
The Effect of Quinoline Heterocyclic 
Derivatives on the Malaria Parasite and 

Anopheles Vector 
 

Sahil Lala 

 

 

 

 

 

A dissertation submitted to the Faculty of Health Sciences, 

University of the Witwatersrand, 

in fulfilment of the requirements for the degree 

of 

Master of Science in Medicine (Clinical and Experimental Pharmacology) 

 

Johannesburg, 

2024 



i 
 

DECLARATION 
 

I Sahil Lala declare that this dissertation is my own, unaided work. It is being submitted for the 

Degree of Master of Science in Medicine at the University of the Witwatersrand, Johannesburg.  

It has not been submitted before for any degree or examination at any other University. 

 

 
 

24 October 2024 at Parktown 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

DEDICATIONS 

 

I would like to dedicate this dissertation to all those who encouraged me and provided support 

throughout the years. 

 

"The only true wisdom is in knowing you know nothing." 

 Socrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ACKNOWLEDGEMENTS 
 

I would like to acknowledge and thank my supervisor Prof. Robyn L van Zyl, for her supervision, 

advice, wealth of knowledge and all the time and effort that she dedicated to this study.  

Thank you to Dr Shune Oliver their guidance with the larvicidal/ovicidal studies and for 

providing the larvae/ovum for this study.  

I would like to acknowledge and thank Mr Chien-Teng Chen his technical expertise and support 

in the laboratory. 

I would like to thank Mr J. Mahlangu, Miss P. Thabana and Miss N Rooplal for their support in 

the laboratory and interesting discussions.  

Sincerest thanks to all the staff of the Department of Pharmacy and Pharmacology and the WITS 

Research Institute for Malaria for all their advice, help and support. 

Sincerest thanks to the University of Witwatersrand, the National Research Foundation, the 

German Academic Exchange Service (DAAD) and Faculty Research Committee for providing 

financial support. 

 

 

 

 

 

 

 

 



iv 
 

ABSTRACT 
The World Health Organization estimated that in 2022 there were 249 million cases of malaria 

with 608,000 fatalities worldwide. The development of drug resistance by the Plasmodium 

parasite, as well as insecticide resistance in the Anopheles vector, has necessitated intense 

research to identify lead compounds. Quinoline derivatives have been used to generate a range 

of important antimalarial derivatives with promising activity. As such forty-two quinoline 

heterocyclic derivatives were designed, synthesised, purified and structures verified before being 

evaluated for in vitro antimalarial and insecticidal properties, in conjunction with a preliminary 

toxicological profile.   The antimalarial activity was evaluated against chloroquine-sensitive (NF54) 

P. falciparum using the Plasmodium lactate dehydrogenase assay, with the insecticidal activity 

determined against Anopheles arabiensis (KWAG) larvae in accordance with the WHO insecticide 

testing guidelines. The toxicity of the derivatives was evaluated against Artemia franciscana, 

human kidney endothelial (HEK293) and human red blood cells. Of the forty-two heterocyclic 

derivatives, twenty-six possessed promising antimalarial activity (>50% growth inhibition) at 

50µM. All derivatives had a direct effect on the intra-erythrocytic parasite, where there was 

minimal lysis of the red blood cell host. One Dihydroquinoline-Carbothioamide (DC14) (100%) 

and one Quinoline-3-Carboxamide (Q3C11) (89.15%) derivative displayed activity with IC50 values 

of 7.23 ± 1.17 and 7.99 ± 0.31 µM that were 85-fold less active than quinine. In combination with 

quinine, a synergistic and additive interaction were observed with compound DC14 and Q3C11, 

respectively. Both derivatives were found to possess negligible insecticidal activity at 0.05µM 

against the An. arabiensis 3rd instar larvae (DC14: 6.67%; Q3C11: 11.67%) and eggs (DC14: 

16.25%; Q3C11: 8.13%) compared to 0.05µM DDT (100%) and 1% formalin (100%). In 

comparison, compounds DC14 and Q3C11 were 14.4- and 7.5-fold more toxic against Ar. 

Franciscana, with LC50 values of 2.678 µM and 7.83 µM, respectively. The derivatives were 

minimally toxic to the HEK293 cells, such that there was a selectivity index towards the malaria 

parasite of 11.13 and 7.55 for compounds DC14 and Q3C11, respectively.   Although there was 

favourable antimalarial activity, pharmacokinetics and safety index for the quinoline heterocyclic 

compound DC14, further derivatisation is needed before this lead compound could be further 

considered for development as an antimalarial agent. 



v 
 

LIST OF PUBLICATIONS AND CONFERENCE ATTENDANCE 

Publications: 

Manuscripts in preparation  

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L. The antimalarial and insecticidal 

activity of Quinoline heterocyclic derivatives.  

 

Conference attendance: 

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L.  

The effect of Dihydroquinoline-carbothioamide derivatives on the Plasmodium parasite and 

Anopheles vector. 4th Southern Africa Malaria Research Conference. National Institute of 

Communicable Diseases, Johannesburg, South Africa. 30 July-1 August 2018 (Poster presentation) 

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L.  

The antimalarial and insecticidal activity of 2-phenylhydrazono-[1,5-a]quinoline derivatives. WITS 

Faculty of Health Sciences Research Day and Postgraduate Expo 2018. Parktown, South Africa. 6 

September 2018 (Poster presentation)  

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L. 

The antimalarial and insecticidal activity Quinoline-3-carboxamide derivatives. Conference of 

Biomedical and Natural Sciences and Therapeutics (CoBNest). Stellenbosch, South Africa. 7-10 

October 2018 (Poster presentation). 

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L. 

The antimalarial and insecticidal activity Quinoline-3-carboxamide derivatives. 5th Southern Africa 

Malaria Research Conference. University of Pretoria, Future Africa Campus, Pretoria, South Africa. 

31 July 2019 (Poster presentation) 

 

 

 



vi 
 

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L. 

The antimalarial and insecticidal activity Quinoline-3-carboxamide derivatives. WITS Faculty of 

Health Sciences School of Therapeutic Sciences Biennial Research Day 2019. Parktown, South 

Africa. 10 September 2019 (Poster presentation)  

Lala, S., Govender, H., Oliver, S., Koorbanally, N., van Zyl, R.L. 

The antimalarial and insecticidal activity Quinoline-3-carboxamide derivatives. WITS Faculty of 

Health Sciences School, WRIM World Malaria Day. Parktown, South Africa. 25 April 2023 (Poster 

presentation)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

TABLE OF CONTENTS 
 

Declaration ......................................................................................... i 

Dedication ......................................................................................... ii 

Acknowledgements ........................................................................... iii 

Abstract ............................................................................................ iv 

Publications and conference attendance ............................................ v 

Table of Contents ............................................................................. vii 

List of Figures ................................................................................... xii 

List of Tables ................................................................................... xiv 

List of Equations............................................................................. xvii 

List of Abbreviations ..................................................................... xviii 

CHAPTER ONE – INTRODUCTION 

1.1. Malaria Etiology   .....................................................................................................   1 

1.2. Plasmodium Life Cycle ............................................................................................... 3 

1.3. Anopheles Vector ...................................................................................................... 6 

1.3.1. Anopheles in South Africa ...............................................................................   6 

1.3.2. Anopheles Life Cycle  ......................................................................................   7 

1.4. Malaria Symptoms and Diagnosis .............................................................................   9 

1.5. Malaria Prophylaxis and Treatment in South Africa ................................................   11 

1.6. Antimalarial drug resistance in South Africa ...........................................................   20 

1.7. Insecticide resistance in South Africa ......................................................................   21 

1.8. Novel drug compounds ..........................................................................................   23 

1.8.1. Hybrid compounds .......................................................................................   23 

1.8.2. Quinoline  ....................................................................................................   24 



viii 
 

1.8.3. Dihydroquinoline-carbothioamide  ...............................................................   25 

1.8.4. Phenylhydrazone .........................................................................................   25 

1.8.5. Quinoline-3-Carboxamide ............................................................................   26 

1.8.6. Rationale of the heterocyclic derivative study ..............................................   26 

1.9. Rationale, Aims & Objectives..................................................................................   27 

1.9.1 Rationale ....................................................................................................   27 

1.9.2 Aim .............................................................................................................   27 

1.9.3 Objectives ....................................................................................................   27 

 

CHAPTER TWO – METHODS AND MATERIALS 

2.1. Compounds and Reagents  .....................................................................................   29 

2.1.1.  Test and Control compounds  ....................................................................... 29 

2.1.2. Preparation of test compounds and control drugs ........................................   29 

2.1.3. Analysis of test compounds and positive controls .........................................   32 

2.2. Antimalarial assay ................................................................................................... 35 

2.2.1. Malaria parasite culture maintenance  .........................................................   35 

2.2.1.1. Parasite culture reagents and solutions .............................................   35 

2.2.2. Collection and preparation of uninfected red blood cells  .............................   36 

2.2.3. Parasite culture maintenance  ......................................................................   37 

2.2.4. Giemsa staining ............................................................................................   37 

2.2.5. Parasite culture syncronization .....................................................................   38 

2.2.6. Parasite culture cryopreservation .................................................................   39 

2.2.7. Parasite culture initiation from frozen cryovials ............................................   39 

2.2.8. Plasmodium lactate dehydrogenase drug sensitivity assay ............................   40 

2.2.8.1. Solutions and reagents ......................................................................   41 

2.2.8.2. pLDH assay protocol ..........................................................................   41 

