be healed by DCMC (Muzzarelli et al., 1998).  

Chitosan and its derivative (DCMC) are generally used as enzyme inhibitors.  Enzyme 

inhibitors decrease the proteolytic enzymes in the gastrointestinal tract to improve the 

bioavailability of a drug (Shah et al., 2004).  This property of being an enzyme inhibitor 

is especially advantageous in the use of hypertension medication where it can act as 

an angiotensin- converting enzyme inhibitor.  Higher ACE inhibition is acquired at high 

degrees of deacetylation (Park et al., 2003).  Unfortunately, because DCMC is 

negatively charged it has no antioxidant (Sun et al., 2008) and antimicrobial activity 

(Tantala et al., 2012). 
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Figure 2.6: Schematic illustration of the synthesis of N, O-Carboxymethyl chitosan. 

(Chen et al., 2013) 

 

2.6.4. TEO/ Chitosan oligomers 

Oligomers are molecules which consist of a few monomer units linked to each other, 

in contrast to a polymer which the amount of monomers is unlimited.  Triethyl chitosan 

oligomer (TEO) are prepared from the degradation of chitosan and shows antioxidant 

activity as well as antimicrobial activity (No et al., 2002, Sun et al., 2007).  These 

effects can be attributed to the DQ and MW.  Low MW and high DQ increase the 

scavenging effect and therefore the antioxidant activity.  A low MW will increase the 

antimicrobial activity against Gram- negative bacteria and a high MW will increase the 

antimicrobial activity of Gram- positive bacteria.  Also, high DQ at neutral conditions 

will increase the antimicrobial activity.  

 

2.7. Melittin 

Melittin, as a principal component of honey bee (Apis mellifera) venom (apitoxin), is a 

protein which consists of 26 amino acid residues in a single chain (Bazzo et al., 1988, 

Kreil, 1973, Terwilliger and Eisenberg, 1982).  The amino acid sequence of melittin is 

shown in Figure 2.7. 
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Figure 2.7: Predicted amino acid secondary structure of melittin.  Secondary protein 

structures predicted by the PSIPRED online protein sequence analysis workbench 

(http://bioinf.cs.ucl.ac.uk/psipred/) (Habermann and Jentsch, 1967) 

 

Honey bee venom is composed out of a mixture of peptides, enzymes and amines, of 

which melittin is the main lethal component (Ferreira et al., 2010).  The purpose of bee 

venom is to defend the colony against other insects and organisms by inducing pain 

and inflammation and even death (Van Vaerenbergh et al., 2014).  Melittin is released 

through biosynthesis from promelittin to produce the active form melittin, which has 

haemolytic activity (Sciani et al., 2010).  Melittin is also an example of an antimicrobial 

peptide (AMP) and has antibacterial, antiviral, as well as anti- inflammatory action in 

cells.  Melittin has also been shown to induce apoptosis in tumour cells and can inhibit 

cell growth (Zhang et al., 2014).  It has potent antimicrobial activity, especially against 

Gram-positive bacteria (Al-Ani et al., 2015, Alia et al., 2013, Falco et al., 2013).  The 

mechanism by which melittin acts as an AMP, is through the permeabilisation of cell 

membranes where melittin causes pore formation as well as the disruption of 

phospholipid bilayers which then causes lysis of cells where it also disrupts the plasma 

membrane in bacterial cells (Adade et al., 2013, Bazzo et al., 1988, Terwilliger and 

Eisenberg, 1982).  It is also an effective absorption enhancer depending on the 

concentration of melittin used (Liu et al., 1999).  Studies have shown that melittin acts 

as an absorption enhancer at concentrations below 2.42 µM, whereas it exhibits 

cytotoxic effects at higher concentrations (Liu et al., 1999, Maher and McClean, 2008).  

Melittin has, however, been proven to be cytotoxic; especially to cancer cells (Gajski 

http://bioinf.cs.ucl.ac.uk/psipred/
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and Garaj-Vrhovac, 2013).  In a study done by Enslin et al., (2008), different types of 

absorption enhancers were used in combination to determine if the absorption 

enhancing effect will be potentiated and if the absorption enhancement effect will 

increase at low concentrations when absorption enhancers are used in combination.  

Previous research has indicated that TMC (with DQ of 48 and 64%), dicarboxymethyl 

chitosan oligosaccharide (DCMCO) and chitosan lactate oligomer at concentrations of 

0.25 and 0.5% w/v together with monocaprin and melittin at concentrations of 1.3 and 

2 mM and 1 and 1.5 μM respectively, have been successful absorption enhancers.  

Monocarpin (a monoglyceride of a fatty acid) and melittin resulted that absorption 

enhancers in low concentrations causes higher drug absorption compared with 

individual absorption enhancers (Enslin et al., 2008).        

 

2.8. Antioxidant activity 

Free radicals are molecules which consists out of an unpaired electron which is highly 

unstable and reactive (Cheeseman and Slater, 1993).  Free radicals are produced in 

cells during normal aerobic metabolism, producing reactive oxygen species (ROS) 

(Choi et al., 2002, Lobo et al., 2010).  This can lead to cellular damage and cause 

diseases such as cancer (Kinnula and Crapo, 2004), neurological diseases 

(Alzheimer’s) (Sas et al., 2007), cardiovascular diseases (Singh and Jialal, 2006), 

inflammatory diseases (arthritis, vasculitis) (Sreejayan and Rao, 1996) and the ageing 

process (Harman, 1956, Rahman, 2007).  A mechanism to prevent damage to cells 

and these diseases, antioxidants are used.  Halliwell (2007) defined an antioxidant as 

“any substance that delays, prevents or removes oxidative damage to a target 

molecule” (Halliwell, 2007). 

It has been reported that chitosan and some of its derivatives has antioxidant 

properties (Alexandrova et al., 1999) due to the hydroxyl and amino groups (Huang et 

al., 2005).  Yin et al., (2002) stated that by decreasing the MW of chitosan and its 

derivatives, the antioxidant activity and scavenging activity increases (Yin et al., 2002).  

The ability of chitosan to have antioxidant activity is advantageous in the use as food 

additives to delay lipid oxidation in meat and seafood products (Darmadji and 

Izumimoto, 1994, Kamil et al., 2002)  
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2.9. Antimicrobial activity  

Antimicrobial compounds are important as alternative treatment to antibiotics due to 

antibiotic resistance (Swartz, 2000).  Antimicrobial resistance is defined by the World 

Health Organization (WHO) as a microorganism which is resistant to an antimicrobial 

drug where the treatment was once effective and the microorganism can tolerate the 

treatment of the drug against it (WHO, 2015).  There are increasing resistance against 

antibiotics for both Gram- positive and Gram- negative bacteria and also in bacteria 

which were once susceptible (Cornaglia, 2009).  This can lead to global deaths of 

individuals because of the failing of medical treatment (WHO, 2015).  Thus the need 

exist to discover and develop new compounds to use against bacterial infections 

(Clark, 1996). 

Chitosan has been shown to have antimicrobial activity against both Gram- positive 

(e.g. S. aureus) and Gram- negative (e.g. E. coli, P. aeruginosa) bacteria and also 

antifungal activity (Chen et al., 1998, Rhoades and Roller, 2000).  It has been reported 

that the antimicrobial activity of chitosan depends on the MW (Jeon et al., 2001).  The 

mechanism by which chitosan exerts antimicrobial activity is unsure but it is suggested 

that the polycationic structure of chitosan interacts with the anionic components 

(proteins) on the surface of Gram- negative bacteria (Nikaido, 1996).  For Gram- 

positive bacteria, chitosan causes lysis of cells and thereafter death by interfering with 

the cell membrane charges on the surface of the cell (Ye et al., 2004).  The 

antimicrobial activity is advantageous as an alternative for antibiotics to overcome 

antimicrobial resistance.  

 

2.10. Cytotoxicity 

In vitro cytotoxicity is the first step in risk assessment toxicology and biocompatibility 

studies.  Cytotoxicity, also known as cell viability, is the establishing of dead cells after 

treatment.  Cytotoxicity can be caused by various aspects which include apoptosis 

and necrosis.  Apoptosis is known as programmed cell death and occurs during the 

maintenance of tissue homeostasis to sustain cell populations as well as embryonic 

development (Kerr et al., 1972).  Necrosis is the accidental and/or abnormal cell death 

due to environmental disturbances (Fink and Cookson, 2005) or cell injury (Vermes et 
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al., 2000).  In toxicology it is important to characterise the mode of cell death, as it can 

lead to different effects in vivo. 

 

2.11. Conclusion 

Although the oral route of drug administration is the most advantageous, its efficiency 

is limited in drugs with poor water solubility and peptide drugs.  Excipients are included 

in dosage forms to overcome these limitations.  Multifunctional polymers are 

advantageous to use because of their additional functions such as antioxidant- and 

antimicrobial activity.  Chitosan, a natural polymer, is believed to enhance absorption 

of drugs and is non- toxic.  Due to its solubility issues derivatives were synthesised to 

overcome this problem and also to discover other functional properties.  Melittin is a 

known absorption enhancer and exhibits antimicrobial activity.  The possible use of 

combining two absorption enhancers, for example chitosan derivatives and melittin, 

can significantly increase the absorption of drugs in the small intestine.   

However, there is a lack of research on the cytotoxicity and the need exists to 

characterise the derivatives and melittin before they can be used in dosage forms.   
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3.1. Introduction 

Previous studies have indicated that chitosan with various degrees of quaternisation 

have different absorption enhancing effects (Enslin, 2005, Snyman et al., 2003, 

Venter, 2005b), gene transfection ability (Venter, 2005a), enzyme inhibition 

(Oberholzer, 2009) and toxicity (Van der Merwe, 2000, Venter, 2005b) where low 

toxicity is expected of chitosan at a high degree of acetylation and high molecular 

weights (Schipper et al., 1996).  Gene transfection ability entails the deliberate 

introducing of nucleic acids into a specific cell to cure a disease or improve symptoms 

(Recillas-Targa, 2006).  The ability of chitosan to inhibit certain enzymes may promote 

its use as an absorption enhancer.  This property can increase the bioavailability of 

specific drugs and improve absorption.  In this chapter, the methodology will be 

described where the antimicrobial activity, cytotoxicity and antioxidant activity of the 

four chitosan derivatives (TMC, TEC, DCMC and TEO) and melittin were investigated.  

The antimicrobial activity of the chitosan derivatives and melittin were tested on two 

Gram- positive and Gram- negative bacterial strains by employing the disc diffusion, 

well diffusion, MIC and minimum bactericidal concentration (MBC) methods. The MTT 

assay, LDH assay and flow cytometric assays were utilized to examine the cytotoxic 

effect of these derivatives.  Finally, the DPPH assay was used to determine the 

antioxidant activity of the chitosan derivatives. 

 

3.2. Synthesis of chitosan derivatives 

Four chitosan derivatives were used namely, TMC, TEC, DCMC and TEO (Hamman 

et al., 2002, Jonker et al., 2002).  TMC were synthesised as described by Domard, 

(1986), Sieval, (1998), Hamman, (2001), Snyman, (2003) and van Heerden, (2014) 

from Chitoclear® high MW supplied by Primex, Finland.  The chitosan has a MW of 

263700 Da and a degree of acetylation (DA) of 97%. 

 

The synthesis of TMC involves the mixture of chitosan (2 g), sodium iodide (4.8 g), 11 

ml of a sodium hydroxide solution (15% w/v) and 11.5 ml iodomethane in 80 ml N- 

methylpyrrolidone.  This mixture was stirred on a water bath for 45 minutes at 60ºC.  

The product was precipitated from the solution with ethanol and isolated by 

centrifugation.  The final products were dissolved in 40 ml of NaCl (Sodium chloride) 
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solution (5% w/v) to exchange the iodide- ion with a chloride- ion.  Finally it was 

dissolved in 40 ml water and precipitated from solution with ethanol whereas it was 

dried at 40ºC in a vacuum oven (Domard et al., 1986, Hamman and Kotze, 2001, 

Sieval et al., 1998). 

 

TEC were synthesised as described by Avadi et al. (2003), from Chitoclear® medium 

molecular weight, also supplied by Primex, Finland.  The chitosan has a MW of 77670 

Da and a DA of 93%.  TEC was synthesised using the same method as TMC as 

described by Domard, (1986), Hamman, (2001) and Sieval, (1998) with some 

alterations.  Chitosan (200 mg) was dissolved in N-methylpyrrolidone (8 ml) and stirred 

magnetically at room temperature for 4 hours.  Sodium hydroxide (1.2 ml), 480 mg 

sodium iodide and 3 ml ethyl iodide was added to the solution.  The mixture was 

heated under stirring for 6 hours at 60ºC.  The product was precipitated from solution 

using acetone and separated by centrifugation.  The product was then dissolved in 4 

ml of NaCl solution (10% w/v) whereas it was precipitated with 200 ml acetone, 

centrifuged and dried (Avadi et al., 2003).    

 

DCMC was synthesised from Chitoclear® high MW, similar to TMC.  DCMC was 

prepared from chitosan by suspending 30 g of chitosan in 3 l water.  To dissolve 

chitosan, glacial acetic acid (27 g) was added and then stirred for 20 minutes whereas 

glyoxylic acid was added.  Sodium borohydride (90 g) was then delivered in 2.5 L 

water using a peristaltic pump.  The solution was then dialysed against water for 36 

hours whereas the solution was then freeze- dried and sterilised (Dung et al., 1994).    

 

TEO was synthesised from chitosan oligosaccharide with a MW of 135000 Da and a 

DA of 79% as described by Oberholzer, (2009) and Venter, (2005). 

 

All the synthesised polymers were characterised by 1H-NMR analysis, Infrared 

analysis and the DQ and MW calculated as described by Venter, (2005), Oberholzer, 

(2009), Snyman, (2003) and Hamman, (2001). 
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3.3. Preparation of Melittin 

A 1 mg/ml stock solution of >97% synthetic melittin (acquired from Sigma Aldrich, 

Catalogue number: M4171) was prepared in Phosphate- buffered saline (PBS) and 

serial dilutions were made ranging from 0.5 µM to 10 µM. 

 

3.4. Experimental design 

The experimental approach for this study was divided into three main branches, 

namely (1) antimicrobial studies, (2) cytotoxicity studies and (3) antioxidant activity 

studies (Figure 3.1).  Chitosan derivatives and melittin and also a combination thereof 

were investigated to determine the antimicrobial activity and cytotoxicity.  The 

antimicrobial studies were conducted on four bacterial strains namely, E. coli, P. 

aeruginosa, S. aureus and S. epidermidis.  The cytotoxicity studies were investigated 

using mammalian the cell lines, human hepatocellular liver carcinoma cell line and 

human epithelial colorectal adenocarcinoma cells.  The antioxidant activity of chitosan 

derivatives was also determined.  

 

Figure 3.1: Experimental design of the studies on chitosan derivatives and melittin 

to determine the antimicrobial activity, cytotoxicity and antioxidant activity thereof  

 

3.5. Antioxidant activity of the derivatives: DPPH radical scavenging assay 

In normal aerobic metabolism, free radical reactions take place and produce ROS.  

These ROS can cause damage to biological molecules such as deoxyribonucleic acid 
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(DNA) and proteins.  This can lead to several diseases such as diabetes and cancer 

as well as playing a significant part in ageing and cancer.  Antioxidants play an 

important role in counteracting ROS by reducing oxidative stress and therefore 

damage to biological molecules is reduced (Choi et al., 2002).  The DPPH radical 

scavenging assay will be used to determine if chitosan and its derivatives possess any 

antioxidant activity.  DPPH (acquired from Sigma Aldrich, with catalogue number: 

D9132) is a stable radical where it appears as a deep violet colour in solution with 

ethanol at an absorption band of 520 nm.  When the DPPH solution is mixed with the 

substance for testing antioxidant activity and a pale violet colour is produced, the 

substance depicts antioxidant activity.  This assay is since it is the standard assay to 

use when determining antioxidant activity.  

 

Chitosan derivatives (5 mg; 10 mg; 25 mg; 50 mg) were dissolved in 1 ml PBS and 50 

µl of the derivatives were added to each allocated well (96- well plate).  A 0.1 mM 

solution of DPPH was made in absolute ethanol and 50 µl of this solution were added 

to the wells containing the derivatives.  Trolox (0.2 M) was used as the positive control 

and 50 µl was added to the allocated wells.  DPPH (50 µl) was also added to the 

Trolox.  The negative control consisted out of 50 µl PBS and 50 µl DPPH.  The well 

was shaken and left to stand for 20 minutes at room temperature.  A blank of absolute 

ethanol (100 µl) was included and the absorbance was measured at 490 nm.  The 

radical scavenging activity was measured using the following equation (Xing et al., 

2005):  

 

Equation 3.1: 

 

Scavenging effect (%) = 1 - (Asamples/Acontrol) × 100 

Where Asample is the absorbance of the sample used and Acontrol absorbance of the 

DPPH solution. 
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3.6. Antimicrobial activity 

3.6.1. Bacterial strain preparation 

The antimicrobial activity of the chitosan derivatives and melittin were studied on two 

gram- positive and gram- negative bacterial strains.  All bacterial strains were acquired 

from the American Type Culture Collection (ATCC) and kindly provided by Prof Sandy 

van Vuuren (Department of Pharmacy and Pharmacology, University of the 

Witwatersrand).  For Gram- positive strains, S. aureus (ATCC 25923) and S. 

epidermidis (ATCC 12223) were used and for Gram- negative, E. coli (ATCC 8739) 

and P. aeruginosa (ATCC 27853).  These bacterial strains were selected on the basis 

of their prevalence to cause skin infections.  Skin infections are relevant because 

chitosan derivatives are used in the treatment of wounds and have potential in the 

treating skin infections.  Bacterial strains were cultured in tryptone soya broth (Oxoid 

CM0129) for 18-24 hours at 37ºC.   

 

3.6.2. Disc diffusion assay 

In an attempt to determine the antimicrobial activity of the chitosan derivatives and 

melittin, the antimicrobial disc diffusion assays were performed on two bacterial strains 

S. aureus and E. coli.  The disc diffusion assay (Kirby–Bauer assay) tests whether 

bacteria are affected by specific substances.  In this test, disks containing the 

substance of interest are introduced on an agar plate pre-inoculated with bacteria.  If 

the tested substance inhibits the bacteria from growing, there will be an area around 

the disk where the bacteria have not spread to. This is also known as the zone of 

inhibition.  Mueller Hinton agar plates were used and inoculated with the relevant 

bacterial strains.  The discs were saturated with different concentrations of the 

chitosan derivatives (5 mg; 10 mg; 25 mg; 50 mg) and melittin (0.5 µM) and placed 

onto the agar surface.  Ciprofloxacin discs (1 µg) were used for positive antimicrobial 

controls.  PBS was used as the negative control.  The plates were incubated at 37ºC 

for ~24 hours.  After incubation, the plates were examined and the zone of inhibition 

measured.       

 

http://www.medicinenet.com/script/main/art.asp?articlekey=2378
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Agar
https://en.wikipedia.org/wiki/Bacteriostatic_agent
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3.6.3. Well Diffusion assay 

To complement the disc diffusion assay, the well diffusion assay was also performed. 

This assay is similar to the disk diffusion assay but utilizes larger volumes of the tested 

substance in pre-casted wells instead of disks.  Agar was poured into assay plates 

where it was left to cool down at room temperature until the agar solidified.  The agar 

plates were inoculated with the selected bacteria (S. aureus and E. coli).  Wells were 

created in the plates using a glass Pasteur pipette and 80 µl of the samples were 

introduced into the wells.  The samples namely, TMC, TEC, DCMC and TEC (5 mg; 

10 mg; 25 mg; 50 mg) were dissolved in 1 ml PBS.  Different concentrations of melittin 

was also tested (0.5 µM; 1.5 µM and 5 µM).  The antimicrobial control used was 

Ciprofloxacin (0.01 mg/ml) and the negative control PBS.  The plates were placed at 

4 ºC for 60 minutes to set and then incubated at 37ºC for ~24 hours.  After incubation, 

the zones of inhibition were measured to determine microbial growth.   

 

3.6.4. Minimum Inhibitory Concentration (MIC) 

The MIC is the lowest concentration of a drug that inhibits growth of an organism and 

is routinely used to determine the antimicrobial activity of substances (Andrews, 2001).  

This assay is used to determine both the concentration of substance and which 

substance that must be used against a specific bacterial strain.   

 

Cultures was inoculated in tryptone soya broth and incubated for 24 hours.  Samples 

of chitosan derivatives and melittin were prepared where the starting concentration of 

the derivatives was 50 mg/ml (dissolved in 1 ml PBS) and melittin was 1 mg/ml.  

Ciprofloxacin was used as the antimicrobial control at a concentration of 0.01 mg/ml.  

Plates (96- well) were prepared aseptically where 100 µl of sterile Mueller Hinton broth 

were placed in the wells.  Samples (100 µl) were placed into the first row of the wells 

and serially diluted.  The bacterial inoculum (1 µl) was transferred into 100 ml of sterile 

broth for all four bacterial strains (100 µl) respectively and each well was inoculated.  

Following inoculation, the plate was sealed with a sterile adhesive sealer and 

incubated at 37ºC for 24 hours.  A 0.4 mg/ml iodonitrotetrazolium violet (INT) solution 

(40 µl) was added to each well after incubation.  The 96- well plates were examined 
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after 6 hours to visually determine a colour change (purple- pink) in the presence of 

microbial growth.  The end point MIC value was taken as the lowest concentration of 

sample that resulted in the inhibition of growth, which can be seen as the absence of 

the purple- pink colour of the indicator.    