2.3. Antimalarial combination studies  ..........................................................................   43 

2.3.1. Antimalarial combination  ............................................................................   43 



ix 
 

2.3.2. Parasite morphology and stage determination .............................................   45 

2.4. Vector studies  .......................................................................................................   46 

2.4.1. Anopheles mosquitoes .................................................................................   46 

2.4.2. Larvicidal assay ............................................................................................   47 

2.4.2.1. Larvicidal lethality assay ....................................................................   47 

2.4.2.2. Morphological effects .......................................................................   49 

2.4.3. Ovicidal assay...............................................................................................   49 

2.4.3.1. Ovicidal lethality assay ......................................................................   49 

2.5. Toxicological assays ................................................................................................   50 

2.5.1. Haemolysis assay .......................................................................................... 50 

2.6. Cytotoxicity studies ................................................................................................. 51 

2.6.1. Cytotoxicity assay ........................................................................................   51 

2.6.2. Cytotoxicity assay cells .................................................................................   52 

2.6.2.1. Cell culture reagents and solutions ....................................................   52 

2.6.2.1.1. Incomplete and complete cell line culture medium .................   52 

2.6.2.1.2. Foetal bovine serum ..............................................................   53 

2.6.2.1.3. MTT .......................................................................................   53 

2.6.2.1.4. Cell line cryopreservation solution .........................................   53 

2.6.2.2. Maintenance of cell culture ...............................................................   53 

2.6.2.2.1. HEK293 cell line .....................................................................   54 

2.6.2.2.2. K562 cell line ..........................................................................   54 

2.6.2.3. Cryopreservation of cell lines ............................................................   55 

2.6.3. MTT cellular viability protocol ......................................................................   55 

2.6.4. Cellular viability combination studies ...........................................................   57 

2.6.5. Safety index .................................................................................................   58 

2.7. Artemia toxicity study ............................................................................................   58 

2.8. Artemia lethality assay protocol .............................................................................   59 

2.8.1. Hatching Artemia eggs .................................................................................   59 

2.8.2. Artemia lethality assay  ................................................................................   59 



x 
 

2.9. Free radical-induced oxidative stress and Iron chelation  ........................................   60 

2.9.1. Preparation of test compounds and control drugs for iron chelation and free 

radical scavenging assays .................................................................................   61 

2.9.2. Free radical scavenging assay ........................................................................ 61 

2.9.2.1. Free radical scavenging assay protocol ..............................................   61 

2.9.3. Iron chelation assay .....................................................................................   63 

2.9.3.1. Iron chelation assay protocol ................................................................. 64 

2.10. Computational analysis ................................................................................   65 

2.11. Statistical analysis ......................................................................................... 66 

 

CHAPTER THREE – RESULTS 

3.1. Antimalarial activity ...............................................................................................   67 

3.2. Antimalarial combination studies ............................................................................ 69 

3.3. Morphological and stage specific effects .................................................................   70 

3.4. Vector Studies ........................................................................................................   75 

3.4.1. Larvicidal Activity .........................................................................................   75 

3.4.2. Morphological effects of the test compounds on the An. arabiensis larvae ...   77 

3.4.3. Ovicidal Activity ...........................................................................................   79 

3.5. Cytotoxicity Studies ................................................................................................. 80 

3.5.1. Haemolysis.................................................................................................... 80 

3.5.2. MTT cytotoxic activity ................................................................................... 80 

3.6. Cytotoxic combination studies................................................................................. 84 

3.7. Safety and selectivity Index ..................................................................................... 84 

3.8. Artemia lethality assay ............................................................................................ 85 

3.8.1. Artemia lethality studies ..............................................................................   85 

3.8.2. Morphological effects of the test compounds on the Ar. franciscana nauplii .   86 

3.9. Anti-Oxidant and Iron Chelating Activity .................................................................. 91 

3.9.1. Free Radical Scavenging ................................................................................ 91 



xi 
 

3.9.2. Iron Chelation ............................................................................................... 91 

3.10. Computational Analysis ................................................................................. 91 

3.10.1 Drug-likeness predictions ……………………………………………………………………………  91 

 

CHAPTER FOUR – DISCUSSION 

4.1. Discussion ..............................................................................................................   98 

4.1.1. Phenyl-hydrazono derivatives .......................................................................   99 

4.1.2. Dihydroquinoline-carbothioamide derivatives .............................................. 100 

4.1.3. Quinoline-3-carboxamide derivatives ........................................................... 103 

4.1.4. Lead Compounds DC14 and Q3C11 ............................................................... 103 

4.1.5. Possible mechanism of action of the quinoline derivatives ........................... 105 

4.2. Insecticidal Activity ................................................................................................110   

4.3. Toxicity profile  .......................................................................................................112   

 

CHAPTER FIVE – CONCLUSIONS, LIMITATIONS AND 

RECOMMENDATIONS FOR FURTHER RESEARCH 
5.1 Conclusions .............................................................................................................117  

5.2 Limitations and Future study recommendations ...................................................... 119 

 

References  ........................................................................................................... 120 

 

 



xii 
 

Appendices 

Appendix A: Ethics documents  ......................................................................................... 144 

Appendix B: Antimalarial activity ..................................................................................... 150 

Appendix C: Larvicidal activity .......................................................................................... 155 

Appendix D: Ovicidal activity  ........................................................................................... 159 

Appendix E: Haemolysis statistical analysis ...................................................................... 161 

Appendix F: 24 hour nauplii mortality  ............................................................................. 164 

Appendix G: The summary of the activity for test compounds Q3C8 ............................... 165 

 

 

 

 

  



xiii 
 

LIST OF FIGURES 
Figure 1.1: The global distribution of countries with indigenous cases of malaria and the 
2023 status of recent malaria cases. 

2 

Figure 1.2: Life cycle of the Plasmodium parasite in both its human and Anopheles 
hosts. 

5 

Figure 1.3: The resting/feeding stance of the female Anopheles species (A), which 
differentiates them from other non-malaria transmitting vectors, such as Aedes aegypti 
(B). 

7 

Figure 1.4: The Anopheles mosquito life cycle including eggs, larva, pupae and adult 
mosquito. 

8 

Figure 1.5: The quinoline core structure which served as a scaffold for the hybrid test 
compounds under investigation in this study. 

24 

Figure 2.1: Structural formulas of the positive controls listed in Table 2.4 that were 
used in various assays. 

34 

Figure 2.2: The Malstat™ assay for the detection of the Plasmodium lactate 
dehydrogenase enzyme. 

40 

Figure 2.3: Layout for the pLDH drug sensitivity assay. 42 

Figure 2.4: Isobologram depicting three possible pharmacological interactions between 
compound X and compound Y. 

45 

Figure 2.5: Conversion of MTT (yellow colour) to the formazan (purple colour) product 
by succinate dehydrogenase which indicates cellular viability. 

52 

Figure 2.6: Plate layout of the MTT cell viability assay. 56 

Figure 2.7: The interaction between DPPH free radical and an anti-oxidant and the 
observed colour changes. 

62 

Figure 2.8: Plate layout of the free radical scavenging assay. 63 

Figure 3.1: Dose dependent antimalarial inhibitory effect of the most active 
compounds, DC14 and Q3C11 against the in vitro asexual blood stages of P. falciparum 
in comparison to standard antimalarial drug, quinine using the pLDH assay 

67 

Figure 3.2: The antimalarial IC50 values of the most active dihydroquinoline-
carbothioamide (DC), and quinoline-3-carboxamide (Q3C) compounds on the P. 
falciparum NF54 parasite compared to the standard antimalarial drugs, quinine and 
chloroquine using the pLDH assay. 

69 

Figure 3.3: Isobolograms displaying the drug interactions between test compound 
DC14 (A,C) or Q3C11 (B,D) in combination with the standard antimalarial drug, quinine 
using the pLDH assay. (n=4). A synergistic drug interaction were observed between 

70 



xiv 
 

quinine and compound DC14, compared to an antagonist interaction between quinine 
and Q3C11. 

Figure 3.4: The % gametocytes observed over 48 hours in the untreated parasites 
control, compared to compounds DC14 (7.23 µM), Q3C11 (7.99 µM) and quinine (0.09 
µM) treated parasites control. 

71 

Figure 3.5: The comparison of the % parasitaemia over 48 hours of the ring (A), 
trophozoite (B), schizont (C) stages and the total % parasitaemia (D) of the untreated 
parasites control compared to compound DC14 (7.23 µM), Q3C11 (7.99 µM) and the 
quinine (0.09 µM) treated parasites. 

73 

Figure 3.6: Development of a gametocyte in the treated NF54 P. falciparum parasite flask 
after 24 hours of exposure to test compound Q3C11. 

74 

Figure 3.7: Dose-dependent cytotoxic effect of the most active compounds, DC12 and 
Q3C8 against chronic myelogenous leukaemia K562 cell line in comparison to cytotoxic 
control cisplatin using the MTT assay. 

83 

Figure 3.8: The cytotoxic effect of dihydroquinoline-carbothioamide (DC), phenyl-
hydrazono (PHYD) and quinoline-3-carboxamide (Q3C) compound groups on human 
K562 cells compared to cisplatin (positive control). 

83 

Figure 3.9: Isobolograms displaying the drug interactions between test compound 
DC12 (A) and Q3C8 (B) in combination with cisplatin against the human chronic 
myelogenous leukaemia K562 cell line using the MTT assay. 

84 

Figure 4.1: The summary of the activity for test compound DC14. The activity of DC14 
across this study divided into its antimalarial, antioxidant and iron chelating, and 
toxicity properties. 

101 

Figure 4.2: The summary of the activity for test compound Q3C11. The activity of 
Q3C11 across this study divided into its antimalarial, antioxidant and iron chelating, and 
toxicity properties. 

102 

Figure 4.3: Overview of the effect of antimalarials, chloroquine (CQ) and artemisinin 
(ART) on the haemozoin pathway in the digestive vacuole (DV) of P. falciparum lifecycle. 

106 

Figure 4.4: The Plasmodium asexual intraerythrocytic cycle. 107 

Figure 4.5: Quinoline drugs complex with ferriprotoporphyrin IX (FPIX) and form a 
complex which inhibits further sequestration of free haem into the haemozoin crystalline 
polymer. 

108 

Figure 4.6: The summary of the activity for test compound DC12. 115 

Figure C1: Larvicidal DDT EC50 Analysis Screenshot 

 

158 

Figure G1: The summary of the activity for test compound Q3C8. 165 

  



xv 
 

LIST OF TABLES 
Table 1.1: The chemotherapeutic preventative prophylaxis of malaria. 12 

Table 1.2: Clinical and laboratory indicators of uncomplicated and severe malaria. 16 

Table 1.3: Standard antimalarials used for treatment, their mechanism of action, 
adverse effects and contra-indications. 

18 

Table 2.1: The International Union of Pure and Applied Chemistry (IUPAC) name of the 
novel dihydroquinoline-carbothioamide hybrid compounds and their corresponding 
molecular formulas and molecular weights (MW). 

30 

Table 2.2: The IUPAC name of the novel test quinoline-phenylhydrazono hybrid 
compounds and their corresponding molecular formulas and molecular weights (MW). 

31 

Table 2.3: The IUPAC name of the novel test quinoline-3-carboxamide hybrid compounds 
and their corresponding structural formulas and molecular weights (MW). 

32 

Table 2.4: Properties of the positive controls used in the various assays and their 
corresponding structures in Figure 2.1. 

33 

Table 2.5: Combined concentration ratios of compounds X and Y. Where X and Y were 
mixed in 1:1 volume ratio.  

44 

Table 3.1: The IC50 values of test compound and controls as determined by the pLDH 
assay in micromolar (µM) concentration against the P. falciparum NF54 parasite. 

68 

Table 3.2: The effect of test compounds DC14, Q3C11 and Quinine at the IC50 value 
concentrations on the parasitic stages and morphology over a 48 hour period in 
comparison to untreated NF54 P. falciparum parasites. 

74 

Table 3.3: The percentage larval mortality at 72 hours for each of the test compounds in 
comparison with positive control DDT at 0.5 µM.  

76 

Table 3.4: The morphological effects of compounds DC3, DC7 and DC11 on 3rd instar 
An. arabiensis larvae after a 72 hour period in comparison to the positive control DDT 
and untreated negative control. 

77 

Table 3.5: The percentage cell viability of the human embryonic kidney (HEK-293) and 
chronic myelogenous leukaemia K562 cell lines after treatment with 50 µM test 
compound and controls as determined by the MTT cytotoxicity assay 

81 

Table 3.6: The IC50 values of test compound and controls tested against the human 
chronic myelogenous leukaemia (K562) cell line as determined by the MTT assay. 

82 

Table 3.7: The selectivity index (or safety profile) of the test compounds corresponding 
to their respective antimalarial and cytotoxic activity at the screening concentration of 
50 µM. 

85 

Table 3.8: The percentage Ar. franciscana nauplii mortality at 48 and 72 hours for each 
of the test compounds (0.5 µM) in comparison with positive control potassium 
dichromate at 50 µM. 

87 



xvi 
 

Table 3.9: The LC50 values of the active test compounds and controls as determined by 
the Artemia lethality assay in comparison to positive control, potassium dichromate. 

88 

Table 3.10: The morphological effects of the two most active compounds from each 
compound group on the Ar. franciscana nauplii after a 72 hour period in comparison to 
positive control potassium dichromate and untreated negative control.  

89 

Table 3.11: The predicted molecular properties of the dihydroquinoline-
carbothioamide and phenyl-hydrazono hybrids screened against P. falciparum based on 
Lipinski’s Rule of Five  

92 

Table 3.12: The predicted pharmacokinetic properties of the dihydroquinoline-
carbothioamide test compounds screened against P. falciparum using SwissADME and 
Chemicalize web-based software and ToxTree Version 3.1.0-1851.  

94 

Table 3.13: The predicted pharmacokinetic properties of the phenyl-hydrazono test 
compounds screened against P. falciparum using SwissADME and Chemicalize web-
based software and ToxTree Version 3.1.0-1851.  

95 

Table 3.14: The predicted pharmacokinetic properties of the quinoline-3-carboxamide 
test compounds screened against P. falciparum using SwissADME and Chemicalize web-
based software and ToxTree Version 3.1.0-1851. 

96 

Table 3.15: The predicted pKa values and percentage ionisation of the test compounds 
compared to quinine at physiological pH (7.4) of the human plasma and red blood cell 
compared to the acidic food vacuole pH (5) of the P. falciparum parasite. 

97 

Table B1: The percentage parasite viability for each of the test compounds in comparison 
with positive control Quinine at 50 µM. 

150 

Table B2: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the 
pLDH assay IC50 values obtained 

151 

Table C1: The percentage larval mortality at 24 hours for each of the test compounds in 
comparison with positive control DDT at 0.5 µM.  

155 

Table C2: The percentage larval mortality at 48 hours for each of the test compounds in 
comparison with positive control DDT at 0.5 µM.  

156 

Table C3: The percentage pupae formation at 24, 48 and 72 hours for each of the test 
compounds in comparison with positive control DDT at 0.5 µM 

158 

Table D1: The percentage of unhatched eggs after being exposed to the test 
compounds at 0.5 µM for 72 hours in comparison with positive control formalin (1% 
v/v).  

159 

Table D2: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the 
most active ovicidal test compounds obtained at 0.5 µM after 72 hours of exposure. 
 

160 

Table E1: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the 
Haemolysis values obtained at 50 µM 

161 

Table F1: The percentage Ar. franciscana nauplii mortality at 24 hours for each of the test 
compounds (0.5 µM) in comparison with positive control potassium dichromate at 50 
µM. 

164 



xvii 
 

LIST OF EQUATIONS 
Equation 2.1: Equation used to calculate the percentage parasitaemia. 38 

Equation 2.2: The equation used to calculate the percentage parasite growth taking both 
the test and reference wavelengths into account.  

43 

Equation 2.3: Relative concentration ratios of X:Y or ƩFIC value. Ratios were calculated 
using the IC50 values of combined ratios of X and Y over the individual IC50 values of X and Y, 
respectively. 

45 

Equation 2.4 The equation used to calculate the percentage survival of the larvae after 
incubation with test compound after a 24-hour period. 

48 

Equation 2.5 The equation used to calculate the percentage mortality of the larvae after 
incubation with test compound after a 24-hour period.  

49 

Equation 2.6 The equation used to calculate the percentage mortality of the eggs after 
incubation with test compound after a 24-hour period.  

50 

Equation 2.7 The equation used to calculate the percentage haemolysis.  51 

Equation 2.8: Determination of cells in cell suspension when counted using a 
haemocytometer at 100x magnification.  

55 

Equation 2.9: The equation used to calculate the percentage cell viability taking both the 
test and reference wavelengths into account. 

57 

Equation 2.10: The equation used to calculate the safety index for P. falciparum 
compared to human kidney epithelial (HEK293) cells.  

58 

Equation 2.11: The equation used to calculate the selectivity index for human leukemic 
K562 compared to human kidney epithelial (HEK293) cells.  

58 

Equation 2.12 The equation used to calculate the percentage mortality of the Artemia 
nauplii after incubation with test compound after a 24-hour period. 

60 

Equation 2.13 The equation used to calculate the percentage decolourisation of the 
DPPH● by the test compounds and controls. 

63 

Equation 2.14 The equation used to calculate the percentage iron chelation of the 
ferrous-ferrozine complex by the test compounds. 

64 

Equation 2.15 The equation used to calculate the percentage Ionisation of the test 
compounds. 