 

3.6.5. Minimum Bactericidal Concentration (MBC) 

The MBC is defined as the lowest concentration of an antimicrobial substance 

necessary to neutralize or kill a particular bacteria (Andrews, 2001, Yilmaz, 2012).  

 

After the MIC was completed, a sample from wells showing no growth were streaked 

on sterile tryptone soya agar plates to check bacterial growth.  The plates were 

incubated at 37ºC for 24 hours.  After incubation, bacterial growth was visually 

examined.   

 

3.6.6. Interactive combination studies 

The interaction of TMC and melittin on the bacterial strains were also investigated.  

After MIC values for each combination were determined, the fractional inhibitory 

concentration index was used to determine the interaction of the samples on the 

selected bacteria.  The sum of the fractional inhibitory concentration (ΣFIC) was used 

to calculate each combination using the following equation (Mabona et al., 2013):  

 

Equation 3.2:  

 

FIC(i)= 
MIC of Melittin in combination with TMC 

MIC of Melittin independantly
 

 

Equation 3.3: 

 

FIC(ii)=
MIC of TMC in combination with Melittin

MIC of TMC independantly
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The sum of the FIC index is thus calculated as (Equation 3.4):  

 

ΣFICI = FIC (i) + FIC (ii). 

 

The interactions were classified as shown in Table 3.1 (van Vuuren and Viljoen, 2011). 

 

Table 3.1: Fractional inhibitory concentrations and their predicted interaction  

ƩFIC value Interaction 

≤ 0.5 Synergy 

>0.5 – 1.0 Additive 

> 1.0 – ≤4.0 Non- interactive 

> 4.00 Antagonistic 

 

Using the values obtained from the above equation, the interaction of TMC and melittin 

was either classified as Synergy, Additive, Non- interactive or Antagonistic. 

  

3.7. Cytotoxicity 

 

3.7.1. Mammalian cell cultures 

Cell lines were purchased from ATCC.  Human hepatocellular liver carcinoma cell line 

(HepG2; catalogue number HB-8065) and human epithelial colorectal 

adenocarcinoma cells (Caco-2; catalogue number HB-8065) were utilized in this study.  

HepG2 cells are routinely used as the standard cell line for cytotoxicity experiments 

and it has several advantages, including a rapid growth rate and is well characterised.  

Caco-2 cells, which are intestinal cells, were used because of the reported absorption 

enhancement functions of chitosan and its derivatives in intestinal cells (Enslin et al., 

2008).  
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Mammalian cells were propagated in cell culture flasks (T75 cm2) at 37ºC and in a 

humidified 5% CO2 atmosphere.  HepG2 as well as Caco-2 cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Seperations, Catalogue number: 

SH30243.FS) and fortified with foetal bovine serum (FBS) (Lonza, Catalogue number: 

DE14-801FI) to a final concentration of 10%.  The growth media were supplemented 

with 1% non-essential amino acids (NEAA) (Lonza, Catalogue number: 13-114E) as 

well as 1% antibiotics (penicillin and ampicillin) (Lonza, Catalogue number: 17-602E).  

The medium were renewed twice a week, or as necessary.  Cells were sub-cultured 

when ±80% confluency was reached.  To this end, culture medium was carefully 

decanted and the cell layer gently washed with 1x PBS (Sigma, Catalogue number: 

P4417-100Tab) to remove all traces of serum that contains trypsin inhibitor.  A small 

volume of trypsin-EDTA (Lonza, Catalogue number: CC-5012) solution (between 2.0 

to 3.0 ml) was added to the flask to detach cells from the bottom of the flask and 

separated them from each other.  When passaging with trypsin, HepG2 cells were 

incubated for 3 minutes while Caco-2 cells were incubated for 5 minutes.  Growth 

medium were added (6.0 to 8.0 ml) and cells aspirated by gently pipetting.  Appropriate 

aliquots of the cell suspension were added to the new culture vessels.  The same 

procedure was being followed for experimental analysis, except the cells were added 

to 96- well plates for the analysis. 

 

3.7.2. Cell proliferation studies 

The MTT Cell Proliferation Assay (ATCC, Catalogue number: 30-1010K) was used to 

determine the optimal amount of cells necessary for experiments for each cell line 

because of the difference in cell lines and laboratory environment.     

Cells were harvested and resuspended at 1 x 106 cells per ml.  Serial dilutions were 

prepared of cells in culture medium (DMEM) from 1 x 106 to 1 x 103 cells per ml.  A 

100 µl of the dilutions were plated out in triplicate into the wells of a 96- well plate.  

Three control wells of serum free medium were included to provide the blanks for the 

absorbance readings.  The cells were incubated under appropriate conditions for the 

cell line for between 6 to 48 hours (for most cell types, 12 hours is sufficient).  A volume 

of 10 µl of the MTT reagent (5 mg/ml) was added to each well including the controls.  

The plate was incubated for a further 4 hours.  The presence of the purple precipitate 
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was observed periodically under a microscope.  When the purple precipitate was 

clearly visible, a 100 µl of detergent reagent namely dimethylsulfoxide (DMSO) was 

added to all wells including the controls, while swirling gently.  The plate was left in the 

dark for 1 hour at room temperature.  The absorbance was then measured in each 

well at 570 nm in a 96- well plate reader.  The average values from the triplicate 

readings were determined and subtracted from the average value for the blank.  The 

absorbance was plotted against number of cells/ml.  The number of cells used in an 

assay was chosen within the linear portion of the plot and yield an absorbance of 

between 0.75 – 1.25 (see Annexure 3).      

 

3.8. Cytotoxicity Assays 

 

3.8.1. MTT assay 

The MTT assay is used to measure the in vitro cell viability and proliferation of cells.  

In principle, yellow tetrazolium MTT is reduced by mitochondrial dehydrogenase 

enzymes to purple formazan crystals in the cell which is non- water soluble.  The 

formazan crystals can be dissolved by DMSO where the amount of formazan product 

can be determined and is an indication of the number of living cells (Mosmann, 1983).  

This assay was used because it is a fast way of detecting living cells and has a high 

level of accuracy.  It is also the standard assay to determine cell viability.    

 

HepG2 and Caco-2 cells were seeded into 96- well plates.  For HepG2, 2.5 x 104 cells 

were seeded per well and Caco-2, 2.0 x 104 cells.  The plates were incubated overnight 

for cells to attach.  After cells reached ~90% confluency, they were carefully washed 

with 1 volume of PBS (±0.5 ml).  The cells were then treated with different samples.  

The treatments consisted of a concentration series of chitosan derivatives (5 mg; 10 

mg; 25 mg; 50 mg) and melittin (0.5 µM; 1 µM; 1.5 µM; 3 µM; 5 µM) and were tested 

on both cell lines.  Combination studies of the chitosan derivatives (25 mg) and melittin 

(1 µl) were also performed.  All experiments included positive- (Triton X-100) and 

negative controls (Serum free media).  A treatment period of 4 hours were utilized and 

afterwards washed with PBS to remove traces of the substances.  A 5 mg/ml stock 

solution of MTT was prepared by diluting 5 mg of MTT powder in 1 ml PBS.  10 µl of 
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the stock solution and 90 µl serum free media were added to each well.  The plates 

were incubated for 2 hours at 37ºC.  After incubation, all the media were carefully 

removed with a pipette and 100 µl DMSO were added to each well and incubated for 

1 hour.  DMSO also served as a blank.  The optical density was measured at a 

wavelength of 560 nm and the background at 630 nm with a plate reader. All 

experiments were at least performed in triplicate and independently repeated.   

 

3.8.2. LDH assay 

The CytoTox-ONE™ Homogeneous Membrane Integrity assay (Promega) is used to 

estimate the number of non- viable cells in multiwell plates where the release of LDH 

from cells with damaged membranes is measured through fluorescence.  LDH, which 

is present in all mammalian cells, is released into the extracellular spaces of cells when 

the plasma membrane is damaged (Chan et al., 2013).  Therefore the measurement 

of released LDH is an indication of extensive cell membrane damage.  This assay was 

used because it is a rapid method that is widely used to determine cell viability by 

indicating cellular membrane integrity.  

  

HepG2 and Caco-2 cells were seeded into 96- well plates as described earlier (section 

3.7.1).  After treatment, the plates were removed from the incubator and equilibrated 

to room temperature (approximately 20–30 minutes).  A lysis solution was used to 

generate a maximum LDH release control where 2 µl of the kit Lysis Solution were 

added to the positive control wells.  CytoTox-ONE™ Reagent (100 µl) were added to 

each well and mixed for 30 seconds.  The plate was incubated for 10 minutes at 22ºC.  

Stop Solution (Promega) were added (50 µl) to each well in the same order of addition 

that was used for adding the CytoTox-ONE™ Reagent.  The plate was gently mixed 

for 10 seconds and the fluorescence recorded at an excitation wavelength of 560 nm 

and an emission wavelength of 590 nm. All experiments were at least performed in 

triplicate and independently repeated.  The treatments included in the experiments 

were chitosan derivatives and melittin where a concentration series of chitosan 

derivatives (5 mg; 10 mg; 25 mg; 50 mg) and melittin (0.5 µM; 1 µM; 1.5 µM; 3 µM; 5 

µM) were tested on both cell lines and also combination studies of the derivatives (25 

mg) and melittin (1 µl) were done. 
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3.8.3. Flow cytometry 

Apoptosis, also known as programmed cell death, occurs during the maintenance of 

tissue homeostasis to sustain cell populations as well as embryonic development.  

Apoptosis is characterized by morphologic features which include cellular shrinkage, 

loss of plasma membrane, condensation of the cytoplasm and nucleus and DNA 

fragmentation (Kanduc et al., 2002, Van Cruchten and Van Den Broeck, 2002).  

Necrosis is where accidental and/or abnormal cell death occurs due to environmental 

disturbances (Fink and Cookson, 2005) or cell injury (Vermes et al., 2000).  To 

determine whether a substance causes cell death through apoptosis or necrosis, the 

FITC Annexin V Apoptosis Detection Kit I from BD Biosciences (Catalogue number: 

556547) were used to examine the cell death pattern after treatment.  This assay was 

used because it is a reliable method to study a large amount of cells in order to 

distinguish between apoptosis and necrosis.  

   

Fluorescence of single cells was measured by a FACSVerse™ (BD Bioscience) bench 

top flow cytometer equipped with blue (488 nm) and red (640 nm) lasers.  Events were 

acquired on BD FACSuiteTM software, version 1 (Becton & Dickson, Mountain view, 

CA, USA).  Annexin V FITC apoptosis detection kit (BD Biosciences) was used for the 

detection of apoptosis using flow cytometry. The assay was performed according to 

the manufacturer’s instructions with minor alterations. In brief, cells were seeded in a 

96-well plate and grown to about 90% confluence. The cells were exposed to different 

chitosan derivatives and melittin as described earlier. After 24 hours, each well’s cells 

were washed twice with 200 µl of PBS and suspended in 1X binding buffer at a 

concentration of approximately 1 x 106 cells/ml. 100 µL of this solution was then 

transferred to 12 x 75 mm flow tubes (BD Biosciences) and 5 µL of FITC Annexin V 

and 5 µL of propidium iodide (PI) was added.  Samples were then briefly vortexed and 

incubated in the dark at room temperature for 20 min.  After incubation, 100 µL 1X 

binding buffer was added to each tube and then analysed using the BD FACSVerse 

System and BD FACSuite Software.  For a positive apoptosis control, HepG2 cells 

were treated with 1mM staurosporine (Sigma-Aldrich) for 4 hours.  
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Amplification of signals were carried out at logarithmic scale and measurement of 

events plotted on forward light scatter (FSC), side light scatter (SSC), green 

fluorescent (FL1) and red fluorescent (FL2).  A gating strategy was used to distinguish 

the fluorescently labelled cell population from unstained populations.  A total of 10 000 

events as defined by gates, were counted.  Positive as well as stained and unstained 

negative controls were included in each analysis. The FACSVerse were calibrated 

using FACSuiteTM CS&T research beads.  Data was processed with FCS Express V4 

software (De Novo Software, CA, USA).  Gates were set on the dot plot FSC and SSC 

during analysis.  The geometric means of fluorescence for all the parameters were 

calculated from the respective histograms or two parameter fluorescence dotplots.  

Fluorescence results were expressed in arbitrary units as mean fluorescence intensity 

(MFI) and cell counts were expressed as percentage.  All experiments were at least 

performed in triplicate and independently repeated.  Refer to Figure 3.2-3.4 for 

detailed explanation of the above mentioned.  It can be concluded that dead cells have 

a decreased FSC and increased SSC. 
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Figure 3.2: The unstained control contains only untreated, unstained cells to 

determine the scatter profile of the cells.  The positive control is included in the gating 

strategy to determine the scatter profile of the maximal response.  The FITC and PI 

controls include untreated, but stained cells to determine the background 

fluorescence of each of the dyes separately. 

In the gating strategy, the first gate, Gate 1 in blue is set on the live cells detected 

in the cell (untreated) control in the Forward scatter (FSC)/ Side scatter area (SSC) 

plot.  All of these blue cells are included in the rest of the analysis.  The difference 

in the FSC/ SSC area is clearly different when the positive control is compared to 

the control.  Next a gate, Gate 2 in green, is set around the FITC background cells.  

This is usually a small percentage of cells ~15% that is excluded from the analysis.  
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Another gate, Gate 3 in red is set around the PI background fluorescent cells and is 

also excluded from the analysis.   

Legend: FSC an indicator of the size of cells 

SSC an indicator of the complexity or granularity of cells 

FITC represents the Annexin V conjugated with FITC 

PE represents the propidium iodide   
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Figure 3.3: In this figure the difference in scatter profile of HepG2 cells is clearly 

evident between the untreated control, the TMC 5 mg/ml and the combination of 

TMC with melittin.  A scatter profile of cells with decreased FSC and increased SSC 

is indicative of cells undergoing apoptosis.  
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Figure 3.4: Histograms are included in the analysis to give an indication of the 

intensity of the fluorescence.  In these plots the relatively low background 

fluorescence is clearly visible in the propidium iodide control.  Similar plots were 

used for the Annexin V-FITC. 

3.9. Statistical evaluation 

All experiments were done in triplicate and independently repeated at least two times.  

Colorimetric assay data was analysed using GEN5 Software.  The results were then 

processed using GraphPad Prism 5.  GraphPad Prism 5 was also used to draw column 

and line graphs.  Outliers were removed using the modified Thompson tau method 

(Cimbala, 2011).  The mean value of all the data points was calculated and contains 

a standard deviation as calculated by equation 3.5.  Results in graphs are expressed 

as mean±standard deviation. 

 

Equation 3.5: 

 

 

 

P-values were determined with the Kruskal–Wallis test. This test is a non-parametric 

method for testing whether samples originate from the same distribution and can be 

used for comparing two or more independent samples of equal or different sample 

sizes. 
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4.1. Introduction 

In the drug delivery field, there is continued research into novel excipients.  Although 

most excipients are classified as inactive ingredients in dosage forms, there are also 

great advantages in using multifunctional excipients.  Natural polymers are good 

examples of multifunctional excipients having apart from their basic function, additional 

properties including stimuli sensitive, mucoadhesion, enzyme inhibition, intestinal 

epithelium absorption enhancement, efflux pump inhibition, increased buffer capacity, 

taste-masking ability, pharmacological activity and the ability to form conjugates or 

interact with enzymes responsible for drug metabolism.  Chitosan as a natural polymer 

is one of the best studied multifunctional excipients, but has certain limitations as 

discussed in Chapter 2.  Derivatives of chitosan are therefore synthesised not only to 

improve the solubility of chitosan at physiological pH, but also to expand on the number 

of multifunctional polymers that can be used in dosage forms.  Chitosan and one of its 

derivatives namely TMC, have been shown to have antioxidant activity as well as 

antimicrobial activity against selected bacteria.  TEC, DCMC and TEO have proven 

absorption enhancing, enzyme inhibition and antioxidant activities respectively.  However 

the cytotoxicity of these derivatives is not known and it is therefore important to further 

characterise the polymers. 

This chapter describes the possible antioxidant activity as well as the antimicrobial 

properties and cytotoxicity of four chitosan derivatives, melittin and combinations of them.   

 

4.2. Chemical characterisation of chitosan derivatives 

The different chitosan derivatives (Table 4.1) were selected based on the chemical 

structures, DQ and MW as determined by other studies (Enslin, 2005, Snyman et al., 

2003, Van der Merwe, 2000).   
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Table 4.1 Properties of quaternised chitosan derivatives synthesised and chemically 

characterised previously and further investigated in this study (adapted from Hamman, 

(2001) and Snyman, (2003)). 

Chitosan derivative Degree of quaternisation 

(%) 

Molecular weight (g/mole) 

TMC 65.50 168 000 

TEC 26.71 82 810 

TEO 27.90 9000 

 

TMC with high degrees of quaternisation have the most pronounced effect on absorption 

enhancement of compounds in Caco-2 cells (Kotze et al., 1999, Thanou et al., 2000).  

The degree of quaternisation and molecular weight of the derivatives was also an 

important factor in gene transfection (Venter, 2005) and antimicrobial activity (No et al., 

2002, Zheng and Zhu, 2003).  The TMC used in this study had a DQ of 65.50% and 

relatively high MW.  The synthesised TEC had a lower degree of quaternisation and 

molecular weight compared to TMC.  This could be attributed to the smaller molecular 

size and higher reactivity if iodomethane, compared to iodoethane used during the 

manufacturing (Hamman and Kotze, 2001, Snyman et al., 2003).  The low molecular 

weight TEO was chosen based on results from previous studies where low molecular 

weight chitosan oligomers had increased antioxidant activity compared to chitosan (Sun 

et al., 2007, Zhao et al., 2013).  DCMC was utilised in this study because of its negative 

charge compared to the quaternised derivatives with positive charge (Geisberger et al., 

2013).  The DCMC used in this study had a degree of substitution of 90% (Oberholzer, 

2009). 
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4.3. Antioxidant activity 

The antioxidant activity of different concentrations of chitosan derivatives was determined 

using the DPPH assay.  The antioxidant activity was determined because of the known 

antioxidant activity of chitosan, TMC and chitosan oligomers, whereas no literature is 

available on the antioxidant activity of the rest of the chitosan derivatives used in this 

study.  The concentrations of the derivatives tested were 5 mg/ml; 10 mg/ml; 25 mg/ml 

and 50 mg/ml.  Trolox, which is a derivative of vitamin E and exhibits excellent free radical 

scavenging properties, was used as the positive control at a concentration of 0.2 M.     

 

The DPPH assay was employed to determine the scavenging effect of the derivatives 

and the results is depicted in Figure 4.1-4.4.  The scavenging ability of a compound 

indicates if it has antioxidant properties.  Antioxidants exert their effects by scavenging 

the reactive oxygen species, therefore if a compound displayed a scavenging effect, it 

has antioxidant activity (Halliwell et al., 1992).  According to literature, chitosan and its 

derivatives with a low MW and high DQ (high positive charge density) has increased 

scavenging effect and therefore increased antioxidant activity (Guo et al., 2006, Jarmila 

and Vavrikova, 2011).  According to Zhao et al., (2013), when the concentration of 

chitosan and chitosan oligomer increases, the scavenging effect also increases.     

 

4.3.1. TMC 

The scavenging effect of TMC used in this study is depicted in Figure 4.1.  Compared to 

trolox (which was assumed to be a 100% effective scavenger for this study), TMC had 

no scavenging effect.  There was a concentration dependent decrease in the scavenging 

percentage.  All TMC concentrations differed statistically significantly from trolox.  This 

lack of antioxidant potential could possibly be attributed to TMC acting as a pro-oxidant.  

It was hypothesised that substances with lower scavenging effects may have a pro-

oxidant effect by generating ROS in physiological buffers (Roy et al., 2010).  These 

results differ from the results found by Guo et al., (2006).  They found that TMC with high 

DQ >80.5% exhibited scavenging effect.  Although the TMC used in this study has a high 
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DQ, the high MW can also influence the scavenging effect and may be the reason for the 

low scavenging observed.   

 

 

 

Figure 4.1: Scavenging effect (%) representing the antioxidant activity of TMC at 

different concentrations (5 mg/ml; 10 mg/ml; 25 mg/ml and 50 mg/ml) with trolox as 

the positive control which is normalised to have a 100% scavenging effect.  Statistical 

significant differences is indicated with * (p≤0.05; n=3).  The bars in the negative 

direction are indicative of TMC acting as a reactive oxygen species (ROS). 

  

4.3.2. TEC 

The scavenging effect of TEC is portrayed in Figure 4.2.  Compared to trolox, TEC 

displayed a concentration dependant increase in the scavenging percentage with 25.37 

± 4.00%, 43.98 ± 6.67% and 47.66 ± 4.14% at 10 mg/ml, 25 mg/ml and 50 mg/ml of TEC 

respectively.  This differed statistically significantly from the positive control.  Accordingly, 

as the concentration of TEC increases, the scavenging effect increases.  The lowest 

concentration of TEC, 5 mg/ml has no scavenging effect and acted as a ROS.  These 

results are in accordance with the literature where it states that when the concentration 

of chitosan derivatives increases, the scavenging effect also increases (Zhao et al., 

2013).  Additionally, the TEC used has a low MW which can attribute to the scavenging 
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effect it displayed, although the DQ is lower than necessary for the scavenging effect 

based on studies done on other chitosan derivatives.  This is the first study on TEC to 

determine the antioxidant activity to my knowledge. 