65 

 

 

 



xviii 
 

LIST OF ABBREVIATIONS 

APAD 3-Acetylpyridine adenine dinucleotide 

APAD+ 3-Acetylpyridine adenine dinucleotide (oxidised form) 

ACD-B Acid citrate dextrose solution B 

ACT Artemisinin-based combination therapy 

CDC Centers for Disease Control and Prevention 

°C Degrees Celsius 

DC Dihydroquinoline-carbothioamide 

DDT Dichlorodiphenyltrichloroethane 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO Dimethyl sulfoxide 

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

DPPH● 2,2-Diphenyl-1-picrylhydrazyl free radical 

EDTA Ethylenediaminetetraacetic acid 

et al,. et alia 

FBS Foetal Bovine Serum 

ΣFIC Fractional inhibitory concentration 

FPIX Ferriprotoporphyrin IX 

g Gram 

g Gravitational force / G-force 

g/L Grams per Litre 

g/mol Grams per mole 

GIT Gastro Intestinal Tract 

G6PD Glucose-6-Phosphate Dehydrogenase 

HBA Hydrogen Bond Acceptor 

HBD Hydrogen Bond Donor 

HEPES N-2-Hydroxyelthlypiperazine-N’-2-ethane-sulfonic acid 



xix 
 

IC50 Concentration required to inhibit 50% parasite/cell growth. Inhibitory 

Concentration 

IRS Indoor Residual Spraying 

Ham-F12 Ham’s Nutrient Mixture F12 

HPLC High-Performance Liquid Chromatography 

HEK293 Human Embryonic Kidney epithelial cell 

IBM SPSS® International Business Machines Corporation Statistical Product and 
Service Solutions 

IRAC Insecticide Resistance Action Committee 

ITN insecticide treated mosquito net 

IUPAC International Union of Pure and Applied Chemistry 

IV Intravenous 

K562 Chronic myelogenous leukemia K562 cell  

Kg/cm2 Kilograms per centimeter squared 

L Litre 

LC50 Concentration required to kill 50% larvae/eggs/nauplii 

LDH Lactate dehydrogenase 

LLIN Long Lasting Insecticidal Net 

LogP Logarithm of the partition coefficient of a solute between octanol and 
water 

LogD Logarithm of the distribution coefficient of a solute between octanol 
and water 

MMV Medicines for Malaria Venture 

m Metre 

mg Milligram 

mL millilitre 

mM Millimolar 

µM Micromolar 

µL Microlitre 

M Molar 



xx 
 

mol Mole 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MW Molecular Weight 

NAD Nicotinamide adenine dinucleotide 

NAD+ Nicotinamide adenine dinucleotide (oxidised form) 

NADH Nicotinamide adenine dinucleotide phosphate (reduced form) 

NBT Nitroblue Tetrazolium 

n.d Not determined 

n.s Not significant 

% Percentage 

PBS Phosphate Buffered Saline 

PES Phenazine ethosulfate 

pH Potential of Hydrogen 

PHYD Phenyl-hydrazono 

pKa Ionisation constants 

pLDH Plasmodium Lactate Dehydrogenase 

Q3C Quinoline-3-carboxamide 

QN Quinine 

RBC Human Red Blood Cells 

RDT Rapid Diagnostic Test 

Ro5 Rule of Five (5) 

ROS Reactive Oxidative Species 

rpm Revolutions per minute 

RPMI-1640 Roswell Park Memorial Institute 1640 

RTS,S/AS01 R:specifies central repeat units; T: T-cell epitopes; S: surface antigen of 
Hepatitis B (#1),  S: surface antigen of Hepatitis B (#2); AS01: Adjuvant 
system 01 

SA-DOH South African Department of Health 

s.d Standard deviation 



xxi 
 

S.I Selectivity Index (or Safety Index) 

SI-HEK293/Pf Selectivity Index HEK293 versus P. falciparum 

SI-HEK293/K562 Selectivity Index HEK293 versus K562 

UV-vis Ultraviolet-visible 

WHO World Health Organization 

WRIM WITS Research Institute for Malaria 

 

 

 
 

 

 

 

 



1 
 

CHAPTER 1 - INTRODUCTION 
1.1 Malaria Etiology 

According to the World Malaria Report 2023, it is estimated by the World Health Organization 

(WHO) that globally there were 249 million cases of malaria in 85 malaria endemic countries, 

with 608,000 deaths in 2022 (WHO, 2023a). Malaria is caused by the protozoan Plasmodium 

parasite that is transmitted through the bite of an infected female Anopheles mosquito (WHO, 

2023a). The 2023 World Malaria Report states that significant progress has been achieved in 

reducing the total number of malaria deaths worldwide in comparison to 2000’s statistical data. 

The total estimated number of malaria deaths in 2000 worldwide was estimated at 864,000 and 

this declined steadily to an estimated 586,000 in 2015. The malaria mortality rate halved 

between 2000 and 2015 from an estimated 29 per 100 000 population at risk to 15.0 per 100,000 

and continued to decline worldwide reaching an estimated 14.3 per 100,000 in 2022 (WHO, 

2023a).  

However, despite the decrease in total malaria deaths worldwide, the mortality reduction rate 

has slowed since 2000 in the WHO Africa region. The malaria mortality rate decreased by 60% 

between 2000 and 2019, from 143 to 57 deaths per 100,000 population at risk before rising to 

61 in 2020 and decreasing again to 56 in 2022 in the Africa region (WHO, 2023a). Most of the 

fatal cases of malaria which are predominantly related to P. falciparum infections are due to 

severe anaemia or cerebral malaria (Autino et al., 2012). Different clinical manifestations also 

exist and vary in their severity and outcomes depending on the parasite species, affected organs 

and the access to available care (Autino et al., 2012). 

Several malaria endemic countries worldwide have reported zero cases for more than 3 years, 

and multiple countries have been certified malaria free (Figure 1.1) (WHO, 2023a). Most malaria 

cases in 2022 were in the WHO African Region (93.6%) followed by the WHO South-East Asia 

Region (2%) and the WHO Eastern Mediterranean Region (3%). The WHO African Region 

accounted for 95.4% of all malaria deaths in 2022 and malaria deaths continue to be 

concentrated within this region. Nigeria accounted for 31.1% of all global malaria deaths 
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followed by the Democratic Republic of Congo (11.6%), Niger (5.6%), United Republic of Tanzania 

(4.4%) and Mozambique (3.5%) (WHO, 2023a). 

 

Figure 1.1: The global distribution of countries with indigenous cases of malaria and the 2023 

status of recent malaria cases (WHO, 2023a).  

Immunosuppressed individuals, pregnant women, young children and frequent travellers are at 

high risk of contracting malaria (WHO, 2023a). For pregnant women in particular, malaria 

infection can cause severe disease and death. There is an increased risk of death both before 

and after childbirth and malaria is an important contributor to stillbirth and preterm birth. 

Malaria is a major risk factor in perinatal, neonatal and infant (<1 year old) mortality (WHO, 

2023a). 

Malaria has an incubation period of 7 to 30 days post infection before the onset of symptoms 

occurs. According to the Centers for Disease Control and Prevention (CDC) there are shorter time 
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periods before symptoms can be observed. This occurs more frequently with P. falciparum 

infections than with other species of malaria parasite following the bite of an infected Anopheles 

mosquito vector (CDC, 2022). The South African Department of Health (SA-DOH) states that the 

initial symptoms of a malaria infection include presenting with an acute febrile illness with fever, 

chills, perspiration, rigors (cold shivers/hot sweats), headache, muscle/joint aches and malaise 

(SA-DOH, 2019a). Whilst severe malaria clinically presents itself as a medical emergency with 

numerous symptoms such as severe anaemia, acute respiratory distress syndrome, 

cardiovascular collapse, metabolic acidosis, fever, chills, headache, shivering, fatigue, nausea, 

vomiting, sweating, weakness and general malaise (SA-DOH, 2019a). In young children, high 

fevers are often associated with regurgitation of medication and seizures. Generalised seizures 

are more common in children with P. falciparum malaria than in those with malaria due to other 

species. Seizures are a prodrome of cerebral malaria and patients who have more than two 

seizures within a 24 hour period should be treated for severe malaria (WHO, 2023a). 

1.2 Plasmodium Life Cycle  

Malaria is caused by obligate intraerythrocytic protozoa of the genus Plasmodium as reviewed 

by Trampuz et al., (2003). There are five known species of Plasmodium that can cause malaria in 

humans, these being, P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi (Trampuz et 

al., 2003; WHO, 2013; Lee et al., 2022). Plasmodium falciparum is the deadliest of the five 

malaria parasites that are known to infect humans and is the most prevalent malaria parasite in 

the WHO African Region accounting for almost all (99%) malaria cases and deaths (WHO, 2023a). 

Plasmodium vivax accounted for 0.5% of malaria cases in the WHO African Region and mixed 

infections accounting for the remainder (WHO, 2023a). Plasmodium knowlesi has been reported 

in forested regions of Southeast Asia but not yet in sub-Saharan Africa (SA-DOH, 2019a). 

Malaria in humans involves the cyclical infection of two hosts, namely, humans and the female 

Anopheles mosquito (Figure 1.2). Malaria is transmitted by all female Anopheles species in South 

Africa and rate of infection is dependent on climatic and environmental conditions, such as 

rainfall patterns, temperature, larval breeding sites, proximity to human settlement and 

humidity that may affect the number and survival of mosquitoes (Sinka et al., 2010). 
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During a blood meal, the female Anopheles mosquito carrying the parasite inoculates 

sporozoites into the human host (Figure 1.2. #1). Sporozoites infect liver cells (Figure 1.2. #2) and 

mature into schizonts #3, which will eventually rupture and release merozoites #4 into the blood 

stream (CDC, 2022). After this initial replication in the liver (exo-erythrocytic schizogony), the 

parasites undergo asexual multiplication in the erythrocytes (erythrocytic schizogony). The 

merozoites released from the schizonts then further infect red blood cells #5. The ring stage 

parasites in the red blood cells mature into larger trophozoites and eventually form into 

schizonts, which then rupture #6 and release 16-32 daughter merozoites and thereby repeats 

the intra-erythrocytic life cycle of the parasite. The lysis of the red blood cells is responsible for 

the clinical manifestations of malaria in an infected individual (CDC, 2022). Humans that have 

been infected with malaria often develop fever, chills, headache and other flu-like symptoms 

which if left untreated can result in severe health complications and ultimately death (CDC, 

2022). Uncomplicated malaria can rapidly progress to severe forms of the disease especially in 

people with no or low immunity, and early diagnosis combined with effective treatment within 

24-48 hours of the onset of malaria symptoms is recommended (WHO, 2023a). 

Some parasites differentiate into sexual erythrocytic stages and form gametocytes #7. When an 

Anopheles mosquito takes a blood meal, both male (microgametocytes) and female 

(macrogametocytes), are ingested #8. While in the mosquito’s stomach, the microgametes fuse 

with the macrogametes and generate zygotes #9. These zygotes in turn become motile and 

elongated (ookinetes) #10 and invade the midgut wall of the mosquito where they will eventually 

develop into oocysts #11. The oocysts rupture #12 to release sporozoites, which then travel to 

the mosquito's salivary glands. The parasite multiplication in the mosquito is known as the 

sporogonic cycle. Inoculation of the sporozoites into a new human host perpetuates the life cycle 

of the malaria parasite (CDC, 2022). 
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Figure 1.2: Life cycle of the Plasmodium parasite in both its human and Anopheles hosts (CDC, 

2022). The exo-eyrthocytic cycle (A) represents the stages of the malaria parasite life cycle that takes 

place within the human liver where freshly inoculated sporozoites from an Anopheles mosquito enter liver 

cells, form a schizont and release daughter merozoites which travel to the bloodstream and infect human 

red blood cells starting the erythrocytic cycle (B) of the parasite’s life cycle. After parasite maturation in 

the red blood cells the erythrocytic cycle repeats or gametocytes are formed which are then ingested by 

another female Anopheles vector when it takes a fresh blood meal. Ingestion of gametocytes by a female 

Anopheles vector starts the sporogonic cycle (C) of the malaria parasite’s life cycle within the mosquito 

vector whereby microgametes and macrogametes form ookinetes. These ookinetes develop into oocysts 

that release sporozoites that invade the mosquito’s salivary glands, ready to be inoculated into a new 

human host when the female Anopheles vector takes another blood meal (CDC, 2022). 
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1.3 Anopheles Vector  

Mosquitoes belong to the phylum of Arthropoda and class of Insecta, order Diptera (WHO, 

2013). Many insect vectors are members of species complexes composed of sibling species which 

are often morphologically identical but differ in their behaviour and ecology (Hill and Crampton, 

1994). There are over 400 Anopheles mosquito species in nature and around 40 have been 

identified as major malaria vectors of importance (WHO, 2023b). In nature, adult female 

Anopheles mosquitoes are estimated to live between 1 to 2 weeks. In captivity they have been 

shown to live up to a month or longer (CDC, 2022). Climatic and environmental conditions play 

an important role in the mosquito life cycle with temperature, rainfall and humidity influencing 

larval development, parasite development within the mosquito, mosquito survival and vector 

competence (WHO, 2023a). 

1.3.1 Anopheles in South Africa 

In South Africa, P. falciparum is transmitted by two species groups of Anopheles mosquitoes, 

Anopheles funestus and Anopheles arabiensis (Brooke et al., 2013; Dandalo et al., 2017).  

Anopheles funestus however has been reduced to a point where it is almost entirely 

undetectable using a range of surveillance methods (Burke et al., 2019), while An. arabiensis 

remains implicated in low-level seasonal transmission in malaria affected regions in South Africa 

(Burke et al., 2019). Members of the An. funestus group of mosquitoes are suspected to be 

implicated in residual transmission include An. vaneedeni (Burke et al., 2017) and An. parensis 

(Burke et al., 2019). In South Africa, malaria has been limited to the north-eastern region of the 

country including Kwa-Zulu Natal, Mpumalanga and Limpopo (SA-DOH, 2019b). The areas 

bordering Zimbabwe, Mozambique and Swaziland have been identified as moderate to high-risk 

regions for contracting the disease (SA-DOH, 2019b).  

Anopheles arabiensis occurs in all three of South Africa’s malaria affected provinces (Braack et 

al., 2020) and prefers dry, savannah environments while generally breeding in small, sunlit, 

temporary, freshwater pools (Sinka et al., 2010).  Anopheles funestus are strongly anthropophilic 

(prefer to feed on humans) while An. arabiensis are zoophilic, exophilic opportunistic feeders 
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(They feed on both humans and animals in cosmopolitan settings) however both species are 

efficient malaria vectors in Africa (Gillies and de Meillon, 1968; Sinka et al., 2010).  

The Anopheles vector is identifiable by the presence of palps that are as long as their proboscis 

(Figure 1.3) and by the presence of discrete blocks of black and white scales on the wings (Gillies 

and de Meillon, 1968; Gillies and Coetzee, 1987). Additionally, Anopheles are identifiable based 

on their resting position (Figure 1.3), which involves a raised abdomen protruding into the air as 

opposed to other mosquito species that rest with their abdomen parallel to the surface (CDC, 

2022).  

 

Figure 1.3: The resting/feeding stance of the female Anopheles species (A), which differentiates 

them from other non-malaria transmitting vectors, such as Aedes aegypti (B) (Van Zyl, 2016). 

1.3.2 Anopheles Life Cycle  

Anopheles mosquitoes, like all mosquitoes, go through four stages in their life cycle, namely the 

egg, larva, pupa and adult stages (CDC, 2022). Water is an essential part of the mosquito life 

cycle. Different mosquito species may lay their eggs separately or attached together as rafts 

floating on the water surface. Anopheles mosquitos lay 50 to 200 eggs per oviposition as single 

eggs on the water surface (CDC, 2022). Most of the eggs laid will hatch into larvae (Figure 1.4) 

within 48-72 hours. The larval stage of their life cycle involves 4 phases or “instars” with a moult 

occurring between each phase to allow for growth (CDC, 2022). Larvae mature into comma-

shaped pupae that remain close to or parallel to the water’s surface to take in oxygen through a 

  A   B 
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breathing opening. In the water environment, the mosquito larvae will feed on microorganisms 

and organic matter (CDC, 2022).  

 

Figure 1.4: The typical mosquito life cycle including eggs, larva, pupae and adult mosquito 

(Adapted from Rueda, 2004; Williams and Pinto, 2012; Vector Disease Control International, 

2018).  

After a series of 4 moults, the larvae will form pupae. The pupal stage of development is a resting 

stage during which no feeding occurs. The pupae are however motile and respond to changes in 

light and may dive deeper into the water using their tail for mobility. Within 3 days the pupa will 

split along the dorsal surface of the cephalothorax and the adult Anopheles mosquito will emerge 

(CDC, 2022). The emergent mosquito will rest on the water surface while it waits for its body 
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parts to dry and harden (American Mosquito Control Association, 2022). The adult mosquito will 

typically mate within two to seven days of emerging from the pupal stage (Fereda, 2022). Female 

mosquitos will seek a blood meal and rest after feeding. While the blood digests within the 

female mosquito, new eggs are developed (CDC, 2022).  

1.4 Malaria Symptoms and Diagnosis 

The onset of malaria signs and symptoms may present as early as seven days, with a usual range 

of 10 to 30 days, before symptoms appear after being bitten by an infected vector mosquito 

(CDC, 2022, SA-DOH, 2019a). Once in the human red blood cell stage of malaria parasite 

infection, the signs and symptoms of malaria infection occur. Malaria features a range of signs 

and symptoms that are non-specific and require a high index of suspicion for proper diagnosis to 

be made according to the South African Department of Health (SA-DOH, 2019a). Any individual 

that presents with an acute febrile illness and any symptoms that include fever, chills, 

perspiration, rigors, headache, muscle/joint aches, malaise, lethargy, lassitude, fatigue, loss of 

appetite, abdominal discomfort, diarrhoea, nausea, vomiting, cough and splenomegaly should 

be referred for a laboratory diagnosis (SA-DOH, 2019a).  

Malaria has an incubation period of 7 to 30 days and the possibility of infection is considered any 

time between 7 days to 3 months after the first possible exposure. If not treated within 24 hours 

of the onset of symptoms, P. falciparum malaria can rapidly progress to severe illness, often 

leading to death (WHO, 2023b). Plasmodium. vivax, P. ovale or P. malariae can take up to 12 

months to first manifest clinically, with relapses occurring months or even years later, if 

primaquine is not taken to ensure radical cure (SA-DOH, 2019a). Presentation of P. falciparum 

malaria is very variable and may mimic many other diseases (and vice versa) including influenza, 

viral hepatitis, meningitis, encephalitis, septicaemia, typhoid fever, tick bite fever, 

gastroenteritis, viral haemorrhagic fever, trypanosomiasis, HIV seroconversion illness, urinary 

tract infection and relapsing fever (SA-DOH, 2019a). Plasmodium. vivax, P. ovale or P. malariae 

infection generally causes milder uncomplicated malaria in comparison to P. falciparum (SA-

DOH, 2019a). 
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To optimise the management of malaria, the general public and healthcare workers should be 

encouraged to seek early treatment within 24 hours of symptoms developing, and ensure proper 

diagnostic testing if malaria is presumed. Individuals who test positive for malaria should have 

disease severity assessed and treatment should be initiated immediately. Malaria is a notifiable 

disease and each and every case including all imported cases in non-endemic areas should be 

reported (SA-DOH, 2019a).  

A suspected malaria infected patient blood sample should be examined immediately using a 

malaria antigen rapid diagnostic test (RDT) or microscopy of thick and thin blood smears to 

confirm or exclude the diagnosis. A negative RDT or smear may not exclude diagnosis should the 

patient continue to exhibit symptoms and no other diagnosis has been determined. Further RDT 

or blood films should be examined at 6 to 12 hour intervals and repeat testing should continue 

until a diagnosis has been confirmed. Correctly stained blood smears will reveal malaria parasites 

if infection has occurred and the patient can then be treated at the primary health care level in 

accordance with treatment guidelines or given pre-referral treatment and transferred to the 

nearest hospital as an emergency case where severe malaria is confirmed (SA-DOH, 2019a).  