 

 

 

Figure 4.2: Scavenging effect (%) representing the antioxidant activity of TEC at 

different concentrations (5 mg/ml; 10 mg/ml; 25 mg/ml and 50 mg/ml) with trolox as 

the positive control which is normalised to have a 100% scavenging effect.  Statistical 

significant differences is indicated with * (p≤0.05; n=3).  The bars in the negative 

direction are indicative of TEC acting as a reactive oxygen species (ROS). 

 

4.3.3. DCMC 

The scavenging effect of DCMC is illustrated in Figure 4.3.  DCMC showed no 

scavenging effect when compared to trolox.  A concentration dependant increase in ROS 

could be observed.  All the concentrations of DCMC differed significantly from trolox.  

DCMC seems to act as a ROS instead of having any antioxidant activity.  Since DCMC 
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is the derivative which has a negative charge instead of a positive charge, it can 

contribute to DCMC showing no scavenging effect.  This is because of the positive charge 

which is necessary for antioxidant activity.  According to Sun et al., (2008), chitosan 

derivatives with a high DA, will have a decreased scavenging effect.  DCMC has a DA of 

90% which may account for the lack of scavenging effect.  Similar results were found by 

Sun et al., (2008) where carboxymethyl chitosan oligosaccharide was used and they also 

found no scavenging effect.          

 

 

 

Figure 4.3: Scavenging effect (%) representing the antioxidant activity of DCMC at 

different concentrations (5 mg/ml; 10 mg/ml; 25 mg/ml and 50 mg/ml) with trolox as 

the positive control which is normalised to have a 100% scavenging effect.  Statistical 

significant differences is indicated with * (p≤0.05; n=3).  The bars in the negative 

direction are indicative of DCMC acting as a reactive oxygen species (ROS). 

 

4.3.4. TEO 

The scavenging effect of TEO is represented in Figure 4.4.  When compared to trolox, 

TEO had no scavenging effect at high concentrations. The lowest concentration of TEO, 

5 mg/ml, exhibited a small percentage scavenging effect with 28.05±7.194% and differs 

to what Zhao et al., (2013) observed.  TEO at a concentration of 25 mg/ml differed 
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statistically significantly from trolox.  This lack of effect can be explained by TEO possibly 

acting as a ROS.  Owing to TEO having a low DQ, the lack of scavenging effect can be 

explained by this although TEO has a low MW.  Results found by Zhao et al., (2013) differ 

from the results found in this study.  They found that chitosan oligosaccharide (5000 Da) 

has a high scavenging effect.  This can be ascribed to the preparation conditions that 

differed where they dissolved the derivative in acetic acid instead of sodium chloride in 

this study.  It is also important to note that the study by Zhao et al., (2013) used low 

concentrations of the chitosan oligomer (0.2-2 mg/ml), whereas in this study higher 

concentrations of TEO (5-25 mg/ml) was used.  This is also the first study to specifically 

investigate TEO that chemically differs from chitosan oligomer. 

        

 

 

 

Figure 4.4: Scavenging effect (%) representing the antioxidant activity of TEO at 

different concentrations (5 mg/ml; 10 mg/ml; 25 mg/ml and 50 mg/ml) with trolox as 

the positive control which is normalised to have a 100% scavenging effect.  Statistical 

significant differences is indicated with * (p≤0.05; n=3).  The bars in the negative 

direction are indicative of TEO acting as a reactive oxygen species (ROS). 
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4.4. Antimicrobial activity 

The antimicrobial activity of chitosan derivatives was determined using the disc diffusion 

assay, well diffusion assay, MIC and MBC assays.  The antimicrobial activity of the 

chitosan derivatives was determined because of the known antimicrobial activity of 

chitosan and TMC (de Britto et al., 2011, Sadeghi et al., 2008, Wiarachai et al., 2012).  

Studies performed on carboxymethyl chitosan (Tantala et al., 2012) and chitosan 

oligomers indicated that this derivative has weak antimicrobial activity when compared to 

chitosan (No et al., 2002).  According to my knowledge the rest of the derivatives have 

not been investigated for antimicrobial activity yet.  Based on previous studies, the 

concentrations of the derivatives tested were 5 mg/ml; 10 mg/ml; 25 mg/ml and 50 mg/ml 

using the disc and well diffusion assays.  The concentration used for the MIC and MBC 

assays were 50 mg/ml. 

According to literature, the MW and DQ of chitosan and its derivatives influence the 

antimicrobial activity.  Chitosan with a low MW will increase the antimicrobial activity 

against Gram- negative bacteria where a high MW will increase the antimicrobial activity 

against Gram- positive bacteria (No et al., 2002, Zheng and Zhu, 2003).  Also, a high DQ 

at acidic conditions will decrease the antimicrobial activity whereas a high DQ at neutral 

conditions increase the antimicrobial activity (Rúnarsson et al., 2007, Xu et al., 2010).  

The high DQ means that the derivative has a high positive charge density (cationic).  Cell 

membranes of bacteria are anionic, although Gram- negative bacteria have a higher 

negative charge than Gram- positive bacteria.  When chitosan derivatives interact with 

the bacteria cell membrane, it leads to cell damage, leakage of intracellular components 

and eventually death (Chung et al., 2004, Yang et al., 2000).  

 

It is important to assess the antimicrobial properties of chitosan derivatives due to their 

possible use in wound healing and food preservatives.  Four bacterial strains were 

selected on the basis of their prevalence to cause skin infections and included Gram- 

positive strains, S. aureus and S. epidermidis and for Gram- negative, E. coli and P. 

aeruginosa.  S. aureus is a coccal bacterium which is found on the skin and a common 

cause for skin infections such as impetigo, cellulitis, abscesses and pimples.  S. 

epidermidis is a gram-positive cocci bacterium which is part of the normal human flora.  

Patients with compromised immune systems are more susceptible to infections caused 
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by this bacterium and are the reason for postoperative wound infections.  E. coli is an 

anaerobic bacillus bacterium and responsible for most food poisoning which is the source 

of gastroenteritis and diarrhoea.  P. aeruginosa is also a bacillus bacterium which is 

aerobic and patients with wound infections and burns are at high risk for this bacterium.  

These bacteria were used because of their role on the skin and E. coli is the model 

bacteria for experiments to be done.   

 

The antimicrobial activity of chitosan derivatives, melittin and a combination of them was 

investigated on two bacterial strains using the disc diffusion and the well diffusion assay.  

These assays yielded no concrete results and were deemed not sensitive enough for the 

measurement of antimicrobial activity of chitosan derivatives (results not shown, see 

Annexure 1).  Therefore the minimum inhibitory concentration (MIC) assay was 

performed to determine the antimicrobial activity (if derivatives inhibit growth of the 

bacteria) of different concentrations of chitosan derivatives and displayed in Table 4.2 

and 4.3.  The colours in the table are indicative of the effect of the samples used on the 

selected bacterial strains.  The positive control is in blue to indicate the control; the green 

colours are the samples which were effective in showing antimicrobial activity against the 

bacteria and the samples in red was not effective in exhibiting antimicrobial activity.   

 

4.4.1. TMC 

Using the MIC assay, it was found that TMC has antimicrobial activity against the Gram- 

positive bacteria S. aureus at a concentration of 1.56 mg/ml and against S. epidermidis 

at a concentration of 4.69 mg/ml.  The concentration of antimicrobial activity against S. 

epidermidis is slightly higher than for S. aureus.  For the Gram- negative bacteria, TMC 

has antimicrobial activity against E. coli at a concentration of 1.56 mg/ml.  TMC revealed 

no observable antimicrobial activity against P. aeruginosa at the highest concentration 

tested (12.5 mg/ml) (see Figure 4.5 for summary).  This antimicrobial activity may be 

attributed to TMC having a high DQ in a neutral environment.  The high MW of TMC can 

probably explain the antimicrobial activity against the Gram- positive bacteria (S. aureus 

and S. epidermidis) although TMC showed antimicrobial activity against E. coli which is 

a Gram- negative bacterium.  The high MW and DQ of TMC contribute to the antimicrobial 
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activity which is similar to what literature states of TMC.  These results are similar to what 

is found in other studies done on TMC.  These studies showed that TMC has antimicrobial 

activity against S. aureus although the TMC had different MW and DQ (Sadeghi et al., 

2008, Wiarachai et al., 2012).    

 

4.4.2. TEC 

At the concentrations tested for TEC (12.5 mg/ml), no apparent antimicrobial activity was 

detected against any of the Gram- positive or Gram- negative strains tested.  Regarding 

the fact that the TEC used has a low DQ and relatively high MW, the results that show it 

has no antimicrobial activity can be explained by these properties.  To my knowledge the 

antimicrobial activity of TEC has not been previously determined. 

 

4.4.3. DCMC 

DCMC at a maximum concentration of 12.5 mg/ml showed no antimicrobial activity 

against any of the Gram- positive or Gram- negative strains tested. Due to DCMC being 

negatively charged, this can possibly be the reason for no antimicrobial activity shown.  

The only other studies performed to my knowledge, was done on carboxymethyl chitosan 

which showed no antimicrobial activity according to Tantala et al., (2012).    

 

4.4.4. TEO 

The concentrations tested for TEO, up to 12.5 mg/ml, no evident antimicrobial activity 

was observed on any of the bacterial strains tested.  The TEO used has a low DQ and 

MW which can be the cause of TEO presenting no antimicrobial activity.  The results 

obtained corresponds to other studies done on chitosan oligomers where they also found 

that chitosan oligomers has weak or no antimicrobial activity against S. aureus, E. coli 

and P. aeruginosa (No et al., 2002).   
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4.4.5. Melittin  

Melittin has antimicrobial activity against S. aureus at a concentration of 0.0625 mg/ml 

and against E. coli at a concentration of 0.03125 mg/ml.  At the highest concentration 

tested of melittin namely, 0.25 mg/ml, no noticeable antimicrobial activity was detected 

against S. epidermidis and P. aeruginosa (see Figure 4.5 for summary).  Melittin is a 

known antimicrobial peptide which has known antimicrobial activity especially against 

Gram- positive bacteria (Al-Ani et al., 2015, Falco et al., 2013).   
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Figure 4.5: The antimicrobial activity of TMC and melittin on selected bacteria where 

it resulted in antimicrobial activity against S. aureus and E. coli with p≤0.05; n=3. 

 

4.4.6. Combinations 

After MIC values for each combination were determined, the fractional inhibitory 

concentration index (FIC) was used to determine the interaction of the samples on the 
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selected bacteria.  The values obtained for TMC and melittin on selected bacterial strains, 

were 1.9 for S. aureus and 2.8 for E. coli (see Annexure 2).  Using the FIC index, it was 

determined that the interaction on S. aureus and E. coli were non- interactive at the 

concentrations tested.  The concentrations tested on S. epidermidis and P. aeruginosa 

was not effective.  The antimicrobial activity of chitosan derivatives in combination with 

melittin has not to my knowledge been determined yet. 

 

Table 4.2: MIC values of the chitosan derivatives and melittin tested on Gram- positive 

bacteria.   

Sample 

Minimum inhibitory concentration (MIC) 

(mg/ml) 

Gram- positive bacteria 

Staphylococcus aureus 
Staphylococcus 

epidermidis 

ATCC #: 25923 ATCC #: 12223 

Ciprofloxacin 

(Positive control) 

0,000625 0,000078 

TMC 1,56 4,69 

TEC >12.5 >12.5 

DCMC >12.5 >12.5 

TEO >12.5 >12.5 

Melittin 0,0625 >0.25 
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TMC & Melittin 1.9 - 

 

Table 4.3: MIC values of the chitosan derivatives and melittin tested on Gram- negative 

bacteria. 

 Sample 

Minimum inhibitory concentration (MIC) 

(mg/ml) 

Gram- negative bacteria 

Escherichia coli 
Pseudomonas 

aeruginosa 

ATCC #: 8739 ATCC #: 27853 

Ciprofloxacin 

(Positive control) 

0,000625 0,000625 

TMC 1,56 >12.5 

TEC >12.5 >12.5 

DCMC >12.5 >12.5 

TEO >12.5 >12.5 

Melittin 0,03125 >0.25 

TMC & Melittin 2.8 - 
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To summarise, TMC and melittin have antimicrobial activity against both S. aureus and 

E. coli, whereas the rest of the derivatives showed no antimicrobial activity at the 

concentrations tested against any of the four bacterial strains.  The combination of TMC 

and melittin showed non- interactive antimicrobial activity against S. aureus and E. coli, 

and were not effective against S. epidermidis and P. aeruginosa at the concentrations 

tested.   

 

4.5. Cytotoxicity 

4.5.1. Optimal cell count 

The MTT Cell Proliferation Assay was used to determine the optimal amount of cells 

necessary for the performance of cytotoxicity experiments.  It was found that for HepG2 

cells 50 000 cells is optimal and for Caco-2 cells 20 000 cells (see Annexure 3).   

 

4.5.2. Time series of different concentrations of chitosan derivatives 

The time series of chitosan derivatives (5 mg/ml) is depicted in Figure 4.6-4.9.  The cell 

viability of HepG2 cells treated with TMC over a time series is illustrated in Figure 4.6.  It 

can be seen that after a few hours the cell viability decreases.  After treating the cells with 

TMC for four hours, the cell viability decreases rapidly when compared to the control with 

17.05 ± 12.37% after 24 hours.  In Figure 4.7 the cytotoxicity of TEC can be seen over a 

time series.  A decrease in cell viability can also be observed in cells treated with TEC, 

but it is far less pronounced than that observed in cells treated with TMC with 73.24 ± 

27.18% after 24 hours.  The cell viability of the DCMC treated cells also decreased after 

two hours of treatment as seen in Figure 4.8 and after 24 hours 23.96 ± 19.20% 

statistically differed from the negative control.  TEO caused the cell viability to decrease 

only after four hours of treatment (Figure 4.9).  When compared to the rest of the 

derivatives, TEO least affected the cell viability over a 24 hour period with 74.30 ± 

23.00%.  Therefore it was decided to continue all the cytotoxicity studies at an incubation 

period of 4 hours.     
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Figure 4.6: Cell viability of HepG2 cells treated with TMC for different time 

intervals using the MTT assay.  Triton X-100 was used as a positive control 

and the cell control was set as 100% viable.  n=3. 
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Figure 4.7: Cell viability of HepG2 cells treated with TEC for different time 

intervals using the MTT assay.  Triton X-100 was used as a positive control 

and the cell control was set as 100% viable.  n=3. 
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Figure 4.8: Cell viability of HepG2 cells treated with DCMC for different time 

intervals using the MTT assay.  Triton X-100 was used as a positive control 

and the cell control was set as 100% viable.  n=3. 
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Figure 4.9: Cell viability of HepG2 cells treated with TEO for different time 

intervals using the MTT assay.  Triton X-100 was used as a positive control 

and the cell control was set as 100% viable.  n=3. 
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4.5.3. Cytotoxic concentration series of chitosan derivatives 

A concentration series of chitosan derivatives were performed on both HepG2 and Caco-

2 cell lines using the MTT and LDH assays.  The MTT and LDH measure different 

endpoints of cytotoxicity.  This is important to characterise the mode of cell death.  This 

was done to assess the cytotoxicity of the derivatives of four different concentrations 

which is depicted in Figure 4.10-4.15.  The concentrations that were used were 5 mg/ml; 

10 mg/ml; 25 mg/ml, 50 mg/ml and 75 mg/ml.  Triton X-100 was used as the positive 

control and the negative control consisted of cells maintained in serum free media.    

 

Based on a study by Fischer et al., (2003), they determined that polymers with a high 

MW will have increased cytotoxicity.  Also, polymers with high cationic charges will 

increase the cytotoxicity (Fischer et al., 2003).  Therefore it can be presumed that 

chitosan and its derivatives with high MW and high DQ will have a negative effect on 

cytotoxicity. 

 

According to my knowledge, no cytotoxicity experiments of chitosan derivatives were 

done on HepG2 and Caco-2 cells.  There was however a study done on the cytotoxicity 

of polymers on L929 mouse fibroblasts by Fischer et al., (2002) and Enslin et al., (2008) 

investigated the absorption enhancing abilities of TMC on Caco-2 cells.     

 

4.5.3.1. HepG2 cells 

The cytotoxicity of the concentration series of chitosan derivatives on HepG2 cells 

indicated that most derivatives had little cytotoxic effects at low concentrations with the 

exception of TMC which is cytotoxic at all concentrations tested (Figure 4.10).  Lower 

cell viability could be observed at higher concentrations of most derivatives. 

 

The MTT assay indicated that all TMC concentrations tested (5 mg/ml; 10 mg/ml; 25 

mg/ml, 50 mg/ml and 75 mg/ml) had an overwhelming negative impact on HepG2 cell 

viability (Figure 4.10 A).  It was also observed that compared to the negative control, 

TMC displayed a concentration dependent decrease in cell viability with 27.35 ± 1.48%, 

24.56 ± 1.19%, 19.66 ± 2.05% and 17.70 ± 1.54% at 5 mg/ml, 10 mg/ml, 25 mg/ml and 

50 mg/ml of TMC respectively.  The cytotoxicity of TMC may be explained by the high 

MW and DQ of this derivative and is similar to what Fischer et al. (2002) found.     
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HepG2 cells treated with TEC showed much higher cell viability compared to TMC treated 

cells and a concentration dependant increase in toxicity could also be observed (Figure 

4.10 B).  The results of TEC having less cytotoxic effects on HepG2 cells can be 

associated with the low DQ and relatively low MW.   

 

The MTT assay indicated that HepG2 cells treated with DCMC had high cell viability and 

toxicity is also concentration dependant (Figure 4.10 C).  As the concentration increased, 

the cell viability decreased which also indicated a concentration dependent decrease in 

cell viability with 27.08 ± 3.15% at 50 mg/ml of DCMC.  There is a drastically difference 

in cell viability from a concentration of 25 mg/ml which is still viable, to a concentration of 

50 mg/ml which is not viable.  Considering DCMC is negatively charged it can affect the 

cytotoxicity and is therefore theoretically less cytotoxic than TMC which is positively 

charged with a high DQ.  

 

HepG2 cells treated with TEO showed higher cell viability at the concentrations tested 

and is similar to what TEC displayed (Figure 4.10 D).  TEO also showed a concentration 

dependant increase in toxicity.  The reason for this can also be explained by the low DQ 

and low MW of TEO.  The high concentrations of TEO show a decrease in cell viability 

can possibly be ascribed by TEO being insoluble at high concentrations.         
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Figure 4.10: HepG2 cells treated with different concentrations (5-75 mg/ml) of chitosan 

derivatives to determine the percentage cell viability using the MTT assay.  The control 

(cells in serum free media) is normalised to have 100% cell viability with mean±SD 

and n=3.  A) TMC; B) TEC; C) DCMC and D) TEO.    

 

To determine if low cell viability observed in TMC treated cells are due to membrane 

damage, the LDH assay was used.  For all the concentrations tested for TMC, it is clear 

from the results that high levels of LDH leaked from HepG2 cells into the cell media which 

indicate substantial cell membrane damage (Figure 4.11).  The increased LDH leakage 

as the concentration of TMC increased can be compared to the MTT assay which also 

indicated a concentration dependant increase in toxicity.  The increased LDH leakage 
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with an increase in concentration differed statistically significant from the negative control 

with 99.08 ± 1.59% at 50 mg/ml of TMC.      
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Figure 4.11: HepG2 cells treated with different concentrations of TMC (5 mg/ml; 10 

mg/ml; 25 mg/ml and 50 mg/ml) using the LDH assay.  The control (cells in serum free 

media) is normalised to have 100% cell viability with mean±SD.  n=3.   

 

Using a light microscope, cellular morphology was visually investigated after exposure to 

the different chitosan derivatives (Figure 4.12).  The negative control (Figure 4.12 a) 

indicates how the HepG2 cells appear under normal cell culture conditions.  The cellular 

morphology changed when treated with the different derivatives in comparison to the 

untreated cells.  TMC (Figure 4.12 b) and TEC (Figure 4.12 c) indicated that the cells 

are squarer in shape and less spherical cells occurred.  DCMC (Figure 4.12 d) and TEO 

(Figure 4.12 e) is more spherical shaped.  It is clear from these results that most chitosan 

derivatives have some influence on HepG2 cellular morphology.  This is interesting and 

should be further investigated to determine if these morphology changes have any long 

term cytotoxic effects.  Although cellular morphology is not a direct indication of cell 

viability, it is clear that chitosan derivatives can affect the cell and induce phenotypical 

changes. 
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Figure 4.12: Microscopic image of (a) Untreated HepG2 cells; (b) HepG2 cells treated 

with TMC (5 mg/ml) where the morphological changes is evident; (c) HepG2 cells treated 

with TEC (5 mg/ml); (d) HepG2 cells treated with DCMC (5 mg/ml); (e) HepG2 cells 

treated with TEO (5 mg/ml). 

 

4.5.3.2. Caco-2 cells 

The cytotoxicity of chitosan derivatives was also determined on the intestinal Caco-2 cell 

line using the MTT assay.  The results are expressed as a percentage of the negative 

control, which is assumed to be 100% viable (Figure 4.13).   

 

Cells treated with different concentrations of TMC again showed the lowest cell viability 

(Figure 4.13 A).  Again TMC indicated a concentration dependent decrease in cell 

viability when compared to the negative control with 33.90 ± 3.40%, 32.43 ± 3.17%, 34.95 

± 4.34% and 26.82 ± 3.32% at 5 mg/ml, 10 mg/ml, 25 mg/ml and 50 mg/ml of TMC 

(a) Negative 
Control

(b) TMC (c) TEC

(d) DCMC (e) TEO
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respectively.  The high MW and DQ may influence the low cell viability of TMC which is 

also observed in the HepG2 cells.  