The examination of peripheral blood smears will give an indication of the parasite density as well 

as the species of parasite present in the infected individual. High levels of parasitaemia (more 

than 4% asexual parasitized red blood cells/μL of peripheral blood) should be treated as severe 

malaria (SA-DOH, 2019a). Conversely however, severe disease symptoms may present 

themselves with low parasitaemia in the peripheral blood and as such the interpretation of a low 

parasite count must always be considered in conjunction with the patient’s clinical condition and 

other laboratory results (SA-DOH, 2019a). 

Commercially available RDT kits detect parasite antigens, namely, the histidine-rich protein 2 (or 

parasite lactate dehydrogenase or aldolase). Most RDTs will only detect P. falciparum, however 

some can detect other species such as P. vivax but are less sensitive for those. The use of a RDT 

kit may lead to false negatives early in the disease progression and false positives are 

encountered occasionally. RDTs should only be used for diagnosis of acute malaria infections and 
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not for follow-up as they may remain positive for several weeks even after successful treatment 

of malaria infection (SA-DOH, 2019a). 

In all settings, suspected malaria should be confirmed with a parasitological test however where 

parasitological diagnosis is not possible, a decision to provide antimalarial treatment must be 

based on the probability that the illness is malaria (WHO, 2023b). Diagnosis with either 

microscopy or RDTs is expected to reduce the overuse of antimalarial medicines by ensuring that 

treatment is given only to patients with confirmed malaria infection as opposed to treating all 

patients that present with a fever (WHO, 2023b) 

1.5 Malaria Prophylaxis and Treatment in South Africa 

More than 90% of human malaria infections in Sub-Saharan Africa are due to P. falciparum while 

the remainder of infections are attributed to P. vivax, P. ovale or P. malariae. As mentioned in 

Section 1.4, the signs and symptoms of P. falciparum malaria are very variable and may present 

as early as 7 days after being bitten by an infected vector mosquito. The usual incubation range 

before symptoms develop is between 10 to 30 days, however longer incubation periods may 

occur in individuals who have failed chemoprophylaxis or have been on selected antibiotics that 

have known anti-malarial activity such as cotrimoxazole, tetracycline, macrolides, 

chloramphenicol and quinolones (SA-DOH, 2019a). 

Malaria prophylaxis in South Africa involves the use of various chemoprophylactic agents such 

as mefloquine, atovaquone-proguanil or doxycycline (Table 1.1) (SA-DOH, 2019b). The WHO 

recommends that if a patient has taken chemoprophylaxis, the same medicine should not be 

used for treatment (WHO, 2023b). Chemoprophylaxis needs to be implemented in addition to 

personal protection measures to prevent malaria transmission and blanket recommendations 

are not advised (SA-DOH, 2019b). The choice of prophylaxis should be tailored to the individual 

with additional non-drug measures being implemented such as mosquito avoidance and the use 

of insect repellents (SA-DOH, 2019b).  
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Table 1.1: The chemotherapeutic preventative prophylaxis of malaria (Blumberg, 2015; Van Zyl, 2016; SA-DOH,2019; SA-DOH,2019b; 

WHO, 2023b). 

Prophylaxis Parasite 
Species 

Dosing Mechanism of Action Adverse Effects Contra Indications Notable Info 

Atovaquone 
and 
Proguanil 

P. 
falciparum 

250mg atovaquone 
plus 100mg 
proguanil. Should be 
taken one day 
before exposure, 
continued daily 
during exposure and 
for seven days after 
the last possible 
exposure to malaria. 

Inhibitor of parasitic 
pyrimidine synthesis in 
the schizont stage. 
Selective inhibition of 
malaria cytochrome bc1 
complex which leads to 
disassembling 
mitochondrial 
membrane potential.  
Proguanil inhibits 
parasitic dihydrofolate 
reductase resulting in 
folate synthesis 
inhibition. 

Headache and 
abdominal pain 
(GIT symptoms). 
Proguanil can 
cause mouth 
ulcers, vomiting, 
nausea and 
diarrhoea. 

Severe renal 
impairment, Children 
< 11kg, pregnancy/ 
lactation due to lack 
of data. 

Atovaquone and 
proguanil always 
used in 
combination.  
Taken with milk or 
food for better 
absorption 

* GIT: Gastro-Intestinal Tract 
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Table 1.1 (Continued):  The chemotherapeutic preventative prophylaxis of malaria (Blumberg, 2015; Van Zyl, 2016; SA-DOH,2019; SA-

DOH,2019b; WHO, 2023b). 

Prophylaxis Parasite 
Species 

Dosing Mechanism of 
Action 

Adverse Effects Contra Indications Notable Info 

Doxycycline Multi-drug 
resistant 
strain P. 
falciparum 

100mg once daily 
starting one day 
before entering the 
area, continuing 
daily while in the 
area, and daily for 
four weeks after 
leaving the area. 

Protein synthesis 
at the apicoplast 

Photosensitivity, 
nausea, dizziness, 
headache, 
abdominal pain 
(GIT symptoms), 
candidiasis 

Pregnancy/lactation, 
children < 8 years 

Antibiotic. Must be taken 
with enough fluid to 
prevent oesophageal 
ulceration. Avoid excessive 
UV exposure and do not lie 
down for at least one hour 
after ingestion. 

Mefloquine P. 
falciparum 
and     
P. vivax 

250mg (one tablet) 
weekly, starting one 
week before 
entering the area, 
once weekly while 
in the area, and 
once weekly for 
four weeks after 
leaving the area 

Schizonticidal in 
the red blood cell 
phase of the 
parasite life cycle 

Headache, rash, 
nausea, vomiting, 
dizziness, 
insomnia, mood 
changes 

Patients with a 
history of epilepsy 
or psychiatric illness, 
children < 5kg, 
severe hepatic or 
renal impairment. 
Prior history of 
severe reactions 

Widely used in malaria 
endemic regions. 
Prophylaxis of choice during 
pregnancy. Safe in lactation. 
Taken after a meal with 
plenty of fluid 

* GIT: Gastro-Intestinal Tract 
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In 2021, the WHO recommended the use of the RTS,S/AS01 malaria vaccine as a part of a 

comprehensive malaria control strategy (WHO, 2023a). The RTS,S/AS01 malaria vaccine is 

composed of combining genes from repeat ('R') and T-cell epitope ('T') of the pre-erythrocytic 

circumsporozoite protein (CSP) of the Plasmodium falciparum malaria parasite together with a 

viral surface antigen ('S') of the hepatitis B virus (HBsAg). This is mixed with another hepatitis B 

surface antigen (HBsAg) to improve purification ('S') before all is added to an adjuvant system, 

AS01 (Laurens, 2020),  

In October 2023, the WHO recommended a second malaria vaccine, R21, and suggested that a 

two-vaccine market will make broad vaccine scale-up possible across Africa possible (WHO, 

2023a). Due to the constrained supply of the RTS,S/AS01 vaccine and the need for R21 to 

complete ongoing WHO prequalification, the full benefits of the malaria vaccines are yet to be 

determined in highly malaria endemic regions (WHO, 2023a). The R21 vaccine has shown 

promising results in trials with an efficacy of more than 75% in preventing malaria (Ngou et al., 

2024), while the RTS,S/AS01 showed less efficacy (less than 50%) in a randomised phase 2b 

control trial in Ghana and Kenya depending on the number of doses administered (Samuels et 

al., 2022). 

Treatment of malaria is dependent on the severity of the illness and the pattern of drug 

resistance of the parasite in the geographical region where infection took place (SA-DOH, 2019a). 

In managing uncomplicated malaria, individuals may be treated at the primary healthcare level. 

Effective treatment should be started as soon as malaria is diagnosed at the clinic or hospital 

level. Delays in treatment initiation led to an increase in morbidity and mortality (SA-DOH, 

2019a). In South Africa, the recommended treatment for patients with uncomplicated malaria is 

the fixed dose artemisinin-based combination therapy (ACT), artemether-lumefantrine 

(Blumberg, 2015; SA-DOH, 2019a). The WHO recommends ACTs as the best treatment for 

uncomplicated P. falciparum malaria as ACTs are associated with rapid clinical and 

parasitological response (SA-DOH, 2019a).  

ACTs recommended by the WHO can include one of the following combinations: Artemether and 

lumefantrine, artesunate and amodiaquine, artesunate and mefloquine, dihydroartemisinin and 
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piperaquine and artesunate and sulfadoxine-pyrimethamine (WHO, 2023a). In South Africa, 

chloroquine and sulfadoxine-pyrimethamine are not recommended given the high-level of 

resistance present (SA-DOH, 2019a). 

Depending on whether the malaria infection is uncomplicated or not (Table 1.2), the 

recommended treatment for patients will differ. For patients diagnosed with uncomplicated 

malaria, a short treatment course of artemether-lumefantrine consisting of 6 doses over 3 days 

shows good tolerability and is used (SA-DOH, 2019a). Artemether-lumefantrine can be 

administered safely to pregnant women with uncomplicated malaria and should be used in the 

second and third trimester and may be considered as an alternative to quinine plus clindamycin 

during the first trimester of pregnancy (SA-DOH, 2019a). 