 

Caco-2 cells treated with TEC showed no difference in cytotoxicity when compared to the 

control (Figure 4.13 B).  TEC has a low DQ and also relatively low MW in comparison to 

TMC which causes the high cell viability.  

 

DCMC only indicated toxicity at the highest concentration (50 mg/ml) tested with 34.45 ± 

9.46% at 50 mg/ml (Figure 4.13 C).  Again the fact that DCMC is negatively charged 

influence the effect on the cytotoxicity on Caco-2 cells as well.  At a concentration of 50 

mg/ml the decrease in cell viability can possibly be attributed to DCMC being insoluble at 

high concentrations.   

 

TEO showed no cytotoxicity at any concentration of these derivatives on Caco-2 cells 

(Figure 4.13 D).  The TEO used has a low DQ and also the lowest MW of the derivatives 

used which can explain the high cell viability.   

 

In general, Caco-2 cells seem to be more tolerable to most chitosan derivatives tested 

compared to HepG2 cells.  It is important to note that many of the studies using TMC with 

various MW and DQ for absorption enhancement used Caco-2 cells.  They also 

investigated the toxicity of these TMC using the MTT method.  In most of the cases low 

cell toxicity was found, proving TMC a safe absorption enhancer. 
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Figure 4.13: Caco-2 cells treated with different concentrations of chitosan derivatives 

to determine the percentage cell viability using the MTT assay.  The control (cells in 

serum free media) is assumed to have 100% cell viability with mean±SD and n=3.  A) 

TMC; B) TEC; C) DCMC and D) TEO.    

 

The effect of TMC on Caco-2 cell membrane integrity was also investigated with the LDH 

assay.  All the concentrations tested of TMC causes extensive cell membrane damage 

and seem to be concentration dependent (Figure 4.14).  This concentration dependant 

decrease in cell viability correlates with the results found with the MTT assay and differs 

statistically from the negative control with 72.68 ± 4.75% at 50 mg/ml of TMC.  These 

results are a good indication that TMC causes cell death through damaging the cellular 

membranes.  
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Figure 4.14: Caco-2 cells treated with different concentrations of TMC (5 mg/ml; 10 

mg/ml; 25 mg/ml and 50 mg/ml) using the LDH assay.  The control (cells in serum free 

media) is assumed to have 100% cell viability with mean±SD.  n=3.  

 

The derivatives effect on cellular morphology was also investigated for Caco-2 cells 

where morphological changes were apparent (Figure 4.15).  The negative control 

indicate the appearance of Caco-2 cells under normal cell culture condition (Figure 4.15 

a).  TMC (Figure 4.15 b) and TEC (Figure 4.15 c) indicated that the cells are squarer in 

shape and more irregular.  DCMC (Figure 4.15 d) and TEO (Figure 4.15 e) is more 

circular in shape and forms clumps in comparison to the untreated cells.  The cells look 

like it is elevated and convex.    
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Figure 4.15: Microscopic image of (a) Untreated Caco-2 cells; (b) Caco-2 cells treated 

with TMC (5 mg/ml); (c) Caco-2 cells treated with TEC (5 mg/ml); (d) Caco-2 cells treated 

with DCMC (5 mg/ml); (e) Caco-2 cells treated with TEO (5 mg/ml). 

     

4.5.4. Cytotoxic concentration series of melittin 

A concentration series of melittin was performed using the MTT assay on HepG2 cells 

(Figure 4.16) and also the LDH assay on HepG2 (Figure 4.17) and Caco-2 cells (Figure 

4.18).  The concentration series of melittin used were 0.62 µM; 1.25 µM; 2.5 µM; 5 µM 

and 10 µM.  The purpose of this is to determine the cytotoxicity of melittin in these 

concentrations on the specific cell lines.    

 

It was observed that the higher the concentration of melittin, the more cytotoxic the 

concentration is to both cell lines. For both the MTT and LDH assays, the percentage cell 

viability of both HepG2 and Caco-2 cells decreased when the concentration of melittin 

increased.  It is also clear from the LDH assay that melittin causes considerable cell 

(a) Negative 
Control

(b) TMC (c) TEC

(d) DCMC (e) TEO
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membrane damage which is concentration dependant, as have been observed in 

previous studies with 52.54 ± 38.68% for HepG2 cells and 48.49 ± 38.18% for Caco-2 

cells which differed statistically from the control (Maher et al., 2010, Maher and McClean, 

2008).  Studies have shown that melittin is used in cancer therapy and from these results 

it can be speculated that melittin is indeed a probable treatment against cancer although 

further research is required (Jo et al., 2012, Liu et al., 2002). 
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Figure 4.16: Cell viability of HepG2 cells treated with different concentrations of melittin 

(MTT).  Triton X-100 was used as a positive control and the cell control was set as 

100% viable.  n=3.   
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Figure 4.17: Amount of LDH leakage from HepG2 cells treated with melittin at different 

concentrations.  Triton X-100 was used as a positive control and the cell control was 

set as 100% viable with mean±SD.  n=3.   
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Figure 4.18: Amount of LDH leaked from Caco-2 cells treated with melittin at different 

concentrations (LDH).  Triton X-100 was used as a positive control and the cell control 

was set as 100% viable with mean±SD.  n=3. 
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4.5.5. Chitosan derivatives in combination with melittin 

It has been shown that chitosan derivatives in combination with melittin enhance 

absorption in intestinal cells (Enslin et al., 2008).  As part of this study, the cytotoxicity of 

chitosan derivatives in combination with melittin were investigated on HepG2 and Caco-

2 cell lines using the MTT and LDH assays.  The concentrations of the derivatives that 

were used were 25 mg/ml and for melittin 1.25 µM.   

 

The combination of the derivatives and melittin resulted in decreased cell viability after 

treating HepG2 cells in comparison to individual treatment (Figure 4.19).  The 

combination of TMC and melittin differed statistically from the negative control at 19.93 ± 

7.26%.  Thus the combination treatment appears to have a cytotoxic effect on HepG2 

cells compared to cells only treated with melittin.   
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Figure 4.19: HepG2 cells treated with a combination of chitosan derivatives and 

melittin (MTT) with Triton X-100 as the positive control.  The control (cells in serum 

free media) is assumed to have 100% cell viability with mean±SD.  n=3.   

 

In contrast to the HepG2 cells, the Caco-2 cell viability was not affected by the 

combination of derivatives and melittin (Figure 4.20).  Only the combination of TMC and 
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melittin showed decreased cell viability when compared with the negative control at 34.01 

± 5.61%.  This may be due to membrane differences between the two cell lines and the 

presence of tight junctions in intestinal cells. 
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Figure 4.20: Caco-2 cells treated with a combination of chitosan derivatives and 

melittin (MTT) with Triton X-100 as the positive control.  The control (cells in serum 

free media) is assumed to have 100% cell viability with mean±SD.  n=3.    

 

4.5.6. Flow cytometry  

Flow cytometry was used to establish if the cell death caused by TMC is apoptotic or 

necrotic in origin.  Apoptosis is programmed cell death while necrosis is accidental cell 

death due to trauma or injury to the cell.  It is important to distinguish between these two 

cell deaths pathways if the mechanism of cytotoxicity of TMC is to be understood.    

 

Cultured HepG2 and Caoc-2 cells were treated with a concentration series of TMC (5 

mg/ml; 10 mg/ml; 25 mg/ml, 50 mg/ml) and analysed with the FITC Annexin V Apoptosis 

Detection kit using flow cytometry.  Melittin and a combination of melittin and TMC (5 

mg/ml) were also assessed.  Triton-X 100 was used as the positive control and cells in 

serum free media served as the negative control.   
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The flow cytometric representative dotplots of HepG2 cells is depicted in Figure 4.21.  

The Annexin V-FITC is plotted on the x-axis and an increase in fluorescence indicates 

increased Annexin V detection, a process of apoptosis.  The PI is plotted on the y-axis 

and an increase in fluorescence indicates increased DNA binding due to permeable cell 

membranes, a process of necrosis.  In Figure 4.21 A, 94.55% of the untreated cells 

(negative control) are displayed in the lower left quadrant which indicates the cells are 

viable.  HepG2 cells treated with Triton X-100 (positive control) indicate that 95.46% of 

the cells are undergoing late apoptosis or necrosis and is indicated in the right upper 

quadrant (Figure 4.21 B).  This is expected from Triton X-100, as it causes extensive 

membrane damage.  For TMC 5 mg/ml (Figure 4.21 C), most of the cells (71.00%) are 

undergoing late apoptosis whereas 18.83% of the cells are in early apoptosis which can 

be seen in the lower right quadrant.  TMC 10 mg/ml (Figure 4.21 D) displayed an amount 

of 49.16% cells undergoing late apoptosis or necrosis and 37.89% of cells undergoing 

early apoptosis.  For TMC at a concentration of 25 mg/ml (Figure 4.21 E), 46.33% of 

cells are in late apoptosis or necrosis and 53.31% in early apoptosis.  TMC at a 

concentration of 50 mg/ml (Figure 4.21 F) indicated that 40.84% of cells are undergoing 

necrosis or late apoptosis whereas 41.07% are in early apoptosis.  This effect of TMC 

largely correlates with the MTT and LDH assays which indicate that cells treated with 

TMC is less viable than untreated cells.  It can be deduced from the flow cytometry results 

that TMC induces apoptosis in HepG2. Additionally, a large population of cells seem to 

be undergoing late apoptosis or necrosis after 4 hours exposed to TMC.  The FITC 

Annexin V Apoptosis Detection kit does not discriminate between late apoptosis and 

necrosis and this finding should be further investigated. 

 

HepG2 cells treated with melittin (Figure 4.21 G), showed that 45.76% of cells are in 

early apoptosis and 44.52% in late apoptosis or necrosis.  It is interesting to note that in 

contrast to these results, the MTT and LDH assays indicated that HepG2 cells treated 

with 1.25 µM melittin were still viable.  

 

In apoptotic cells, the membrane phospholipid, phosphatidylserine, is translocated from 

the inner to the outer surface of the plasma membrane, thus exposing it to the external 

cellular environment.  Annexin V can then bind to this translocated phospholipid and is 

interpreted by the software as early apoptosis. It should be kept in mind that this 

translocation is reversible and does not necessarily lead to cell death. Although flow 
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cytometry indicates that a large population of cells are undergoing “early” apoptosis after 

treatment with melittin, this not necessarily results in programmed cell death.  The only 

study using flow cytometry to determine melittin’s cytotoxicity to my knowledge was by 

Černe et al., (2013), where they used HUVEC cells (Human umbilical vein endothelial 

cells) and determined that melittin causes cell death at high concentrations.     

 

The combination of TMC (5 mg/ml) and melittin are shown in Figure 4.21 H.  Most of the 

cells (83.03%) are undergoing late apoptosis or necrosis and only a small amount of 

13.96% are in early apoptosis.  This effect also correlates with the results of the MTT and 

LDH assay.  The possible reason for this is that melittin acts as a potentiating compound.  

When in combination with another compound, melittin decreases the cell viability which 

was also found in the MTT and LDH assays.        
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(E) (F) 

  

(G) (H) 

Figure 4.21: Flow cytometric representative dotplots of HepG2 cells analysed 

for Annexin V binding.  Gating of 10 000 cells was performed with regards to 

propidium iodide and Annexin V-FITC fluorescence.  Background labelling of 

living cells is found in the lower left quadrant, whereas apoptotic cells are shown 

in the lower right quadrant, stained with Annexin V only.  Necrotic cells labelled 

by both PI and Annexin V-FITC are found in the upper right quadrant.  Data are 

presented on a bi-exponential scale that allows accurate visualisation of 

population with low or background fluorescence. A) Untreated HepG2 cells; B) 

Cells treated with Triton X-100; C) HepG2 cells treated with TMC (5 mg/ml); D) 

HepG2 cells treated with TMC (10 mg/ml); E) HepG2 cells treated with TMC 

(25 mg/ml); F) HepG2 cells treated with TMC (50 mg/ml); G) HepG2 cells 

treated with melittin; H) HepG2 cells treated with a combination of melittin and 

TMC (5 mg/ml). 
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To summarise, the effects of TMC and melittin on HepG2 cells is depicted in Figure 4.22.  

It can be seen that TMC is inclined to cause late apoptosis or necrosis especially at a 

concentration of 50 mg/ml.  The combination of TMC and melittin indicate more late 

apoptosis or necrosis.         
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Figure 4.22: Summary of the percentage apoptotic and necrotic cells of experiment on 

HepG2 cells. 

 

In Figure 4.23 and Figure 4.24 the fluorescence intensity of the various treatments on 

HepG2 cells is displayed.  When compared to Caco-2 cells, it can be seen that HepG2 is 

more sensitive when considering the fluorescence intensity. 

All 4 treatments on the HepG2 cells resulted in increased fluorescence intensity 

compared to the control.  These results suggest that all of the treatments elicited some 

amount of Annexin V-FITC binding (Figure 4.23).  Propidium iodide is cell permeable 

and excluded from live cells. It binds to DNA and is a good indicator of DNA content.  

Necrotic cells are defined by a lack of integrity of cell membrane, whereas in apoptotic 

cells the cell membranes stay intact.  At a late stage in the apoptotic process, enzymes 

known as endonucleases, break down linkages between nucleosomes.  This results in 

small DNA fragments in a process known as DNA fragmentation.  This is easily 

observably PI- histograms.  In Figure 4.24 the amount of DNA stained by PI in HepG2 
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cells can be observed for the different treatments.  The control is shown as the black 

histogram.  A bi- fluorescent histogram can be observed for melittin, TMC (10 mg/ml) and 

TMC (50 mg/ml).  This indicates that a portion of the cells is still undergoing apoptosis, 

where a large part is already dead.      

 

 

Figure 4.23: Overlay histogram indicating the intensity of Annexin V-FITC staining of 

HepG2 cells with permeable cell membranes. 
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Figure 4.24: Overlay histogram indicating the intensity of propidium iodide staining of 

HepG2 cells with permeable cell membranes.  Bi- fluorescent histogram indicating 

various levels of DNA staining. 

 

The flow cytometric representative dotplots of Caco-2 cells is depicted in Figure 4.25.  In 

Figure 4.25 A, 96.17% of the untreated cells (negative control) are displayed in the lower 

left quadrant which indicates the cells are viable.  Caco-2 cells treated with Triton X-100 

(positive control) indicate that 93.55% of the cells are undergoing late apoptosis or 

necrosis and is indicated in the right upper quadrant (Figure 4.25 B).  For TMC 5 mg/ml 

(Figure 4.25 C), 69.98% of the cells are undergoing late apoptosis or necrosis and only 

2.46% early apoptosis.  TMC 10 mg/ml (Figure 4.25 D) displayed an amount of 76.34% 

cells undergoing late apoptosis or necrosis and 7.44% of cells undergoing early 

apoptosis.  For TMC at a concentration of 25 mg/ml (Figure 4.25 E), 75.79% of cells are 

in late apoptosis or necrosis and 10.77% in early apoptosis.  TMC at a concentration of 

50 mg/ml (Figure 4.25 F) indicated that 72.33% of cells are undergoing necrosis or late 
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apoptosis whereas 11.70% are in early apoptosis.  This illustrated that as the 

concentration of TMC increased, the cells became less viable.  This effect of TMC 

correlates with the MTT and LDH assays which indicate that cells treated with TMC is 

less viable than untreated cells.  Due to the cells which appeared mostly in the upper 

right quadrant and only somewhat in the lower right quadrant, it can be deducted that 

Caco-2 cells treated with TMC undergoes necrosis.  This is maybe due to TMC being 

more specific to tight junctions in Caco-2 cells than HepG2 cells.   

 

Caco-2 cells treated with melittin (Figure 4.25 G), showed that 29.60% of the cells are 

still viable, 20.65% of cells are in early apoptosis and 45.20% in late apoptosis or 

necrosis.  These result that half of the cells treated with melittin is still viable and half of 

the cells are not viable, can be compared to the MTT and LDH assay where some of the 

cells are still viable depending on the concentration of melittin.  The only study using flow 

cytometry to determine melittin’s cytotoxicity to my knowledge was by Černe et al., 

(2013), where they used HUVEC cells and determined that melittin causes cell death at 

high concentrations.     

 

The combination of TMC (5 mg/ml) and melittin are shown in Figure 4.25 H.  Most of the 

Caco-2 cells (77.11%) are undergoing late apoptosis or necrosis and only a small amount 

of 10.41% are in early apoptosis.  A small amount of the cells (7.61%) are still viable.  

This effect also correlates with the results of the MTT and LDH assay.  The possible 

reason for this is that melittin acts as a potentiating compound.  When in combination 

with another compound, melittin decreases the cell viability which was also found in the 

MTT and LDH assays.            

 

These results can be interpreted that Caco-2 cells most probably causes necrosis 

because of all the cells in most of the treatments, appeared in the right upper quadrant 

to indicate necrosis.  The minimum cells appeared in the lower right quadrant which can 

also contribute to the conclusion of necrosis as mechanism of decreased cell viability.  To 

my knowledge, this is the first flow cytometry study done on the mechanism of cell death 

on HepG2 and Caco2 cells. 
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Figure 4.25: Flow cytometric representative dotplots of Caco-2 cells analysed for 

Annexin V binding.  Gating of 10 000 cells was performed with regards to propidium 

iodide and Annexin V-FITC fluorescence.  Background labelling of living cells is found 

in the lower left quadrant, whereas apoptotic cells are shown in the lower right 

quadrant, stained with Annexin V only.  Necrotic cells labelled by both PI and Annexin 

V-FITC are found in the upper right quadrant.  Data are presented on a bi-exponential 

scale that allows accurate visualisation of population with low or background 

fluorescence. A) Untreated Caco-2 cells; B) Cells treated with Triton X-100; C) Caco-

2 cells treated with TMC (5 mg/ml); D) Caco-2 cells treated with TMC (10 mg/ml); E) 

Caco-2 cells treated with TMC (25 mg/ml); F) Caco-2 cells treated with TMC (50 

mg/ml); G) Caco-2 cells treated with melittin; H) Caco-2 cells treated with a 

combination of melittin and TMC (5 mg/ml). 

 

In Figure 4.26 a summary of the effect of TMC and melittin on Caco-2 cells is illustrated.  

It can be seen that Caco-2 cells are more likely to undergo necrosis than apoptosis.  The 

percentage necrosis is higher than apoptosis when compared to the percentage on 

HepG2 cells. 
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Figure 4.26: Summary of the percentage apoptotic and necrotic cells of experiment on 

Caco-2 cells. 
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In Figure 4.27 and Figure 4.28 fluorescence intensity of the various treatments on Caco-

2 cells is displayed.  It appears that Caco-2 cells show lower fluorescence intensity than 

HepG2 cells.  This indicates decreased sensitivity of the Caco-2 cells to the treatments.  

Compared to HepG2 cells in Figure 4.23 the Annexin V-FITC fluorescence was much 

lower indicating lower levels of apoptosis.  The bi- fluorescence histogram of the PI is 

also absent from Figure 4.28 and the level of DNA fluorescence much lower.  

 

 

 

Figure 4.27: Overlay histogram indicating the intensity of Annexin V-FITC staining of 

Caco-2 cells with permeable cell membranes. 
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Figure 4.28: Overlay histogram indicating the intensity of propidium iodide staining of 

Caco-2 cells with permeable cell membranes.  Bi- fluorescent histogram indicating 

various levels of DNA staining. 

 

4.6. Conclusion 

Since the aim and objectives of this study were to characterise chitosan derivatives and 

to evaluate their antioxidant- and antimicrobial activity and determine the cytotoxic effects 

assays were completed to determine these effects.  For the antioxidant activity, chitosan 

derivative namely TEC, indicated the most scavenging effect of all the derivatives.  TMC, 

melittin and a combination of the two displayed antimicrobial activity at the concentrations 

tested against two of the bacterial strains used namely, S. aureus and E.coli.  TMC 

exhibited the highest cytotoxic effects on both HepG2 and Caco-2 cells and it was 

confirmed by using the flow cytometry technique that it was caused by apoptosis and 

necrosis for HepG2 and Caco-2 cells respectively.        
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5.1. Conclusion and Future prospects  

The aim of this study was to determine the antioxidant- and antimicrobial activity and 

cytotoxicity of chitosan derivatives and melittin.  Although chitosan and many of its 

derivatives has been studied and characterised, this is the first study that uses the 

chosen derivatives (TMC, TEC, DCMC and TEO), with their respective MW and DQ.  

A study done by Enslin et al., (2008) also used these derivatives to determine their 

absorption enhancing effects whereas this study characterised the derivatives in terms 

of their cytotoxicity and functional properties. 

The antioxidant activity of different concentrations of chitosan derivatives were studied 

by using the DPPH radical scavenging assay.  Chitosan and some of its derivatives 

have known antioxidant activity except for the derivatives used in this study.  Only the 

chitosan derivative TEC presented antioxidant activity which is concentration 

dependent.  The rest of the derivatives showed no antioxidant activity and similar to 

Roy et al., (2010), it was hypothesised that they acted as pro-oxidants leading to ROS 

(Roy et al., 2010).   

To evaluate the antimicrobial activity of chitosan derivatives at different 

concentrations, melittin and a combination of the two, the MIC assay was employed.  

The antimicrobial activity was determined because chitosan and TMC has been known 

to exhibit antimicrobial activity which could be useful for treating infections related to 

selected bacteria.  The antimicrobial activity of the rest of the derivatives used in this 

study is still unknown.  The results of these experiments found that of all the 

derivatives, only the TMC used in this study had antimicrobial activity at the 

concentrations tested against S. aureus, S. epidermidis and E. coli.  Melittin, which is 

a known antimicrobial peptide, also indicated antimicrobial activity against S. aureus 

and E. coli.  The combination of TMC and melittin showed antimicrobial activity against 

S. epidermidids and E. coli.  We speculated that this effect is synergistic due to 

previous studies that found TMC and melittin exhibits synergistic absorption enhancing 

effects but after investigation it was proposed that this interaction is known as a non- 

interactive interaction.   

Experiments determining the cytotoxicity of chitosan derivatives and melittin revealed 

that the TMC used in this study is the most cytotoxic derivative at all the concentrations 
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tested whereas the rest of the derivatives showed cytotoxicity at high concentrations 

tested on both HepG2- and Caco-2 cells.  It can be concluded that the cytotoxicity is 

concentration dependent.  Based on the results obtained from the LDH assay, it could 

be seen that TMC causes extensive cell membrane damage to both cell lines used.  

Melittin also induced considerable cell membrane damage at high concentrations.  The 

combination of TMC and melittin resulted in decreased cell viability in HepG2 cells 

whereas the cell viability of Caco-2 cells was not affected.  This could be due to Caco-

2 cells having tight junctions and the derivatives having more specificity towards the 

tight junctions than the cell membranes.  It is suggested that this effect of the 

combination of these two absorption enhancers have a potentiating effect on HepG2 

cells in terms of cytotoxicity and needs to be further investigated as a possible 

anticancer treatment.  Using the flow cytometry technique, it was determined that the 

mechanism by which chitosan derivatives and melittin induce cell membrane damage 

of HepG2 cells is largely through late apoptosis.  Caco-2 cells undergo necrosis when 

treated with chitosan derivatives and melittin, although the cell death is not as 

pronounced as in the HepG2 cells.           

To establish the effect of chitosan derivatives and melittin the cell viability is necessary 

to determine the safety of these compounds before using it in dosage forms.  Previous 

studies indicated that polymers with high MW and DQ will have increased cytotoxicity 

and can be compared to the current study where the TMC used has a high MW and 

DQ (Fischer et al., 2003).  Enslin et al., (2008) indicated that the combination of TMC 

and melittin displayed a synergistic effect whereas the current study indicated a 

potentiating effect with regards to the cytotoxicity (Enslin et al., 2008).  The antioxidant 

activity of TMC and TEO differs to what was found in other studies although the MW 

and DQ of these derivatives used are different than Guo et al., (2006) and Zhao et al., 

(2013).  For DCMC the results found were similar to what Sun et al., (2008) found 

(Guo et al., 2006, Sun et al., 2008, Zhao et al., 2013).  TEC is the only derivative in 

this study where no other studies were done to determine antioxidant activity (de Britto 

et al., 2011, Sadeghi et al., 2008, Wiarachai et al., 2012).  It was shown by other 

studies that TMC exhibits antimicrobial activity whereas carboxymethyl chitosan 

(Tantala et al., 2012) and TEO has weak antimicrobial activity (No et al., 2002).  

According to the experimental results, it can be concluded that the antioxidant- and 

antimicrobial activity and the cytotoxicity is dependent on the MW and DQ.        
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Although the present investigation is the first one which describes the antioxidant- and 

antimicrobial activity of some of chitosan derivatives and also the cytotoxicity thereof, 

more research is required before these derivatives can be used in the pharmaceutical 

industry.  It was observed that the mechanism by which chitosan derivatives cause 

cell damage to HepG2 cells, namely apoptosis, may indicate a possible cancer 

treatment but further research is necessary.  As a result of melittin causing 

considerable cell membrane damage by apoptosis, the use of melittin in cancer 

treatment is a future prospect and should be further investigated in developing a 

potential drug to treat this disease.  Previous studies have also indicated the potential 

use of melittin in cancer where the tumour killing ability was enhanced of some 

chemotherapeutic drugs (Jo et al., 2012).  In vivo experiments should also be 

completed to confirm the mechanism of cell death.  Before melittin can be used as a 

potential drug, further studies are necessary but these results propose a good future 

for this compound.    

In conclusion, the aims and objectives of this study were achieved and I was able to 

show that TEC has antioxidant activity, TMC and melittin has antimicrobial activity 

against selected bacterial strains and TMC is the most cytotoxic at the concentrations 

tested and specific MW and DQ.  

For future studies I will recommend that a wider concentration series of chitosan 

derivatives and melittin be used to determine if the cytotoxicity is indeed concentration 

dependent and cytotoxic at higher concentrations.  Other AMP’s instead of melittin 

may also present promising results.  Different concentrations of the combination 

treatments could possibly have different results than this study and also the use of 

different concentrations of both compounds for example chitosan derivatives in high 

concentrations and an AMP in lower concentrations.  I would suggest that it be further 

characterised in terms of cell death and mode of cell death to propose a mechanism 

of action for the combination of TMC and melittin.  A broader spectrum of bacterial 

strains may also be included to determine if the derivatives has possible antimicrobial 

activity against other bacterial strains even though they were ineffective against the 

selected bacterial strains used in this study.  Also additional interaction studies should 

be done to determine if synergism can be obtained.  Furthermore, the antimicrobial 

activity of the derivative TMC may be a possible treatment against bacterial skin 
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infections and further research to combine its antimicrobial activity along with its 

wound healing properties would be ideal.  Also, I would suggest determining the in 

vitro antioxidant activity of chitosan derivatives for their future use as antioxidants.   
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Annexure 1 

Determining the antimicrobial activity of chitosan derivatives, melittin and a 

combination of the two on bacterial strains 

The disc diffusion and well diffusion assays were performed (as described in chapter 

3) on two bacterial strains namely, Staphylococcus aureus and Escherichia coli.       

 

A. Disc diffusion 

Figure A.1 and Figure A.2 indicate that no antimicrobial activity was exhibited by 

chitosan derivatives and yielded no concrete results.  As can be seen on the agar, no 

inhibition of the growth of the bacterial strains could be seen around the circular 

opening where the derivatives were placed.  This assay was deemed not sensitive 

enough and the well diffusion assay was performed.   

 

Figure A.1: Disc diffusion assay before treatment with chitosan derivatives (TMC, 

TEC, DCMC and TEO). 
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Figure A.2: Disc diffusion assay after treatment of chitosan derivatives (TMC, TEC, 

DCMC and TEO). 

 

B. Well diffusion 

The well diffusion assay was then performed on the same bacterial strains as the disc 

diffusion assay.  It can be visually observed that the positive control is effective in 

inhibiting growth of the selected bacterial strain whereas chitosan derivatives showed 

no inhibition of growth around the circular opening (Figure B.1).     
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Figure B.1: Well diffusion after treating the selected bacteria with the positive control, 

negative control and chitosan derivatives. 
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Annexure 2 

 

A. Calculation of the FIC index 

For S. aureus (calculation 1): 

 

FIC (i) = 
MIC of Melittin in combination with TMC

MIC of Melittin independantly
 

= 
0.04

0.09
 

= 0.4 

 

FIC (ii) = 
MIC of TMC in combination with Melittin

MIC of TMC independantly
 

= 
2.34

1.56
 

= 1.5 

 

The sum of the FIC index is thus calculated as:  

 

ΣFICI = FIC (i) + FIC (ii) 

         = 0.4 + 1.5 

         = 1.9 

 

For E. coli (calculation 2): 

FIC (i) = 
MIC of Melittin in combination with TMC

MIC of Melittin independantly
 

 =  
0.04

0.03
 

 =  1.33 
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FIC (ii) = 
MIC of TMC in combination with Melittin

MIC of TMC independantly
 

=  
2.34

1.56
 

=  1.5 

 

The sum of the FIC index is thus calculated as:  

 

ΣFICI=FIC (i)+FIC (ii) 

         =1.3+1.5 

         =2.8 
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Annexure 3 

 

A. Determining the optimal cell count 

As described in chapter 3, the optimal cell count is necessary to determine the amount 

of cells used in an experiment.  The amount of cells to be used for HepG2 and Caco-

2 cells is illustrated in Figure C.1 and Figure C.2 respectively.  

 

1. HepG2 cells 

The number of cells to use must yield an absorbance of 0.75 – 1.25 (refer to Figure 

C.1) where it can be read from the graph as 50 000 cells.  
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Figure C.1: The amount of HepG2 cells necessary for cytotoxicity experiments. 

 

2. Caco-2 cells 

The amount of cells necessary for cytotoxicity experiments on Caco-2 cells were 

20 000 (100 µl) (refer to Figure C.2).  For Caco-2 cells, the same assay was used 

and it was determined that 20 000 cells or 100 µl of cell suspension is required for 

experiments.  The cell concentrations determined here was applied to all consequent 

experiments.
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Figure C.2: Amount of Caco-2 cells necessary for cytotoxicity experiments. 
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Annexure 4 includes a review article submitted to the Molecules Journal and published on the 

24 August 2015.  The article was written in cooperation with colleagues.    
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Abstract: Recently, research into the development of new antimicrobial agents has been 

driven by the increase in resistance to traditional antibiotics and Emerging Infectious Dis.. 

Antimicrobial peptides (AMPs) are promising candidates as alternatives to current 

antibiotics in the treatment and prevention of microbial infections. AMPs are produced by 

all known living species, displaying direct antimicrobial killing activity and playing  

an important role in innate immunity. To date, more than 2000 AMPs have been discovered 

and many of these exhibit broad-spectrum antibacterial, antiviral and  

anti-parasitic activity. Negl.Trop. Dis. (NTDs) are caused by a variety of pathogens and are 
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1. Introduction 

At the beginning of the new millennium, the international community, led by the United Nations, 

committed themselves to the Millennium Development Goals in order to drastically reduce extreme 

poverty and combat disease amongst the poorest populations of the world. Now, at the end of the  

15 year period of this ambitious action plan, we can look back and evaluate the successes and 

shortcomings of this development framework. The sixth goal of this framework is to combat HIV/AIDS, 

malaria and other diseases. This goal has brought much-needed attention to neglected diseases, leading 

to the establishment of the Global Network for Negl.Trop. Dis. Control and a World Health Organisation 

(WHO) department, specifically tasked to address neglected tropical  

disease-related issues. Negl.Trop. Dis. (NTDs) are a diverse group of 17 disabling conditions, mostly 

affecting the world’s poorest populations [1]. These diseases affect more than  

1.4 billion people around the world, causing more than half a million deaths annually [1,2]. Although 

these diseases distress a considerable portion of the global population, they may be considered 

“neglected” due to the dire lack of effective treatments and funding [3]. Despite all the positive progress 

from the Millennium Goals framework, NTDs still cause massive global suffering in millions of people. 

New treatment strategies are desperately needed to ease the burden caused by these  

tropical diseases. 

The emerging and increasing resistance to antibiotics has become a threat to global public health and 

is driving novel research into the development of new antimicrobial agents. AMPs are promising 

candidates as alternatives to current antibiotics in the treatment and prevention of microbial  

infections [4–6]. Although there are a number of AMPs in clinical development [4,7,8], only a few have 

been successfully applied commercially. Perhaps the best known is the lantibiotic nisin (APD ID: 

AP00205) produced by the gram-positive bacterium Lactococcus lactis. This AMP exhibits 

antimicrobial activity against many gram-positive bacteria, including food-borne pathogens such as 

Staphylococcus aureus and Listeria monocytogenes, is not toxic to animals and was approved by the 

WHO in 1969 and the US Federal Food and Drug Administration (FDA) in 1988 for the use as a food  

preservative [9]. AMPs not only have broad-spectrum antibacterial activity, but also display antiviral 

and anti-parasitic activity [10] and therefore have potential for use in the treatment of a wide variety of 

NTDs. On the other hand, some of these microbes, for example the filarial worm  

Onchocerca volvulus [11], could prove to be a source of novel AMPs with therapeutic potential against 

microbial infections. 

The aim of this review is to critically evaluate the potential of selected AMPs (both natural and 

structural analogues of natural AMPs) to successfully treat a variety of NTDs and malaria. NTDs that 

are covered include those caused by bacteria (leprosy/Hansen disease and trachoma), protozoa (chagas 

disease, human African trypanosomiasis and leishmaniosis), helminths (taeniasis and onchocerciasis) 

and viruses (dengue viral disease and rabies). 

2. Antimicrobial Peptides 

Antimicrobial peptides (AMPs) are considered natural antibiotics and are produced by all known 

living species, ranging from bacteria, fungi, and plants to invertebrates, non-mammalian vertebrates and 
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mammals. To date, more than 2000 AMPs from various sources with a broad range of activities (ranging 

from antimicrobial activity to anticancer, spermicidal, chemotactic or antiviral activity) have been listed 

on APD2 [12], a database largely dedicated to natural AMPs [13,14]. For the scope of this review, only 

AMPs that are ribosomally synthesised [15] will be included in order to distinguish them from classical 

natural peptide antibiotics, such as vancomycin, which are assembled by non-ribosomal peptide 

synthetases [16]. Non-ribosomally synthesised AMPs can however be found in lower organisms such as 

bacteria, for example baceridin (APD ID: AP02372) which has recently been isolated from a plant-

associated Bacillus strain [17,18]. Gene-encoded, ribosomally synthesised AMPs are evolutionary 

conserved components of the innate immune system, which serve as a first line of defence against 

microbial infections [19,20] and are therefore also referred to as host defence peptides. Foregoing the 

adaptive immune response (humoral and cell mediated immunity), the innate immune system can be 

mobilized against a variety of microorganisms, even if the host is encountering these microbes for the 

first time. After the initial infection, the interferon (IFN) response can be triggered by the recognition of 

foreign gene segments (this includes genomic dsRNA/DNA, mRNA and replication intermediates) or 

proteins by pattern recognition receptors (PRR). PRRs are divided into two families: (1) the cytoplasmic 

pathogen detectors which include the RNA sensitive retinoic acid-induced gene (RIG-I) and melanoma 

differentiation associated gene 5 (MDA5), and (2) the trans-membrane toll-like receptors (TLR) [21–

23]. The recognition of alien genomic material by these PRRs triggers a complex cascade of cellular 

events which finally concludes with the deployment of immune regulatory proteins. Bacteria and fungi 

are also known to utilize cytolytic and antimicrobial peptides to obtain  

a competitive advantage over other micro-organisms in their habitat [24]. These peptides also play  

an important role in the innate immune system of most plants and animals [25]. 

1.1.2.1. Classification of AMPs 

The selectivity and antimicrobial potency of AMPs towards microbes are determined by structural 

parameters including net charge and structural conformation [26,27]. Although structurally based 

classifications are generally used to divide AMPs into subgroups, AMPs may also be classified 

according to their net charge, which is determined by their amino acid composition. 

2.5.1. 2.1.1. Classification of AMPs According to Net Charge 

Based on the net charge, AMPs can be divided into anionic AMPs (AAMPs) and cationic AMPs 

(CAMPs). AAMPs are rich in aspartic and glutamic acid and consist of 5 to 70 amino acids with a net 

negative charge of −1 to −7 [28,29]. CAMPs are the most abundant form of AMP found in nature and 

are also the most thoroughly studied for therapeutic use. Hence, this review will primarily focus on the 

use of CAMPs for the treatment of selected NTDs. For a comprehensive overview of AAMPs, see Harris 

et al. [28]. CAMPs (from here on referred to simply as AMPs) typically consist of 12 to 100 amino acids 

with a net positive charge of +2 to +9 due to the excess of basic amino acids (arginine, lysine and/or 

histidine) compared to acidic amino acids [10]. 
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2.5.2. 2.1.2. Classification According to Secondary Structure 

Despite being small in size, AMPs can be divided into three major structural classes (Figure 1) based on 

their secondary structure [27,30–32]: 

i. α-helical AMPs: These peptides are unstructured linear peptides free of cysteine residues that 

fold into α-helixes upon contact with membranes. They consist of approximately 50 % 

hydrophobic residues, favouring an amphiphilic conformation upon interaction with membranes, 

which enables them to permeabilise microbial membranes. Some of these peptides are not strictly 

α-helical and may possess an internal kink and/or a flexible unstructured segment at the N- and/or 

C terminus. For example, melittin (APD ID: 00146) (Figure 1A) from bee venom and the human 

cathelicidin LL-37 (APD ID: AP00310) (Figure 1B). 

ii. Linear/extended AMPs: These peptides are linear without cysteine residues and contain  

a high proportion of proline, arginine, glycine, tryptophan and histidine. Some of these AMPs 

form extended coils. Examples include indolicidin (APD ID: AP00150) (Figure 1C) from bovine 

leukocytes. 

iii. β-sheet AMPs: These peptides contain six to eight cysteine residues, forming two or more 

disulphide bonds, resulting in a stabilized β-sheet structure. For example α and β defensins such 

as human neutrophil peptide-1 (HNP-1, APD ID: AP00176) (Figure 1D) from mammals. 

 

Figure 1. Secondary structures of the three major AMP classes. Examples of α-helical AMPs 

include (A) melittin, two α-helixes joined by a hinge between residues 11–12, and  

(B) LL-37, α-helix with an unstructured segment at the C-terminal; (C) indolicidin, which 

can be classified as an extended coil; and (D) human neutrophil peptide 1, which is  

an example of a β-sheet. In addition to the three major classes, circular AMPs including  

(E) circulin A, consisting of both α-helix and β-sheet structures, are also found in nature. 

Secondary structures were generated with the PSIPRED protein prediction server [33]. 

Disulphide bonds are not shown. 
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AMPs that do not typically fit into the previous three secondary structural classes are classified as 

circular AMPs [34]. The plant-derived circulin A (APD ID: AP00274) (Figure 1E) from the  

Chassalia parviflora species can be categorised into this group. Circulin A consists of a combined  

α-helix and β-sheet structure [35] and forms the so-called cyclic cysteine knot [36]. Though they display  

β-sheet-like structures, ϴ defensins can also be classified into this group, as they form cyclic 

octadecamers, which consist of two antiparallel β-sheets linked by three disulphide bonds [37]. 

The major forms of AMPs found in mammals are cathelicidins and defensins, although they are also 

found in non-mammals such as birds [38,39], fish [40,41], reptiles [42,43] and even plants [44] and 

insects [45]. Cathelicidins and defensins have been extensively reviewed elsewhere [46–50] and will 

therefore not be discussed in detail in this review. 

1.2.2.2. Target Organisms and Mode of Action of AMPs 

AMPs have broad-spectrum antibacterial, antiviral, antifungal and anti-parasitic activities. There are 

also AMPs that display anti-protist activity. A single AMP can have a single microbial target or have 

multiple microbial targets simultaneously, i.e. displaying broad spectrum antibacterial activity, as well as 

being antifungal, anti-parasitic and antiviral (Table 1) [13,14]. 

Table 1. Antimicrobial peptides which display antibacterial (gram positive and negative) as 

well as antiviral, antifungal and anti-parasitic activity [13,14]. 

AMP APD ID Source Sequence Structure 

Magainin 2 
AP0014

4 

African clawed 

frog (Xenopus 

laevis) 

GIGKFLHSAKKFGKAFVGEIMNS α-helix 

Melittin 
AP0014

6 

Honey bee (Apis 

mellifera) (also A. 

florea, A. cerana) 

GIGAVLKVLTTGLPALISWIKRKRQQ α-helix 

Dermasepti

n-S1 

AP0015

7 

Sauvages leaf frog 

(Phyllomedusa 

sauvagii) 

ALWKTMLKKLGTMALHAGKAALGAAADTISQGT

Q 
α-helix 

HNP-1 
AP0017

6 

Human 

(Homo sapiens) 
ACYCRIPACIAGERRYGTCIYQGRLWAFCC β-sheet 

LL-37 
AP0031

0 

Human (Homo 

sapiens) 

Chimpanzee (Pan 

troglodytes) 

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTE

S 
α-helix 

BMAP-27 
AP0036

6 

Domestic cattle 

(Bos taurus) 
GRFKRFRKKFKKLFKKLSPVIPLLHLG α-helix 

2.5.3. 2.2.1. Perturbation of the Microbial Membranes by AMPs 

Biophysical properties such as the secondary structure, net charge and hydrophobicity influence the 

interaction of AMPs with membranes as determined via experimentation with model and biological 

membranes [10,51,52]. Although, investigations of membrane mediated microbial activities of AMPs 
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focuses mainly on bacteria [25,53], AMPs have also been found to display direct killing action against 

parasites [54], fungi [55] and enveloped viruses [56] through direct membrane or capsid interactions 

(Figure 2). The mechanism of interaction will differ depending on the microbial organism and the AMP 

under investigation, but generally the initial attraction between an AMP and the microbial membrane 

occur through electrostatic interactions. The cationic property of AMPs allow them to target negatively 

charged microbial membranes opposed to neutral zwitterionic phospholipid containing bilayer 

membranes of mammalian cells. The higher levels of cholesterol in mammalian cells can further be used 

as basis for AMPs to distinguish between microbial and mammalian cell membranes [53]. Although in most 

cases there seems to be no specific receptors for peptide binding, in the case of viruses, AMPs are thought 

to disrupt the viral capsid or interfere with host entry by binding to the viral glycoproteins [57]. 