Severe cases of P. falciparum malaria infection are treated with intravenous (IV) artesunate or 

IV quinine. A minimum of three IV doses of artesunate should be administered for severe malaria 

at 0, 12 and 24 hours after diagnosis, followed by a full course of six artemether-lumefantrine 

oral doses (SA-DOH, 2019a). A combination of oral quinine and doxycycline or clindamycin can 

be used in place of artemether-lumefantrine if the latter is unavailable or contra-indicated in a 

patient. Doxycycline is contraindicated in pregnancy and children under the age of 8 years old 

and clindamycin should be used for these patients instead (SA-DOH, 2019a). Quinine is 

intravenously dosed in a slow, rate-controlled manner and never by rapid injection. A loading 

dose of quinine is given by a slow infusion and a maintenance dose is infused over 2 to 4 hours 

every 8 hours for 48 hours or until the patient can tolerate oral medication (SA-DOH, 2019a).  

The choice of chemotherapy for malaria is based upon the species of parasite identified. Initial 

treatment should be the same as the above depending on the severity of the infection however 

a 14-day primaquine course is necessary for the radical cure of P. ovale and P. vivax. Primaquine 

is contraindicated in pregnancy, children under six months of age and women breastfeeding 

children under six months of age (SA-DOH, 2019a). Primaquine is also contraindicated in severe 

glucose-6-phosphate dehydrogenase (G-6-PD) deficiency (SA-DOH, 2019a). In South Africa, 

Primaquine is currently not registered for use and must be obtained on a named patient basis. 
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Table 1.2: Clinical and laboratory indicators of uncomplicated and severe malaria (Blumberg, 2015; Lalloo et al., 2016; Van Zyl, 2016; SAMF, 

2020; WHO, 2023b) 

Common presenting 
symptoms 

Physical findings Laboratory findings: 
uncomplicated malaria 

Symptoms of  
severe malaria 

Laboratory findings:  
severe malaria 

• Headache 
• Fatigue 
• Abdominal 

discomfort 
• Myalgia 
• Fever 
• Chills 
• Perspiration 
• Anorexia 
• Nausea/Vomiting 
• General malaise 

• Elevated 
temperatures 
(≥37.5°C) 

• Rigors 
• Weakness  
• Splenomegaly 
• Mild jaundice 
• Hepatomegaly 
• Increased 

respiratory rate 

• Microscopic 
confirmation of 
malaria/species 
differentiation 

• Mild anaemia 
• Mild 

thrombocytopenia 

• Elevated bilirubin 
• Elevated 

Aminotransferase 

• Fever 
• Impaired 

consciousness 
• Multiple seizures 
• Prostration 
• Respiratory 

distress/ 
pulmonary 
oedema 

• Jaundice 
• Spontaneous or 

abnormal 
bleeding 

• Anuria 

• Parasite density >4% 
• Haemoglobin <7g/dL 
• Metabolic acidosis (pH<7.3; 

plasma bicarbonate < 15 
mmol/L, serum lactate >5 
mmol/L) 

• Hypoglycaemia (< 2.2 
mmol/L) 

• Renal impairment (oliguria 
<0.4 ml/kg 
bodyweight/hour; serum 
creatinine >265 μmol/L) 

• Thrombocytopenia 
(<50,000/μL) 

• Liver transaminase 

• Pulmonary oedema 
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Severe cases of P. falciparum malaria infection are treated with intravenous (IV) artesunate or 

IV quinine. A minimum of three IV doses of artesunate should be administered for severe malaria 

at 0, 12 and 24 hours after diagnosis, followed by a full course of six artemether-lumefantrine 

oral doses (SA-DOH, 2019a). A combination of oral quinine and doxycycline or clindamycin can 

be used in place of artemether-lumefantrine if the latter is unavailable or contra-indicated in a 

patient. Doxycycline is contraindicated in pregnancy and children under the age of 8 years old 

and clindamycin should be used for these patients instead (SA-DOH, 2019a). Quinine is 

intravenously dosed in a slow, rate-controlled manner and never by rapid injection. A loading 

dose of quinine is given by a slow infusion and a maintenance dose is infused over 2 to 4 hours 

every 8 hours for 48 hours or until the patient can tolerate oral medication (SA-DOH, 2019a).  

The choice of chemotherapy for malaria is based upon the species of parasite identified. Initial 

treatment should be the same as the above depending on the severity of the infection however 

a 14-day primaquine course is necessary for the radical cure of P. ovale and P. vivax. Primaquine 

is contraindicated in pregnancy, children under six months of age and women breastfeeding 

children under six months of age (SA-DOH, 2019a). Primaquine is also contraindicated in severe 

glucose-6-phosphate dehydrogenase (G-6-PD) deficiency (SA-DOH, 2019a). In South Africa, 

Primaquine is currently not registered for use and must be obtained on a named patient basis 

under Section 21 of the Medicines and Related Substances Act, 1965 (Act 101 of 1965) following 

authorisation by the Medicines Control Council (SA-DOH, 2019a).  

Antimalarial chemotherapy is therefore based on the type of Plasmodium species and the 

severity of the disease considering patient demographics such as age, pregnancy, co-morbidities 

as well as the availability of medication and resources (SA-DOH, 2019a). Allergies and 

concomitant medications also need to be considered when treatment is initiated (SA-DOH, 

2019a). Antimalarial drugs are broadly classified into tissue schizonticides, blood schizonticides 

or gametocides based on the parasite life cycle stage that they target (Rosenthal, 2023). There 

are several antimalarial combinations in use globally and in South Africa (Table 1.3) with 

artemisinin combinations being strongly recommended by the WHO (SA-DOH, 2019a; WHO, 

2023b).
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Table 1.3: Standard antimalarials used for treatment, their mechanism of action, adverse effects and contra-indications (Braga et al., 

2015; SA-DOH, 2019; Camarda et al., 2019; WHO, 2023b). 

Treatment 
Drug 

Parasite species 
targeted 

Mechanism of action Adverse Effects Contra Indications 

Artemether 
and 
Lumefantrine 

All species of 
Plasmodium that 
cause malaria. 

• Artemether affects plasmodial 
transport proteins, interferes 
with mitochondrial electron 
transport and produces free 
radicals creating reactive 
oxygen species (ROS). 

• Lumefantrine inhibits 
haemozoin formation. 

• Artemether: Nausea, vomiting, 
diarrhoea, allergic reactions.  

• Lumefantrine: Inhibits 
cytochrome CYP3A4. 

• Combination: Sleep 
disturbances, headache, 
dizziness, abdominal pain, 
fatigue. 

First trimester of 
pregnancy (Evidence 
however suggests it 
may be safe), 
congenital prolonged 
QT syndrome 

Artesunate P. falciparum 
(Severe or 
complicated 
malaria) 

• Artesunate targets the blood 
schizont stage of the parasite 
and works in a similar manner 
to Artemether 

• Generally safe and tolerable. 
Common adverse effects are 
nausea, vomiting, rash, 
dizziness and gastro-intestinal 
disturbance. 

Hypersensitivity to 
artemisinin  
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Table 1.3 (Continued): Standard antimalarials used for treatment, their mechanism of action, adverse effects and contra-indications 

(Braga et al., 2015; SA-DOH, 2019; Camarda et al., 2019; WHO, 2023b). 

Treatment 
Drug 

Parasite species 
targeted 

Mechanism of action Adverse Effects Contra Indications 

Quinine and 
Doxycycline/ 
Clindamycin 

P. falciparum. 
Can be used for 
other species if 
artemether 
lumefantrine or 
artesunate is 
unavailable 

Quinine interferes with 
haemoglobin digestion in the 
blood stage of the parasite life 
cycle. 
Doxycycline and clindamycin 
inhibit protein synthesis at the 
apicoplast.  

Well tolerated in 
combination with quinine. 
Vomiting, diarrhoea, 
fever, chills, nausea, 
cinchonism, 
hypoglycaemia and 
headache. 

Hypersensitivity to 
quinine. Prolonged QT 
interval, patients with 
glucose-6-phosphate 
dehydrogenase (G-6-PD) 
deficiency. Doxycycline: 
Pregnancy and children <8 
years old. 

Primaquine P. vivax and P. 
ovale 
Can be used to 
eliminate P. 
falciparum 
gametocytes 

Primaquine metabolites 
generate reactive oxygen 
species and hydrogen peroxide 
causing liver stage parasite 
death. 

Nause, dizziness, 
vomiting, abdominal pain 
and choluria 

Severe G-6-PD deficiency. 
Pregnancy. Women who 
are breastfeeding a child 
under months of age. 
Children <6 months.  
Elimination of the hepatic 
stage of the parasite must 
be delayed until after 
delivery in pregnant 
women. 
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Upon the administration of drugs for uncomplicated malaria infection treatment, patients 

must be observed for at least an hour since vomiting may occur. Vomiting is one of the most 

common reasons for treatment failure. Malaria is easily underestimated, and complications 

may arise despite apparent appropriate chemotherapy. Patients should be carefully assessed 

and closely monitored for the duration of their treatment. Treatment failure after completing 

a full course of either artemether-lumefantrine or quinine plus doxycycline or clindamycin is 

rare considering that both sets of treatment have high cure rates (SA-DOH, 2019a). 

Primaquine is effective against P. falciparum gametocytes in non-contraindicated patients 

and the WHO recommends adding a single low dose in addition to full artemether-

lumefantrine treatment to further reduce malaria transmission (SA-DOH, 2019a; WHO, 

2023b). 