Following binding of AMPs to cell membranes, cell death can occur by disrupting membrane integrity, 

resulting in the leakage of the cytoplasm, depolarization and osmotic imbalance, swelling of the cells 

and, finally, cell lysis [54,58,59]. 

 

Figure 2. Main antimicrobial mechanisms of AMPs during the infection of a mammalian 

host cell. (A) The direct microbial action of AMPs involves the binding of these peptides to 

the microbial membrane/capsid, resulting in the infectious agent’s neutralization. There are 

three models proposed for this action: (i) the barrel-stave model, where the AMPs embed 

themselves into the membrane to form pores; (ii) the carpet model, which proposes that small 

portions of the membrane be removed by AMPs; and (iii) the toroidal model, which is similar 

to the barrel-stave model, but with the exception that the AMPs are permanently bound to 

the phospholipids in the membrane. Internal functions of AMPs may include DNA 

replication/translation inhibition, transcription inhibition and enzyme inhibition. (B) Many 

AMPs are also involved in immunoregulation. Some of these regulatory functions may 

include angiogenesis, cell proliferation, cytokine regulation, chemotaxis of certain leukocyte 

classes (including monocytes, lymphocytes and polymorphonuclear leukocytes or PMN), 
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degranulation of mast cells, stimulation of phagocytosis and even modulation of gene 

expression. 

Three main permeabilization models exist: 

i. Barrel-stave model: This model is used to describe the formation of pores in the lipid membrane. 

This is achieved through the amphipathic peptides that insert in a perpendicular orientation to 

the membrane and align so that the hydrophilic side chains point inward and form the 

transmembrane pore, while the hydrophobic side chains face outward and interact with the lipid 

bilayer [10,60]. This was the first model to be proposed as the mechanism of peptide induced 

pores [61]. AMPs that this model typically applies to are those that promote loss of 

electrochemical potential at low, well-defined peptide:phospholipid ratios [54]. The only AMP 

for which there is clear evidence of the barrel-stave mechanism is the  

non-ribosomally synthesised alamethicin (APD ID: AP02197), produced by the fungi 

Trichoderma viride [62]. 

ii. Toroidal model: In this model, pores, consisting of peptides intercalated with lipids, are formed 

in the lipid membrane [63]. Amphipathic peptides accumulate parallel to the membrane surface, 

where their partial insertion causes the outer (but not the inner) leaflet to expand. The peptides 

re-orientate perpendicularly to the bilayer once a critical threshold is reached, thereby relieving 

tension. The bilayer undergoes a positive curvature and its thickness is modified, which creates 

transient pores consisting of both peptide and lipid molecules [54]. 

iii. Carpet model: Partial membrane solubilisation in a detergent-like manner occurs with this 

model [54]. The amphipathic peptides accumulate parallel to the membrane via electrostatic 

interaction with anionic phospholipids—covering the membrane in a carpet-like fashion. When 

a threshold concentration is reached, detergent-like activity causes the formation of micelles and 

membrane pores [10]. 

It should be noted that although in vitro experiments have determined that some AMPs,  

for example magainin 2 (APD ID: AP00144) derived from the skin of the African clawed frog (Xenopus 

laevis), display cell selectivity towards microbial organisms without significant cytotoxicity towards 

mammalian cells [64,65], most AMPs should be considered as displaying “partial selectivity”. It is 

suggested that AMPs only display cell selectivity when placed in an actual situation where mammalian 

host cells are confronted with microbial organisms and that AMPs could potentially be toxic towards 

mammalian cells in the absence of microbial organisms. This fact is thought to be underestimated by 

current in vitro experimental procedures with regard to the volume of cells used for mammalian 

haemolysis (cytotoxic) vs. bacterial assays which does not give an accurate representation of the 

cytotoxic vs. the minimum inhibitory concentrations [26]. 

2.5.4. 2.2.2. Interaction of AMPs with Internal Targets 

Although the main mechanism by which AMPs appear to directly kill microbial organisms is through 

membrane permeabilization, some AMPs do not damage microbial membranes but still manage to kill 

or inhibit the growth of these organisms. Alternatively, some AMPs may cause disruption of the 
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microbial membrane without leading to inhibition or death of the microbial  

organisms [66,67]. AMPs are therefore also believed to display direct killing action through the 

interaction with anionic intracellular targets such as DNA and RNA (Figure 2) [25,68,69]. These AMPs 

still have to gain access to their internal targets through the cell membrane and are believed to translocate 

over the cell membrane of the microbial organism without causing significant damage to the membrane, 

although the precise mechanism is still not fully understood, as highlighted by Nicolas [68]. AMPs are 

thought to exert their intracellular activity through inhibition of nucleic acid and protein synthesis, 

inhibition of enzymatic activity, and the inhibition of cell wall synthesis and cytoplasmic membrane 

septum formation [25,69]. 

2.5.5. 2.2.3. Modulation of the Immune System by AMPs 

Although the primary focus has been to identify AMPs with broad-spectrum antimicrobial activity 

through in vitro testing, many in vivo occurring AMPs have little direct antimicrobial activity [70]. The 

direct killing activities of some of these AMPs by either membrane perturbation or interaction with 

intracellular targets at physiological concentrations are antagonized by salt conditions, monovalent and 

divalent ions and serum [71,72]. Conversely, many of these peptides seem to be more involved in 

immunoregulation by acting as effectors of innate immune system. Some of these regulatory functions 

may include angiogenesis, cell proliferation, cytokine regulation, chemotaxis of certain leukocyte 

classes, degranulation of mast cells, stimulation of phagocytosis and even modulation of gene expression 

[70,73,74]. For example, human LL-37 has a pro-inflammatory action by up-regulation of specific 

chemokines (MCP-1 and IL-8) and binding to chemokine receptors such as IL-8RB, CCR, and CXCR-

4 [75]. LL-37 receptors have been found in many different cell types, including monocytes,  

T-helper cells, mast cells, and epithelial cells, which suggest that certain AMPs can directly interact with 

host cells to induce immune responses [76,77]. However, it has also been shown that the induction of 

LL-37 has an in vitro anti-inflammatory function by inhibiting tumour necrosis factor α (TNF-α) 

production in macrophages [78]. These types of AMPs can counteract pro-inflammatory responses by 

preventing lipopolysaccharides (LPS) from inducing TNF-α production, thus suppressing the expression 

of LPS regulated genes in macrophages [75]. Apart from this indirect suppression, the LL-37 peptides 

can also induce specific anti-inflammatory genes by directly influencing macrophage gene expression, 

preventing an overwhelming immune response which could lead to fatal sepsis or endotoxemia [75]. 

Consequently, it seems that certain AMPs serve a dual, and seemingly counterproductive, 

immunoregulatory function by stimulating both pro-inflammatory and  

anti-inflammatory responses. This dualistic action may be a symmetric feedback mechanism to battle 

infection while simultaneously managing the septic levels by supressing the expression of certain 

cytokines. It is becoming clear that AMPs are a vital component of the germ line encoded innate immune 

system. 

1.3.2.3. Therapeutic Potential and Obstacles Associated with AMPs 

Many AMPs are promising candidates for drug development. The major advantages these peptides 

offer compared to conventional antibiotics are that they have a broader spectrum of antimicrobial action 

[10]; they exert their activity at micromolar concentrations [5,79] and they have a limited probability of 
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inducing pathogen resistance [80]. Although some AMPs, such as melittin, have low therapeutic 

potential because of their characteristic cytolytic activity, these natural AMPs can be used as templates 

to create peptide analogues with increased therapeutic efficacy. Structural analogues of melittin have 

proven to display similar or higher levels of antimicrobial activity with reduced  

toxicity [81–83]. Hybrid peptide formulations could also improve the antimicrobial activity and reduce 

toxicity [84,85]. AMPs also play a role in modulating the immunity (both the innate and adaptive 

immunity in higher organisms) and using these naturally occurring AMPs as templates to design novel 

drug candidates for the selective up-regulation of the innate immunity and suppression of  

pro-inflammatory cytokine response could prove to be effective anti-infective therapies [86]. One of the 

major limitations for the use of AMPs is that they are peptide based, which makes systemic use difficult, 

due to bioavailability issues. Therefore, most AMPs in clinical development are being considered for 

topical application [4,8]. However, the use of nano- and microparticles has been shown to be beneficial 

for the oral delivery of insulin [87,88]. In cancer therapy, the use of nanoparticles, containing melittin, 

has a higher affinity towards diseased cells over healthy host cells [89]. A study by Piras et al. showed 

that the use of nanoparticles loaded with temporin B (APD ID: AP00095), an AMP from the European 

common frog, Rana temporaria, increased the antibacterial activity and reduced cytotoxicity against 

mammalian cells [90]. The use of AMPs encapsulated in nanoparticles should therefore be further 

investigated regarding its potential use in the treatment of antimicrobial infections. AMPs can also be 

considered for multi-drug treatment regimens, as synergistic interactions were observed when antibiotic 

and AMP combinations were used against methicillin-resistant  

Staphylococcus aureus (MRSA) [91]. Finally, AMPs have a broader range of activity, as conventional 

antibiotics cannot be used for the treatment of viruses and are less effective against most parasites, while 

several AMPs have been shown to display antiviral and anti-parasitic activities [37,54,57]. 

3. Negl.Trop. Dis. 

According to the World Health Organization (WHO), Negl.Trop. Dis. (NTDs) are  

a diverse group of 17 disabling, though neglected, conditions mostly affecting the world’s poorest 

populations [1]. These diseases distress more than 1.4 billion people of low-income countries in Asia, 

Latin America and sub-Saharan Africa, causing more than 500,000 deaths annually [1,2]. In Africa 

alone, communicable diseases account for more than 70% of the total disease burden and deaths, with 

NTDs making up at least a fifth of this burden [92]. While these illnesses affect a considerable portion 

of the population, they may be considered “neglected” due to the dire lack of effective treatments and 

the fact that they are largely overlooked by funders and governing bodies (less than 5% of global health 

funding is allocated to alleviating the NTD burden) [3]. Although NTDs exist in the funding shadows of 

diseases like tuberculosis and HIV/AIDS, neglected diseases are noticeably contributing to the severity of 

the HIV pandemic by increasing the risk of horizontal and vertical HIV transmission [76,93,94]. While not 

all NTDs result in the loss of life, their morbidity and the accompanying economic loss are immense. 

NTDs can result in deformities and permanent damage, stunted growth, mental abnormalities and loss 

of eyesight and hence a lifetime of disability. The economic burden of NTDs are expressed as disability 

adjusted life years (DALYs), where each DALY unit refers to a healthy year lost due to premature death 

or disability [95]. The burden of NTDs amounts to staggering 46–57 million DALYs lost each year, 
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second only to HIV/AIDS, with malaria and tuberculosis only coming in at third and fourth place, 

respectively [96]. 

The 17 NTD infections are caused by a wide variety of organisms including vector-borne protozoa 

(Trypanosoma and leishmaniosis), parasitic worms (helminths including Taenia solium,  

Echinococcus granulosus, Echinococcus multilocularis, Wuchereria bancrofti, Opisthorchis spp. 

Fasciola spp. and Paragonimus spp., Onchocerca volvulus and Schistosoma), bacteria (Mycobacterium 

ulcerans, Mycobacterium leprae, Treponema pallidum, Treponema carateum and Chlamydia 

trachomatis) and viruses (Flavivirus and Lyssavirus) [1]. Due to the initial lack of funding and the 

diverse nature of NTDs, research, diagnosis, prevention and treatment strategies are challenging. In late 

2000, the international community committed itself to drastically reduce poverty and combat disease 

amongst poor populations of the world, known as the Millennium Development Goals. This action plan 

has brought much needed attention to the neglected diseases, leading to the establishment of the Global 

Network for Neglected Tropical Disease Control and a WHO department specifically tasked to address 

NTD related issues [3]. Despite all this positive progress, NTDs still cause massive global suffering in 

millions of people. Novel, cost-effective, rationally designed treatments are desperately needed to ease 

the burden of NTDs. 

1.4.3.1. Neglected Bacterial Infections 

The discovery of penicillin, the world’s first antibiotic, by Alexander Fleming in 1928 was a major 

milestone in the treatment of bacterial infections. However, an ever-increasing rise in antibiotic 

resistance amongst bacterial species has led research into the development of new therapeutic agents for 

bacterial infections [97]. AMPs are promising candidates in this regard [4,5,98]. As mentioned earlier, 

AMPs neutralize bacteria through direct killing actions which involve membrane disruption and 

interaction with intracellular targets [67]. NTDs caused by bacterial infections include leprosy and 

trachoma. Both these diseases have debilitating consequences that remain even after the disease is cured, 

contributing to the socio-economic burden of these diseases. Current treatment regimens involve the use 

of antibiotics, and although these prove to be effective the occurrence of antibiotic resistance could affect 

therapeutic outcomes in the future. This section will focus on the potential use of AMPs for the treatment 

of leprosy and trachoma. 

2.5.6. 3.1.1. AMPs against Mycobacterium Infections and Hansen’s Disease 

The mycobacterium genus includes pathogens that are known to cause serious infections in both 

humans and animals. Over 50 different mycobacterium species are known to be involved in human 

disease and most notably include Mycobacterium tuberculosis (causative agent of tuberculosis),  

M. leprae (leprosy) and M. ulcerans (Buruli ulcer) [6]. Mycobacteria are intracellular micro-organisms 

capable of infecting and replicating in host macrophages [99]. Due to the complexity and high lipid 

content of the mycobacterial membrane and emergence of multi-drug resistant strains, it is notoriously 

hard to effectively treat these infections [100]. Contributing to mycobacterium infections are the 

HIV/AIDS pandemic and the wide spread use of immuno-suppressive drugs [6]. Alternatives treatment 

strategies to conventional antibiotics may prove beneficial against this diverse genus of diseases. 
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Over the past two decades, numerous antimicrobial peptides, including LL-37, have been identified 

that offer direct and/or indirect antimicrobial activity against mycobacteria [101]. A large portion of the 

LL-37 peptide consists of hydrophobic amino acids, enabling this AMP to bind and disrupt the cell 

membrane of certain micro-organisms [46,102]. It has also been shown that during a mycobacterium 

infection, LL-37 is able to directly inhibit the host cell’s response by interacting with TLRs [103]. This 

AMP also plays a crucial role in the innate immune response to mycobacterium infections in several cell 

types [101]. In summary, the AMP, LL-37, has the capacity to fortify specific host innate immune 

responses, in addition to directly eliminating mycobacteria and/or inhibit their growth. AMPs like these 

may enable the development of novel and innovative antibiotics based on natural host antimicrobial 

peptides. Several AMPs play a central role in immune activation and inflammation regulation, possibly 

providing a unique foundation for the development of novel therapeutic agents. 

“And if the priest sees that the scab has indeed spread on the skin, then the priest shall pronounce 

him unclean. It is leprosy.” Leviticus 13:8. 

References to leprosy (Hansen disease)-like symptoms date back millennia and can be found in 

ancient Egyptian writings and those of Hippocrates [104]. This chronic human disease is caused by the 

bacteria M. leprae and can have potentially debilitating neurological effects [105]. Although the 

implementation of global multi-drug therapy programs has considerably reduced the burden of leprosy, 

areas like Africa, Latin America and India still report more than 200,000 cases annually [106]. Until 

recently, the origins of leprosy could only be speculated on, with written records found in India  

(600 BC), China (500 BC) and even the armies of Alexander the Great likely referencing this disease 

between 327–325 BC [107]. Today, through comparative genomic studies, it has been deduced that 

leprosy spread from Africa to India, Europe and the Americas, mainly along colonisation, migration and 

slave trade routes [104]. There are four distinct and regionally specific M. leprae strains found globally, 

with strain 1 mainly found in Asia, East Africa and the Pacific; strain 2 is less predominant and is only 

found in regions of Malawi, Ethiopia, Nepal and New Caledonia; strain 3 is found in America, Europe 

and North Africa; and strain 4 is mainly predominant in the Caribbean and West Africa [104]. M. leprae 

has a genome of 3,268,203 base pairs (bp) that encodes for 1604 proteins [108], a genome that is 

considerably smaller than that of M. tuberculosis [109]. 

Gerhard Henrik Armauer Hansen (1841–1912) dedicated his entire career to studying leprosy and 

identified M. leprae as the causative agent of this disease in 1873, which is also historically the first 

human-disease-causing bacterium to be identified [110]. Leprosy is a curable disease when treated with 

multi-drug therapy. Although it estimated that 95% of modern people have a natural immunity to 

leprosy, studies indicate that a small portion of the population is susceptible to this disease due to  

a defect in cell-mediated immunity [111]. In the 1940s, the sulfone drug, Promin (sodium glucosulfone) 

was introduced as the first effective treatment for leprosy and was replaced with dapsone (diaminodiphenyl 

sulfone) in the 1950s [112]. Nowadays, treatment consists of rifampicin and clofazimine once monthly 

while a dosage dapsone daily are used for treatment of patients with  

multi-bacillary infections over a period of 1 year [113]. Disadvantages of this modern treatment regimen 

include the long treatment periods and the looming prospect of antimicrobial resistance. Another major 

drawback, apart from understanding the complex clinical presentation of leprosy, is the lack of an 

appropriate experimental model. 

https://en.wikipedia.org/wiki/Dapsone
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AMPs appear to play an important role in the immune response to leprosy. The innate immune 

recognition of M. leprae seems to be mediated by the toll-like receptor 2 (TLR2) and 

mutations/polymorphisms in TLR2 can affect host susceptibility to leprosy [114]. The cytokines 

interleukin (IL) 10 and 15 are also known to regulate macrophage functions in lesions [115]. The AMP, 

human β-defensin 3 (hBD3) (APD ID: AP00283), is also up-regulated during a leprosy type 1 reaction 

[106]. The induction of vitamin D dependant antimicrobial peptides LL-37, is one of the antimicrobial 

mechanisms employed by the host cell following phagocytosis [115]. In leprosy, LL-37 levels are 

relatively low due to the M. leprae mediated inhibition of the gene encoding for LL-37 (CAMP) [116]. 

This inhibition occurs through the up-regulation of the miRNA, has-mir-21, by  

M. leprae. Suppressing the translation of this miRNA, may lead to an improved innate immune response 

to M. leprae, enhancing the antimicrobial activity of LL-37. Another AMP involved in this disease is 

hepcidin (APD ID: AP00193). This defensin has a dual role as a hormone and antimicrobial peptide and 

plays a key part in hypoferremia of inflammation which increases the microbial resistance of host cells 

[117]. Hepcidin seems to be mainly up-regulated in multi-bacillary lesions, where it binds directly to the 

iron exporter efflux protein, ferroportin, resulting in its degradation [118]. By doing this, the host cell is 

limiting the circulating iron available to extracellular bacteria. Additionally, Stat3 is phosphorylated, 

which stimulates a downstream cytokine induced inflammatory response. Due to natural and artificial 

evolutionary pressures, pathogens, including M. leprae, are becoming  

antibiotic-resistant at alarming rates [119]. In order to combat the further emergence and spread of 

antibiotic resistance, new and innovative treatments strategies for microbial infections must be found. 

Pathogens are much less likely to successfully adapt their iron metabolic pathways to use alternative 

molecules after iron sequestration by AMPs. 

2.5.7. 3.1.2. AMPs against Trachoma 

Trachoma is one of the oldest recorded diseases of mankind, and although it has been eradicated from 

the developed world, it is still prevalent in poverty-stricken, underdeveloped countries. Areas where 

trachoma is endemic are usually overcrowded, lacking in proper public health care facilities, sanitation 

and access to clean water [120]. The disease is most prevalent in Asia, Africa, the Middle East, Australia 

and Central and South America [121]. Trachoma is the leading cause of infectious blindness globally and 

is also referred to as the leading preventable cause of blindness worldwide [122]. Currently it is estimated 

that in the 51 endemic countries, trachoma is responsible for the visual impairment of 1.8 million people, 

of whom 500,000 are irreversibly blind, and approximately  

232 million people living in trachoma-endemic areas are at risk of infection [121]. 

This infection is caused by the gram-negative obligate intracellular bacterium  

Chlamydia trachomatis. It has no known animal reservoir and infection is transmitted to the eyes through 

physical contact with the discharge from the nose and eyes of infected people or flies  

(Musca sorbens), acting as passive vectors [122]. The life cycle of C. trachomatis is unique compared 

to other bacteria due to its parasite-like dependence on a eukaryotic host cell to complete its replication 

cycle [123]. During this bacteria’s life cycle, it adopts two distinct forms, the small extracellular 

elementary body (EB) and the larger intracellular reticulate body (RB). The EB is metabolically inactive 

and infectious, whereas the RB is metabolically active and represents the replicating form of C. 
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trachomatis. The EB attaches to and enters host epithelial cells, transform into an RB, and exists inside 

inclusion bodies inside the host cell cytoplasm. The RBs use energy-rich metabolic intermediates from 

the host and undergo binary fission. Consequently, following the amplification of RBs, inclusions begin 

to take up a great part of the host cytoplasm and start to fuse. RBs differentiate back into EBs and are 

released through the lysis of host cells, infecting other cells [120,124]. The intracellular inclusions make 

it difficult for the immune system to eliminate the pathogen [120]. Two C. trachomatis biovars exist; 

trachoma to which serovars A-K are assigned and Lymphogranuloma venereum to which serovars L1, 

L2, L2a and L3 are assigned [125]. Serovars A, B, Ba and C in the trachoma biovar cause trachoma and 

serovars D-K are responsible for sexually transmitted genital tract infections [124]. Sexually transmitted 

C. trachomatis infections may be implicated in ocular trachoma infections in children [126]. 

The SAFE program for the treatment and management of trachoma has been established by the WHO 

[127], where the acronym SAFE represents: Surgery for trachomatous trichiasis, Antibiotics for active 

disease, Facial cleanliness to reduce transmission and Environmental improvements. Traditionally, 

antibiotic treatment consists of the use of 1% topical tetracycline ointment on both eyes twice daily for 

six weeks or a single oral dose of azithromycin. The treatment with azithromycin is favoured, as it has 

the potential to be used for mass community based treatment in endemic regions and displays higher 

patient compliance and effectiveness [128,129]. Much progress is being made in achieving the goal set 

by the WHO to eliminate blinding trachoma globally by 2020, with the disease being eradicated in some 

countries [121]. However, due to persistent infections and therefore antibiotic treatment, antibiotic 

resistance may become an issue. Therefore, alternative treatment strategies need to be investigated. 

AMPs have been investigated for the use of the treatment of C. trachomatis infections. A study 

performed by Donati et al. showed that in vitro SMAP-29 (APD ID: AP00155), an α-helical cathelicidin 

from sheep (Ovis aries), was able to reduce the inclusion number for 10 strains of  

C. trachomatis (including serovars A, D, E, H and I). The integrity of EBs was also compromised [130]. 

Although, the direct therapeutic use of SMAP-29 is problematic because of its cytotoxic and hemolytic 

activity towards mammalian cells, this study indicates that SMAP-29 could be a useful compound in the 

development of anti-chlamydial drugs using this natural peptide as a template and making analogues 

with higher specificity and lower toxicity [131]. Another approach, which may be considered instead of 

the direct application of these peptides, is AMP gene therapy [132]. This approach uses recombinant 

plasmid vectors to express AMPs, which may potentially be cytotoxic to healthy host cells, in a controlled 

manner in infected cells. Studies performed by Lazarev et al. [133–135] demonstrated the potential use of 

AMP gene therapy for the treatment of C. trachomatis-infected cells. An in vitro study by Lazarev and 

colleagues showed that the introduction of recombinant plasmid vectors expressing the melittin gene, 

under the strict control of an inducible promoter, showed inhibition of C. trachomatis in infected cells. 

The mechanism by which the bacterial growth was inhibited was suggested to be through direct cytotoxic 

effect of melittin on the bacteria. It was also shown that the transmembrane potential of the transfected 

cells was lowered, which could disrupt the adhesion of the bacteria to the cell and hinder the normal 

process of intracellular development [133]. In a subsequent in vivo study by Lazarev et al., melittin was 

produced in the genital tract of mice infected with C. trachomatis, using the plasmid vector system. The 

majority of the melittin-protected mice were free of the pathogen after 27 days [135]. In a later in vitro 

study performed by the same group, the anti-chlamydial activity of the recombinant plasmid vector 



Molecules 2015, 20 127 

 

127 
 

encoding cyto-insectotoxin 1a (CIT 1a, APD ID: AP02163), a linear cytolytic AMP found in the venom 

of the central Asian ant spider, Lachesana tarabaevi, was investigated [134]. This study concluded that 

CIT 1a was  

an attractive candidate for targeting intracellular pathogens, as C. trachomatis infection was inhibited in 

the early stages of its life cycle, with a higher efficacy than had previously been reported for  

melittin [133] and with a negligible effect on cell viability. The effect of the direct expression of melittin 

in infected cells on cell viability was, however, not reported for the previous two studies. Based on these 

results, CIT 1a can be considered a potential agent for gene therapy for  

C. trachomatis infections. 

1.5.3.2. Neglected Protozoan Infections 

All protozoa are unicellular eukaryotic organisms with a trophozoite stage and a resistant cyst form. 

Medically important phyla include apicomplexa, such as Plasmodium and Toxoplasma, 

sarcomastigophora such as Trypanosoma and ciliophora such as Trichomonas. The pathogenicity of 

protozoa is not well understood, but in general they have fewer pathogenic mechanisms than bacteria. 

They have the distinct advantage of being able to avoid host defences by several mechanisms. 

Transmission of protozoa to humans occurs through the faecal-oral route or through a vector [136,137]. 

Neglected diseases caused by protozoa include chagas disease, human African trypanosomiasis and 

leishmaniosis. Most of these protozoan diseases have enormous impact on human health and cause great 

economic and social burdens [138]. The typical protozoan infections are appealing targets for AMPs, as 

the molecules can be targeted to stages in the invertebrate vector or the vertebrate host. There are 

excellent reviews on the possibility of using AMPs as new chemotherapeutic options for malaria, chagas 

disease and sleeping sickness, as well as leishmaniosis [34,139]. This section will focus on the potential 

use of AMPs for the treatment of the neglected diseases chagas disease, sleeping sickness, leishmaniosis 

and malaria. 

2.5.8. 3.2.1. AMPs against Chagas Disease 

Chagas disease, or American trypanosomiasis, is caused by the parasite Trypanosoma cruzi. The 

disease was initially confined to South America, but 2010 epidemiological data include  

North-America, Europe, Australia and Japan as sites of T. cruzi infection [136,137,140]. The parasite is 

spread by the triatomine bug (part of the diverse Reduviidae family), which infects the human host when 

feeding, and it is also spread by travellers, organ transplants, blood transfusions, contaminated soil, food 

or water and by mother to infant transmission. The parasite has a complex life cycle including a 

trypomastigote in human blood and the epimastigote in the vector [140]. The clinical presentation occurs 

in two phases: an acute phase that lasts about two months after initial infection, and a chronic phase that 

can last for years. The acute infection is often misdiagnosed or unrecognized. However, treatment is 

most effective when initiated during the acute phase. From the intermediate phase, which is characterised 

by patients with chronic infection without clinical symptoms, 20%–30% of patients progress to a more 

serious chronic stage with chronic inflammation of the heart or digestive muscles [141]. There are only 

two drugs available for the treatment of chagas disease, benznidazole and nifurtimox. Both of these 

drugs are highly effective if administrated during the acute phase, but the efficacy declines with 
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prolonged infection. Additionally, these drugs are toxic with negative side effects and are not effective 

in the chronic stage of infection [138,142,143]. There is a dire need for alternatives and AMPs from 

natural compounds seem to be an attractive option. 

Several studies have reported promising effects of crude venom extracts containing AMPs from 

various sources against protozoan parasites. The crude venom of Apes mellifera was shown to decrease 

the viability and alter the ultrastructure of all T. cruzi developmental forms. This venom was also shown 

to be selective towards the parasite with no toxicity in mammalian cells at the tested concentrations 

[144]. In a follow up study by the same group, the AMP melittin from the venom of  

A. mellifera was used to prove that the peptide induced morphological alterations in the different 

developmental forms of the parasite, which could be characterized as apoptosis and autophagy. They 

also provided evidence that melittin could be used in concentrations up to 1 µg/mL to treat infected host 

cells [145]. Another group investigated the efficacy of the antimicrobial peptides apidaecin 14 and 

melittin from A. mellifera, penaeidin (APD ID: AP00392) from the black tiger shrimp  

(Penaeus monodon), cecropin A (APD ID: AP00139) from the silk moth Hyalophora cecropia, moricin 

(APD ID: AP00147) from the silk worm Bombyx mori and magainin 2 produced by the African clawed 

frog (Xenopus laevis). Cecropin A, magainin 2, apidaecin and melittin were able to kill T. cruzi. These 

peptides were also investigated in combinations for synergistic effects, and in each case the addition of 

a second AMP increased toxicity [146]. Previously synthetic analogues of magainin 2, namely magainin 

B, G and H, were evaluated against T. cruzi. Only magainin B and G were effective against the parasite 

[147]. Synthetic derivatives of cecropin B were active against T. cruzi, where Shiva-1 the peptide with 

only 40% homology was most effective at killing promastigotes [148]. 

Dermaseptins and phylloseptins are cutaneous secretions of the tree frog Phyllomedusa genus. 

Dermasiptin-01 (APD ID: AP01389) from Phyllomedusa oreades showed significant lytic activity against 

T. cruzi with minimal activity against erythrocytes [149]. Dermaseptins form Phyllomedusa nordestina was 

investigated by another group. Dermaseptin 1 and 4 and phylloseptin-7 and 8 were effective against T. 

cruzi at micromolar concentrations. Dermaseptin 1 and 4 and phylloseptin 8 were also  

non-toxic to macrophages [150]. AMPs from various aquatic animals were also evaluated against  

T. cruzi promastigotes. Only tachyplesin I (APD ID: AP00214) from the horseshoe crab Tachypleus 

tridentatus was able to kill T. cruzi epi- and promastigotes at micromolar concentrations. Tachyplesin I 

was, however, hemolytic at high concentrations [151]. 

2.5.9. 3.2.2. AMP against Human African Trypanosomiasis 

Human African trypanosomiasis is a parasitic disease mainly caused by two subspecies, 

Trypanosoma brucei gambiense and T. brucei rhodesiense, and causes chronic sleeping sickness in sub-

Saharan African countries [136]. The clinical presentation of the disease is complex, making diagnostics 

challenging and treatment difficult [137]. The life cycle is similar to chagas disease with  

a trypomastigote phase in the human reservoir; however the epimastigote exists in the tsetse fly vector. 

Due to parenteral administration and severe toxicity associated with current chemotherapy options 

increasing incidence of treatment failure is observed [152]. The drugs used in the treatment depend on 

the infecting species as well as the stage of infection. Pentamidine and suramin is used in the first stage, 

and although effective, suramin has severe side effects. Second stage treatment includes IV melarsoprol, 
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eflornithine and a combination of nifurtimox and eflornithine [153,154]. In comparison with the other 

parasitic infections, relatively few AMPs have been identified or evaluated for efficacy against T. brucei. 

Temporin-SHd (APD ID: AP02118) from the North-African frog Pelophylax saharicus had 

significant growth inhibitory activity against T. brucei and T. cruzi [155]. Mammalian AMPs including 

α-defensins, β-defensins and cathelicidins have proved successful against T. brucei. In vivo 

administration of cathelicidins to mice infected with T. brucei significantly reduced parasitemia [156]. 

In another study the bovine cathelicidin BMAP-27 (APD ID: AP00366) from Bos taurus (bovine) and 

its derivative BMAP-18 inhibited both life cycles of T. brucei at low micromolar concentrations. BMAP-

18 induced apoptosis-like cell death, but necrosis was induced at higher concentrations [157]. 

2.5.10. 3.2.3. AMPs against Leishmaniosis 

Leishmaniosis species causes serious disease in humans. The typical infection is cutaneous, although 

visceral (kala-azar) and mucocutaneous leishmaniasis also exist. Visceral leishmaniasis caused by 

Leishmania donovani is fatal if left untreated. Cutaneous leishmaniasis caused by L. major, L. tropica, 

L. mexicana and L. panamensis frequently occurs every 3 to 18 months and leaves disfiguring scars 

[136,158]. Leishmania have a simple life cycle with only an amastigote in mammalian cells and 

promastigote in the insect (sand fly) [137]. The current chemotherapy available includes pentavalent 

antimonials sodium stibogluconate and meglumine antimoniate, amphotericin B and its lipid formulation 

AmBisome® (amphotericin B) and pentamidine. Antimonials remain effective for some forms of 

leishmaniasis, but the drugs’ usefulness is limited by the required parenteral administration for 28 days 

and the emergence of significant resistance. The use of pentamidine is limited due to its toxicity [159]. 

Several AMPs have been evaluated against Leishmania and some promising candidates have been 

identified. 

Temporins, isolated from the European common frog, Rana temporaria, represent natural peptides 

with high anti-leishmanial activity. One of the first studies to prove the anti-leishmanial activity of 

temporins investigated temporin A (APD ID: AP00094) and B (APD ID: AP00095) against  

L. donovani promastigotes and L. pifanoi amastigotes. They found that both temporin A and B were 

active against the insect and mammalian stages at 15–25 µM concentrations [160]. Chadbourne et al. 

investigated the potential use of temporins against L. mexicana insect stage promastigotes and the 

mammalian stage amastigotes. The temporins investigated included temporins A, B and 1Sa. These 

AMPs showed no significant activity against L. mexicana amastigotes, but significant anti-leishmanial 

activity was observed against promastigotes with temporin A [161]. Temporin-1Sa (APD ID: AP00898) 

isolated from the North-African frog, Pelophylax (Rana) saharica, had significant activity against the 

promastigote and amastigote stages of L. infantum at a concentration that was not harmful to 

macrophages [162]. In another study temporin-Shd had similar activity against several species of 

Leishmania promastigotes and amastigotes [155]. Temporins A, B, 1Sa, F (APD ID: AP00098) and  

L (APD ID: AP00101) were effective against L. mexicana promastigotes, but the amastigotes were 

resistant to all temporins tested. The resistance was attributed to the lack of proteophosphoglycan and 

anionic charge in the membrane of the amastigotes [163]. The proposed mechanisms of action whereby 

they function include rapid disruption of plasma membrane potential and decrease in intracellular ATP 

levels [160]. 
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Dermaseptin S4 (APD ID: AP00160) from the South-American Sauvages leaf frog  

(Phyllomedusa sauvagii) and its synthetic analogues induced potent lysis for L. major promastigotes. 

Positive or negative mono-substitutions in the synthetic peptides did not significantly affect the 

antileishmanial activity [51]. Dermaseptin 01 was shown to be active against L. infantum promastigotes 

by membrane damage and flagella alterations [164]. Dermaseptin from Phyllomedusa hypochondrialis 

(DShypo 01) was evaluated against L. amazonensis. It proved more effective at killing promastigotes 

than dermaseptin 01, and was not toxic to white blood cells or erythrocytes [165]. 

Other AMPs from various organisms active against Leishmania include gomesin (APD ID: AP00191) 

from the tarantula spider Acanthoscurria gomesiana, indolicidin and plant derived thionins. Gomesin 

decreased the viability of L. amazonensis promastigotes with little activity against human erythrocytes 

[166]. Indolicidin and two peptides derived from seminalplasmin exhibited significant anti-leishmanial 

activity. Additional to the membrane effects these peptides were also able to induce autophagy in L. 

donovani [167]. Different isoforms of thionins from common wheat (Triticum aestivum) were tested against 

L. donovani promastigotes. These thionins proved effective in the low micromolar range and membrane 

permeability was found to be an essential step in the lethal mechanism [168]. 

Also, synthetic cecropin A, andropin and dermaseptin were found to be active against L. major and 

L. panamensis. These three synthetic peptides have higher therapeutic potential were also highly selective 

with low toxicity against human erythrocytes and dendritic cells [169]. Pexiganan (Locilex®), a synthetic 

magainin-based lysine-rich peptide, which is undergoing phase 3 clinical trials for diabetic foot ulcers [4], 

induces apoptosis in Leishmania promastigotes. Activity is favourable if the strain of Leishmania is 

surface protease-deficient [170,171]. However, an arginine-rich variant of pexiganan proved to be 

protease resistant and displayed enhanced activity against wild type Leishmania in vitro [172]. These studies 

provide valuable insights into the use of AMPs against parasitic infections 

2.5.11. 3.2.4. AMPs against Malaria 

Malaria is an infectious disease caused by parasites of the Plasmodium genus. This life-threatening 

disease is responsible for 219 million new cases and 660,000 deaths annually, making it one of the 

deadliest modern infections [173]. These parasites are primarily hosted by female Anopheles 

mosquitoes, which act as vectors transmitting the protozoan organisms to humans when feeding. There 

are four known species that infect humans: Plasmodium falciparum, P. vivax, P. ovale and  

P. malariae, though P. falciparum causes the majority of malaria infections [136,173]. The parasite has 

a complex life cycle with an asexual cycle in the human host and a sexual cycle in the mosquito. The 

asexual cycle includes ring and trophozoite stages in red blood cells, which are targets for chemotherapy. 

The sexual stage in the mosquito includes gametocytes and sporozoites, which are transmitted to humans 

[137]. Clinically, the disease presents initially with flu-like symptoms, which may be difficult to 

recognise as malaria. If left untreated, within the first 24 h P. falciparum malaria may progress to a more 

severe illness. Chemotherapy, when initiated early, is successful, but increasing resistance to current 

treatment options is proving problematic [174]. Additionally, many antimalarial drugs are toxic in high 

doses, though Pheroid vesicles have been shown to reduce toxicity [175]. Various AMPs have been 

investigated as a possible new class of antimicrobial drugs. A very thorough review on this topic was 

recently published [34], though only selected examples will be highlighted in this section. 
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The hemolytic dermaseptin S4 was shown to have antimalarial activity against P. falciparum (FCR3 

strain). The peptide causes significant lysis of the ring and trophozoite stages of the parasite [176]. Natural 

peptides melittin and transportan 10 (TP10), mastoparan X (APD ID: AP02355) and anoplin (APD ID: 

AP00447) from the Vespula lewisii wasp, were effective against Plasmodium sporogenic stages and were 

considered to block transmission [177]. Synthetic analogues of cecropin B, SB-37 and shiva-1 were 

effective at limiting the growth of different stages of P. falciparum [148]. 

Gomesin was evaluated against P. falciparum and P. berghei. This AMP inhibited  

chloroquine-sensitive (3D7) and chloroquine-resistant (W2) parasites, but only at micromolar levels, 

compared to nanomolar levels of artesunate. Gomesin was more effective against P. berghei mature 

gametocytes and also proved successful as a transmission blocking agent [178]. These examples of 

AMPs all act against different life cycles of the parasite, with different mechanisms of action. At this 

stage the most promising candidates in AMPs for malaria seems to be those that are involved in 

transmission-blocking. However, this is still a developing field and many of the AMPs active against 

other parasites have not been evaluated in malaria models. 

1.6.3.3. Neglected Helminth-Related Infections 

Helminths, also known as parasitic worms [179], are a group of evolutionary unrelated organisms 

that can be divided into two major groups, namely the Platyhelminthes (flatworms) and Nematoda 

(roundworms) [180,181]. Worldwide, more than 2 billion people are infected with one or more of these 

parasitic worms, including the hookworm, Necator americanus; the roundworm,  

Ascaris lumbricoides; and Ancylostoma duodenale; and the whipworm, Trichuris trichiura [182]. 

Although these parasitic infections primarily affect underdeveloped populations with insufficient 

sanitation, housing, water supplies and primary health care systems [183,184], they are also widespread 

in developed countries [185]. 

Presently, the treatments for helminth infection are parasite-specific and involve regular 

administration of anti-parasitic drugs. Although these treatments (including benzimidazoles for 

hookworm infections and praziquantel for schistosomiasis infections) are currently effective, parasite 

re-infections are still a problem and helminths will most likely develop resistance to these drugs [186]. 

Consequently, investigations into novel helminth-specific treatments should seriously be considered. 

There are currently eight helminth infections identified by the WHO as NTDs. This section will focus 

on the potential use of AMPs for the treatment of taeniasis, cysticercosis and onchocerciasis. 

2.5.12. 3.3.1. Possible AMPs against Taeniasis and Cysticercosis 

Taeniasis is a parasitic intestinal infection caused by two species of adult tapeworms, namely Taenia 

solium (pork tapeworm) and Taenia saginata (beef tapeworm). This parasitic disease is contracted when 

humans ingest raw or underprepared beef (infected with T. saginata) or pork  

(T. solium). The accidental consumption of T. solium eggs, through contaminated food or water, can lead 

to cysticercosis [187]. The eggs move into the digestive tract, where they hatch and develop into larvae 

(cysticerci). These larvae can then enter the circulation and invade host tissue and organs, such as 

muscles, eyes, skin and the central nervous system. If the cysticerci spread to the brain, 

neurocysticercosis may develop, which can be a fatal condition [188]. Symptoms include blindness, 
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headache, dementia, meningitis and epilepsy. Current treatment of taeniasis includes praziquantel or 

niclosamide [189]. Treatment of neurocysticercosis includes long courses with praziquantel or 

albendazole, and also supporting therapy with anti-epileptic drugs and corticosteroids [190]. There are, 

however, drawbacks involved when using these drugs. Praziquantel can induce epileptic seizures in 

patients with neurocysticercosis, whereas niclosamide is only effective against adult intestinal 

tapeworms [187,191]. 

Temporin A and iseganan IB-367 (a protegrin-1 (APD ID: AP00195) derivative that belongs to the 

cathelicidins family) have anti-parasitic effects against T. crassiceps [192], a parasite which has a close 

relationship with T. solium. Iseganan IB-367 functions by disrupting cell membranes through the 

induction of pores. Both these peptides reduce the parasitic load and damage the tegumentary surface of 

the cysticerci. In a study by Landa et al., temporin A reduced the parasitic load by 50% and iseganan 

IB-367 by about 25%. These peptides also induced morphological changes in vitro in the cysticerci 

[193]. AMPs have therefore been shown to be effective in destroying cysticerci and damaging the wall 

of the cysticerci, which is critical for the death of the cestode. These, or structurally similar peptides, 

should be investigated as alternatives to current anthelminthic treatment to bolster the treatment of 

taeniasis and cysticercosis. 

2.5.13. 3.3.2. AMPs from Onchocerciasis 

Onchocerciasis, also known as “river blindness”, is caused by the filarial worm  

Onchocerca volvulus [194], the second most common cause of blindness from infection after  

trachoma [195]. The disease is transmitted by the bites of infected blackflies (Simulium species) which 

breed in fast flowing streams and rivers, predominantly in central Africa [196]. The adult worms produce 

microfilariae in the human body where it migrates to the eyes, skin and other organs. Symptoms develop 

as a result of the microfilariae moving around in the body and inducing inflammatory responses. Severe 

itching, skin lesions and nodules under the skin are some of the symptoms that infected people develop. 

Eye lesions can also develop, causing visual impairment ultimately leading to permanent blindness. The 

recommended treatment for this disease includes ivermectin once yearly for 10 to 15 years [194]. 

Repeated doses of ivermectin over several years are required for the elimination of an onchocerciasis 

infection to halt the transmission of the parasite in the long term [197]. 

Human neutrophil peptide 1–3 (HNP1–3) was identified in O. volvulus worms extracts [198]. Human 

neutrophil peptides are α-defensins that belong to the family of cationic trisulfide-comprising 

antimicrobial peptides [199]. HNP1-3 has been shown to mediate the macrophage response to  

micro-organisms by stimulating the release of IFN-γ and TNF-α [200]. Defensins can neutralize  

a target micro-organism by binding and permeabilizing its membrane. Although human neutrophil 

peptides can still bind to the surface of O. volvulus, this parasitic worm may have developed a limited 

resistance to these AMPs through co-evolution. This may explain why human neutrophil peptides were 

isolated with O. volvulus worm extracts, as the peptides are able to bind to the surface of the worm but 

not cause permeabilization and death. Identifying and/or investigating natural AMP homologs of human 

neutrophil peptides may yield alternative treatments for onchocerciasis. 

In another study, Eberle et al. identified at least three excretory/secretory products (including 

galectin) of O. ochengi and O. volvulus with significant antibacterial activity against E. coli [11]. The 
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excretory/secretory peptides of many parasites are similar to host defence peptides and, as mentioned 

earlier, host defence peptides have been shown to have antibacterial, antifungal, anti-parasitic and 

antiviral activities [201]. The peptides excreted/secreted by O. ochengi and O. volvulus present  

a promising pool of potential novel AMPs and further investigation into these peptides is needed [11]. 

1.7.3.4. Antiviral Peptides and Their Potential Use to Treat Viral Diseases and Possible Application to 

Viral Negl.Trop. Dis. 

Viral diseases are one of the leading causes of morbidity and mortality globally, especially in lower 

income countries. Adding to this problem, antiviral treatments are expensive to develop and are usually 

only effective against a single virus [202]. The control of viral diseases has always been  

a challenge, due to their genetic diversity, short and effective replication cycles, diverse transmission 

means, and adaptability, as well as the wide variety of hosts. In their history, the US Food and Drug 

Administration (FDA) has only approved about 60 antiviral drugs for seven viruses (cytomegalovirus, 

herpes simplex virus, hepatitis B and C viruses, human immunodeficiency virus-1 (HIV-1), influenza, 

and varicella-zoster virus) and almost half of the approved antiviral drugs are for HIV-1 [203]. Despite 

this, a considerable amount of peptides have been shown to be effective against wide range of viral 

infections [204–208]. There seem to be two main antiviral mechanisms of AMPs as reviewed in Klotman 

and Chang [57]. The first mechanism is similar to the antibacterial activity of AMPs and involves direct 

disruption of viral envelopes or interaction with internal viral targets, while the second is thought to be 

an indirect antiviral action by stimulating specific innate immune mechanisms of the infected host cell. 

When the first antiviral AMP (HNP-1) was discovered in 1986, it was believed that these peptides 

only had a direct effect on enveloped viruses while overlooking non-enveloped viruses [209]. HNP-1 

was reported to have a direct inhibitory effect on the enveloped viruses such as herpes simplex virus-1 

and 2, influenza virus and vesicular stomatitis [209]. It is hypothesised that the method of direct 

inactivation is the disruption of the viral capsid or preventing host entry by binding to the viral 

glycoproteins [57], but the exact mechanism is not clear and requires further investigation. AMPs 

(including HNP-3 and human β-defensin-3) have no detectable direct effect on the non-enveloped rhino-

, echo- and reoviruses [209,210]. However, it has been shown that the AMPs HNP-1 and  

β-defensin-3 can stimulate infected host cells to subdue the viral replication of non-enveloped viruses 

after virion entry [211]. Instead of blocking the binding of the virus to the host cell and subsequent 

endocytosis, antiviral peptides may obstruct the release of the virion from the endosomes. Still, further 

studies are needed to elucidate the mechanisms by which AMPs can suppress non-enveloped  

viral replication. 

In a study done by Carriel-Gomes et al., they evaluated the in vitro antiviral activity of nine AMPs 

against the human adenovirus (respiratory strain), type 1 herpes simplex virus and rotavirus (SA11 

strain) [212]. Although several AMPs tested showed promising antiviral activity, most peptides were 

cytotoxic at their active concentrations. However, modifying the peptide structures of these AMPs may 

reduce their cytotoxicity and make them attractive antiviral treatments. In order for the cell to mount an 

effective antiviral offensive, most viral infections lead to the stimulation of a complex cascade of host 

cell signalling pathways (including Jak-STAT- and Toll pathways), ultimately resulting in the expression 

of IFN-stimulated genes (ISGs), which is able to directly inhibit viral replication [213–215]. The secretion 



Molecules 2015, 20 134 

 

134 
 

of cytokines belonging to the interferon (IFN) family (IFN type I and III in particular), play an important 

role in this innate immune response by activating the expression of  

IFN-stimulated genes (ISGs) [216,217]. Many AMPs have been shown to exhibit antiviral activity 

during several phases of viral pathogenesis [218] and several AMPs play a central role in immune 

activation and inflammation regulation [77,219], possibly providing a unique foundation for the 

development of novel therapeutic agents. This section will focus on the potential use of AMPs for the 

treatment of dengue viral disease and rabies. 

2.5.14. 3.4.1. AMPs against Dengue Viral Disease 

Dengue viral disease is a mosquito (Aedes aegypti)-borne pathogen predominant in tropical and sub-

tropical regions, putting more than 3.6 billion humans at risk of infection [220,221]. This disease is 

caused by one or more of five serotypes of the dengue virus (DEN-1 to -5) belonging to the genus 

Flavivirus [222,223]. Genetically, at least four of the five dengue virus serotypes seem to share  

a common ancestor in sub-human primates from central and east Africa [224]. The modern dengue virus 

is an enveloped, single positive-stranded RNA virus with a genome of ~11,000 bp that codes for three 

structural proteins and seven non-structural proteins [225]. Phylogenetic analysis indicated that dengue 

viruses have exceptionally high mutation rates (as high as 1 nucleotide mutation per life cycle), which 

is most likely due to the lack of proofreading ability in their RNA-dependant  

RNA-polymerase [226,227]. Only the female mosquitos act as vectors for the dengue virus and they are 

infectious throughout their entire lifespan [228]. Alarmingly, there has been a rapid ecological expansion 

of the virus’s vector, A. aegypti, over the past few decades, dramatically increasing the risk of human 

infection [221]. Dengue virus infects approximately 500 million people across 124 countries annually. 

The resulting infection causes nearly 21,000 deaths and an economic burden of more than US$950 

million each year [220,229,230]. The majority of mortalities are caused when dengue viral disease 

progresses to severe dengue haemorrhagic fever (DHF) or dengue shock syndrome (DSS) [220]. Due to 

the five diverse dengue virus serotypes, high mutation rate and lack of a working animal model, no 

effective vaccine exists for this virus [231]. Additionally, disease prevention is impractical due to 

difficult vector control, and clinical treatment is limited to secondary shock prevention care. There is  

a dire need for the development of alternative anti-dengue viral treatments. 

As an alternative approach, Rothan and colleagues investigated the potential of the AMP latarcin 

(Ltc-1; APD ID: AP01010) from the venom of the ant spider Lachesana tarabaevi to inhibit the 

replication of dengue viruses in cultured Vero cells [232,233]. In dengue virus, Rothan et al. showed 

that the Ltc-1 peptide binds to the non-structural protein 3 (NS3) which may inhibit substrate binding to 

the NS3 active site, hindering the formation of the NS2B co-factor active site [233]. For the release of 

the mature dengue viral structural and non-structural proteins, the NS2B-NS3pro complex must first 

cleave the dengue viral poly-protein at specific sites [234,235]. Consequently, the Ltc-1 inhibition of the 

NS2B-NS3pro complex can halt virus replication by hindering the post-translational function of the 

dengue viral poly-protein [233,236]. 

In another study, two synthetic AMPs designed to target the domain III of the dengue  

DENV-2 E protein significantly inhibited virus entry in to LLC-MK2 cultured cells [237]. Efficient entry 

of the virus particle into the host cell is crucial to the success of any infection. In the case of the dengue 
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virus, attachment to the host cell surface receptors and subsequent viral–cell membrane fusion is 

mediated by the virus’s E protein [238]. The E protein consists of three domains comprising domain I (the 

central structural domain), domain II (the dimerization domain) and domain III (the  

receptor-binding domain) [239]. Apart from cell entry, the E protein is also the chief target for protective 

antibodies against the dengue virus, and there are several conserved regions between the dengue 

serotypes [238]. The two synthetic AMPs designed by Alhoot and colleagues targeted a short amino acid 

sequence in the lateral loop of domain III in strain 2 of the dengue virus. This may reduce the viral load 

during early infection and buy time for an effective immune response which can reduce the severity of 

infection. This inhibitory function of these synthetic AMPs against dengue virus can provide a basis for 

identifying similar natural AMPs to develop new therapeutic strategies against dengue infections. 

2.5.15. 3.4.2. AMPs against Rabies 

Rabies has an exceptionally high fatality rate for an infectious disease (fatality rate of virtually 100% 

after symptoms appear) and is responsible for an estimated 55,000 deaths annually [240]. However, due 

to underreporting, deaths may be as much as 100 times higher [241]. This zoonotic disease has been 

plaguing mankind for more than 5000 years and has a very unique and wide range of hosts for a viral 

disease, as it can infect almost all warm-bodied animals [242,243]. Rabies mainly affects the poor, rural 

communities of developing regions and is 100% vaccine preventable. The causative agent of rabies is 

the enveloped, negative-sensed, single-stranded RNA Lyssavirus (Lyssa, Greek goddess of madness and 

frenzy) from the Rhabdoviridae family [244]. The Lyssavirus genome consists of approximately 12,000 

bp and encodes for 5 viral proteins. The virus is found in the saliva of infected animals and is usually 

transmitted through their bites. The rabies virus can supress the host’s innate immune response by 

subduing the type I interferon response [245]. After the initial wound entry, Lyssavirus uses the central 

nervous system to invade the host’s neurons, where it replicates and spreads [246]. Symptoms of the 

classical rabies infection commonly include hydrophobia, muscle spasms, extreme aggression 

(erratically attacking objects or other humans) and terror [242,247]. Nowadays, rabies infections are 

primarily controlled by limiting animal infections. In the United States, if a human is exposed to a rabies-

infected animal, a prophylaxis containing rabies immunoglobulin together with an inactivated rabies 

virus vaccine is administered [248]. With the approval of the WHO, viral vector vaccines and DNA 

vaccines have been introduced in developing countries to reduce vaccination costs [249,250]. Pre-

exposure rabies vaccines exist, but are not widely used and mainly reserved for individuals that have a 

high risk of infection, including researchers and veterinarians due to their high costs [251]. 

In a study by Real et al., short, natural peptides that target rabies viruses were evaluated for their 

antiviral potential [252]. They proposed an antiviral drug discovery strategy based on the mimicry of 

natural peptides such as the lebocin 1 and 2 (APD ID: AP00359) from silkworms (Bombyx mori) and µ-

conotoxin from cone snails (Conus geographus). A large amount of peptides were screened for their 

binding affinity to the phosphoprotein of the rabies virus. The viral phosphoprotein plays an important role 

in the transcription-replication complex and reduces non-specific RNA binding by acting as  

a chaperone for the nucleoprotein [254,255]. Only selected peptides with high binding affinity were then 

evaluated for their antiviral potential against rabies viruses. After an ex vivo inhibition of viral replication 

assay, they identified four structurally diverse peptides (C2, C6, C8 and P16) that exhibited strong rabies 
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virus inhibitory properties [252–253]. Three of the four AMPs (C6, C8 and P16) had an algorithmically 

predicted α-helical conformation, while the AMP with highest antiviral activity, C2, seemed not to 

possess a helical-like structure. The central role that the viral phosphoprotein plays in the  

transcription-replication complex makes this protein an attractive target for antiviral treatments.  

Real et al. showed that AMPs based on natural peptides can be used to drastically inhibit the replication 

of rabies viruses. Their work also offers an alternative strategy for identifying novel antiviral peptides, 

with the objective to develop new types of antiviral treatments. Besides this study, very little published 

work is available on the antiviral treatments for rabies. There have, however, been some AMPs identified 

for other viruses in the Rhabdovirus family, including casein and αs2-casein, which can drastically inhibit 

the replication of the infectious haematopoietic necrosis virus in salmonid fish [256]. Another study also 

found that human α-defensin-1 has antiviral activity against the haemorrhagic septicaemia virus [257]. 

All these findings suggest that AMPs are a viable antiviral treatment option for viruses in the 

Rhabdovirus family, and more efforts should be made to identify and investigate these peptides as 

possible rabies treatments. 

4. Conclusions 

NTDs are a diverse group of 17 disabling, though neglected, conditions affecting a fifth of the world’s 

population, resulting in more than 500,000 deaths annually. These infections, prioritized by the WHO, 

are caused by a wide variety of organisms including vector-borne protozoa, parasitic worms, bacteria 

and viruses. Due to the diverse nature of NTDs and the initial lack of funding, research, diagnosis, 

prevention and treatment strategies are challenging. The Millennium Development Framework is a 

United Nations-led coalition for the alleviation of poverty in the developing regions of the world by 

2015. One of the goals of this framework is to combat HIV/AIDS, malaria and Negl.Trop. Dis.. Although 

this goal has brought much-needed attention to neglected diseases, NTDs still cause massive global 

suffering in millions of people. Innovative, cost-effective, rationally designed treatments are desperately 

needed to ease the burden of NTDs. 

Due to the ever-increasing rise in antibiotic resistance, there is a dire need for the development of 

alternative treatment strategies. AMPs, produced by all known living species, may be considered natural 

antibiotics due to their central role in the innate immune system, providing the first line of defence 

against microbial infections. These peptides have a broad range of activity against bacteria, parasites and 

viruses. Numerous studies have focused on the potential use of AMPs for the treatment of NTDs, as 

summarised in Table 2. Many of these AMPs have shown to be promising candidates for the 

development of therapeutic agents in the battle against NTD infections. However, many obstacles still 

need to be overcome, including the cytotoxic effects of some peptides and challenges regarding bio-

availability. Structural analogues of natural AMPs and hybrid peptide formulations have shown 

promising results in lowering cytotoxicity and should therefore be further investigated for the possible 

treatment of NTDs. Additionally, bio-availability issues may be overcome by utilizing nano- or 

mircoparticle formulations which can also increase specificity and decrease toxicity associated with 

some AMPs. Apart from the direct application of AMPs, they may be considered for multi-drug 

treatment regimens as synergistic interactions have been observed when used in combination with 

conventional antibiotics. Due to this synergism and different mechanisms of action between AMPs and 



Molecules 2015, 20 137 

 

137 
 

antibiotics, the probability of inducing pathogen resistance to antibiotics can be drastically reduced. 

AMPs that are currently in clinical trials for the treatment of other conditions should be investigated as 

potential candidates for the treatment of NTDs. These AMPs might prove to be effective against NTDs; 

for example, pexiganan, which is undergoing phase 3 clinical trials for diabetic foot ulcers, served as 

template for the development of an arginine-rich variant that displays potent  

anti-leishmanial activity. 

Currently, the greatest obstacle for the use of AMPs, which especially affects its use in the treatment 

of NTDs, is the cost of the large-scale synthesis of these peptides. Additionally, for  

large-scale application, isolation from natural sources is also not a viable option. Progress has been made 

in developing DNA recombinant methods to successfully synthesise and purify AMPs for therapeutic 

application in a cost effective manner [258–260], but the commercial feasibility of these methods still 

need to be evaluated. Also, because ribosomally synthesised AMPs are expressed by single genes, they 

may be considered for use in gene therapy for introduction directly into infected tissue. This could 

significantly reduce the cost associated with the large-scale production and purification of AMPs. 

In conclusion, AMPs are effective against a variety of infectious diseases including NTDs. AMPs 

offer innovative treatment possibilities as they can be used as single anti-microbial agents and in 

combination with conventional antibiotics, as well as immunomodulating agents. Future research should 

focus on addressing the issues related to toxicity and challenges associated with mass manufacturing. 

 



Molecules 2015, 20 138 

 

138 
 

Table 2. Summary of selected AMPs that are associated with or display activity against neglected tropical dis eases. 

Type 
Infection 

(causative agent) 
AMP Source Notes Ref 

Bacterial 

Leprosy 

Mycobacterium 

leprae 

Human 

β-defensin 3 

Homo sapiens 

(Human) 
Up-regulated during a leprosy type 1 infections [106] 

LL-37 

Homo sapiens 

(Human) 

Pan troglodytes 

(Chimpanzee) 

M. leprae inhibits CAMP - the gene encoding for LL-37 [116] 

Hepcidin 
Homo sapiens 

(Human) 
Involved in the degradation of ferroportin in multibacillary lesions [118] 

Trachoma 

Chlamydia 

trachomatis 

SMAP-29 
Ovis aries 

(Sheep) 

Reduced inclusion number at concentration of 10 µg/mL. 

Compromised integrity of extracellular elementary body 
[130] 

Melittin 
Apis mellifera  

(Honey bee) 

Direct cytotoxic effect on C. trachomatis. Hindering normal 

process of intracellular development by lowering  the transdermal 

potential and disrupting the adhesion of the bacteria to the cell 

[133] 

Cyto-insectotoxin 

1a 

Lachesana tarabaevi 

(Central Asian ant 

spider) 

Inhibit C. trachomatis infection at an early stage, with higher 

efficacy than melittin and negligible effect on cell viability 
[134] 

Parasites 
Chagas disease 

(Trypanosoma cruzi) 

Melittin 
A. mellifera (Honey 

bee) 

Induced morphological alterations in the different developmental 

forms of the parasite, which could be characterized as apoptosis 

and autophagy. 

[145] 

Dermasiptin-01 
Phyllomedusa 

oreades (Tree frog) 
Lytic activity [149] 
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Table 2. Cont. 

Type 
Infection 

(causative agent) 
AMP Source Notes Ref 

Parasites 

Chagas disease 

(Trypanosoma cruzi) 
Tachyplesin I 

Tachypleus 

tridentatus 

(Horseshoe crab) 

Able to kill T. cruzi epimastigote and promastigotes at micromolar 

concentrations. 
[151] 

Human African 

Trypanosomiasis 

(Trypanosoma 

brucei) 

Temporin-SHd 
Pelophylax saharica 

(Sahara frog) 
Growth inhibitory activity against T. brucei and T. cruzi 

[155] 

 

BMAP-27 Bos Taurus (Cattle) 
Inhibited both life cycles of both T. brucei at low micromolar 

concentrations 
[157] 

Leishmaniasis 

(L. donovani, L 

major, L. tropica, L. 

Mexicana and L. 

panamensis) 

 

Temporin A and B 

 

Rana temporaria 

(European common 

frog) 

Active against insect and mammalian stages at 15-25µM 

concentrations. Rapid disruption of plasma membrane potential 

and decrease in intracellular ATP levels 

[160] 

Dermaseptin S4 

Phyllomedusa 

sauvagii, (South 

America Sauvages 

leaf frog) 

Potent lysis for L. major promastigotes. [51] 

Dermasiptin-01 
Phyllomedusa 

oreades (tree frog) 

Active against L. infantum promastigotes by membrane damage 

and flagella alterations 
[164] 

Gomesin 

Acanthoscurria 

gomesiana 

(Tarantula spider) 

Decreased the viability of L. amazonensis promastigotes with little 

activity against human erythrocytes 
[166] 

Indolicidin Bovine leukocytes Membrane effects and able to induce autophagy in L. donovani [167] 
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Table 2. Cont. 

Type 
Infection 

(causative agent) 
AMP Source Notes Ref 

Parasites 

Leishmaniasis 

(L. donovani, L major, 

L. tropica, L. Mexicana 

and L. panamensis) 

Thionins 
Triticum aestivum 

(Wheat) 

Proved effective against L. donovani promastigotes in the low 

micromolar range, membrane permeability 
[168] 

Helminths 

Onchocerciasis 

(River blindness) 

(Onchocerca volvulus) 

HNP1-3 
Homo sapiens 

(Human) 

HNP1–3 can bind to Onchocerca volvulus surfaces and is known 

to mediate the macrophage response against other micro-organisms 

by the release of IFN-γ and TNF-α 

[200] 

Galectin 

Peroxidoxin-2 

ALT-1 

(all peptides are 

AMP precursors) 

Onchocerca 

ochengi 

(Black fly) 

Onchocerca 

volvulus 

(Roundworm) 

Excretory/secretory products of Onchocerca volvulus with 

significant antibacterial activity against E. coli 

The peptides Galectin, Peroxidoxin-2 and ALT-1 are all AMP 

precursors 

 

[11] 

Viruses 

Dengue viral disease 

(family Flaviviridae) 
Latarcin 

Lachesana 

tarabaevi 

(Ant spider) 

Able to inhibit the replication of dengue viruses in in vitro cultured 

cells 
[232,233] 

Rabies (Lyssavirus) C2, C6, C8 and P16 Synthetic 
Synthetic AMPs based on naturally according peptides C2, C6, C8 

and P16 peptides exhibited strong rabies virus inhibitory properties 
[252] 
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