1.6 Antimalarial drug resistance in South Africa  

The WHO states that “historically, the emergence of chloroquine resistance in the 1970s and 

1980s in Africa was associated with increased hospital admissions and mortality at the 

community level” (WHO, 2015). In South Africa, resistant P. falciparum strains are found 

against chloroquine and sulfadoxine-pyrimethamine (Cui et al., 2015; SA-DOH, 2019; CDC, 

2022). Artemisinin resistance has been confirmed to be spreading in Southeast Asia, however 

this has not been confirmed in Africa or South Africa (SA-DOH, 2019a). There have been some 

reports of the emergence of resistance in Africa, particular in Uganda and Kenya however the 

evidence should be treated with caution due to deviations from the WHO standard protocol 

(WHO, 2023a). Selective pressure and genetic polymorphisms within parasite species play a 

role in drug resistance (Cui et al., 2015).  

The WHO currently recommends fix ACT formulations for the treatment of uncomplicated 

falciparum malaria worldwide (WHO, 2023b). Artemisinin quickly and radically reduces the 

majority of malaria parasites present in a patient, while the partner drug in the combination 

therapy clears the remaining parasites (WHO, 2023b). It is widely accepted that protecting 

the efficacy of ACTs for the treatment of malaria is of utmost importance in the fight against 

malaria. The future efficacy of ACTs is at risk due to the emergence of resistance to both 

artemisinin itself as well as to the partner drugs used in combination therapy (WHO, 2023a). 
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Antimalarial drug resistance has influenced antimalarial chemotherapy for decades and has 

had a significant impact on the cost of global malaria control (Leroy, 2017; WHO, 2023a). New 

drugs have to be developed to replace those that have become ineffective but there are 

grounds for guarded optimism moving forward (Leroy, 2017; WHO, 2023a). Resistance to 

artemisinin is only partial and reflects a capacity of mutant parasites to survive short-lived 

drug pressure but not to replicate in the presence of drug (Blasco et al., 2017). Fast acting 

antimalarials are less prone to yield resistance in vitro (Corey et al., 2016) and longer lasting 

drugs with a similar mode of action to artemisinin might prove superior at reducing the risk 

of resistance (Blasco et al., 2017). Various strategies exist and targeting more than one 

parasite life stage would be advantageous (Blasco et al., 2017). 

In South Africa, the combination treatment regimen recommended by the SA-DOH involving 

the deployment of artemisinin-based treatments for uncomplicated malaria (artemether-

lumefantrine) and severe malaria (IV artesunate) have played a key role in decreasing the 

burden of malaria (SA-DOH, 2019a). Monotherapies, chloroquine and sulfadoxine-

pyrimethamine are not recommended due to the high-level of resistance recorded in parts 

of the world, including South Africa (SA-DOH, 2019a). 

1.7 Insecticide Resistance in South Africa  

Malaria vector control is primarily achieved by means of insecticides (Brooke et al., 2013). 

Indoor residual spraying (IRS) and the use of long-lasting insecticide treated nets (LLIN) are 

the mainstay of malaria vector control in preventing parasite transmission to human hosts 

(Brooke et al., 2013; WHO, 2019; SA-DOH, 2019b). The WHO currently recommends twenty-

seven different insecticides from five chemical classes for IRS, namely carbamates, 

neonicotinoids, organophosphates, organochlorines and pyrethroids (WHO, 2023b). 

Pyrethroids resistance has been exhibited in over three quarters of the countries that are 

actively monitoring pyrethroid resistance in malaria vectors (WHO, 2023a).  

The Insecticide Resistance Action Committee (IRAC), a specialist technical industry group, 

defines insecticide resistance as “a heritable change in the sensitivity of a pest population 

that is reflected in the repeated failure of a product to achieve the expected level of control 

when used according to the label recommendation for that pest species” (IRAC, 2024). The 
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WHO states that from 2010 to 2020, of the 88 malaria endemic countries that provided 

standard monitoring data, resistance was detected in 78 countries to at least one insecticide 

in one malaria vector from one collection site (WHO, 2023a). The percentage resistance 

detected to each insecticide class from each of the countries reporting was listed as 82% for 

organochlorines, 87% for pyrethroids, 69% for carbamates and 60% for organophosphates 

(WHO, 2023a). 

In 2023, the WHO issued new recommendations on vector control involving the use of 

insecticide treated mosquito nets (ITNs) with different modes of action. The WHO issued a 

strong recommendation for the deployment of pyrethroid-chlorfenapyr ITNs versus 

pyrethroid only nets to prevent malaria in adults and children in areas where mosquitos have 

become resistant to pyrethroids (WHO, 2023a). 

In South Africa, vector resistance to permethrin and propoxur, a pyrethroid and carbamate 

respectively, have been reported in the An. funestes and An. arabiensis species (Mouatcho 

et al., 2009; Brooke et al., 2013). Samples of vector species from different malaria risk areas 

in South Africa displayed varying levels of insecticide resistance (Brooke et al., 2013). 

Dichlorodiphenyltrichloroethane (DDT), which is banned worldwide with an exception for 

malaria vector control, is widely used in South Africa in areas where there is resistance to 

pyrethroids and organophosphates and remains effective against malaria vectors, although 

some resistance has been reported in localised vector populations (Brooke et al., 2013, 

Maharaj et al., 2024). A critical need for efficacious as well as affordable alternatives to DDT 

as an insecticide in malaria control programmes exists across Africa (Maharaj et al., 2024). 

Insecticide resistance in malaria vectors signifies a need for new tools in managing insecticide 

resistance. New insecticide classes such as neonicotinoids and pyrroles should be further 

monitored for resistance and their usefulness ascertained in controlling vector populations 

(Agumba et al., 2019; WHO, 2023b,). The WHO indicates that an accelerated research and 

development response for tools such as longer lasting insecticides and other vector control 

agents is essential to achieving malaria eradication (WHO, 2023a). 
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1.8 Novel drug compounds  

Due to malaria parasite drug resistance, as well as insecticide resistance in the vectors, there 

is an increased need for novel drug compound research to be performed (Cui et al., 2015; 

WHO, 2019; WHO, 2023a). The Medicines for Malaria Venture (MMV) state in their 2022 

annual report that there is a “continuing need” for chemoprevention and new antimalarials 

to combat the burden of drug resistance (MMV, 2022). The MMV emphasises the 

development of highly active compounds as well as potent combination medicines that are 

safe, effective and affordable (MMV, 2022). The development of novel drug compounds and 

their assessment for their toxicological profile thus forms an essential part of the drug 

development pipeline in treating or preventing malaria. In this study, novel quinoline 

heterocyclic hybrid compounds with either a carboxamide, thiosemicarbazone, 

phenylhydrazone group were synthesized and tested for their in vitro antimalarial and 

insecticidal activity as part of identifying new antimalarial and larvicidal agents. 

1.8.1 Hybrid compounds 

The hybridisation of chemical compounds is a concept that involves the artificial assembly of 

two or more pharmacophores that can be categorised under a recognised agent known for 

triggering the desired activity (Alkhzem et al., 2022). Hybrid compounds are created by 

covalently binding various biologically active agents with the aim of retaining the 

pharmacological actions of each of the separate parts (Alkhzem et al., 2022). A molecular 

linker is employed to attach the constituents through a covalent bond that is either cleavable 

or non-cleavable. A cleavable bond results in a hybrid pro-drug strategy where two useful 

drugs can be delivered to the site of action. A non-cleavable linker results in a hybrid drug 

strategy where two pharmacophores bound together may result in combination therapy 

where effectiveness is retained in combating pathogens that may be resistant to individual 

drug components (Alkhzem et al., 2022). 

Hybridisation may also introduce supplementary physiochemical properties which may 

change the pharmacological spectrum of the hybrid such as introducing a novel antibacterial 

action to the resultant hybrid (Alkhzem et al., 2022). Hybridisation also has the potential to 
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significantly increase the activity of a drug (Pokrovskaya et al., 2009) or improve its safety 

and decrease toxicity towards normal healthy cells (Moiseeva et al., 2019).  

1.8.2 Quinoline 

Quinoline is a privileged scaffold (Figure 1.5) in many natural and synthetic compounds 

(Yadav & Shah, 2021). Quinoline and its derivatives have been shown to possess numerous 

pharmacological properties such as antimalarial, antibacterial, antituberculosis, anti-HIV, 

antiplasmodial, antitumor, anti-inflammatory and anticonvulsant activity (Kumar et al., 2009; 

Marella et al., 2013; Hu et al., 2017). Quinoline and its derivatives have emerged as an 

important class of bioactive heterocyclic compounds in the field of pharmaceuticals (Hu et 

al., 2017). The quinoline ring system exists in a range of natural products, especially in 

alkaloids and the quinoline skeleton often serves as a lead molecule for the development of 

newer more potent molecules that showcase pharmacological activity (Kumar et al., 2009; 

Marella et al., 2013).  

Quinoline compounds have been used to generate a range of important antimalarial drug 

derivatives such as chloroquine, mefloquine and primaquine (Kumar et al., 2009; Parhizgar 

and Tahghighi, 2017). Various derivatives of quinoline have been evaluated in vitro and in 

vivo against resistant strains of the malaria parasite (Kumar et al., 2009; Marella et al., 2013; 

Parhizgar and Tahghighi, 2017). Additionally, quinoline derivatives have shown notable 

anticancer activity (Kumar et al., 2009; Marella et al., 2013; Afzal et al., 2015). As such the 

quinoline group was the core structure on which the three groups of test compounds were 

designed, to generate the dihydroquinoline-carbothioamide (Section 1.8.3), 

phenylhydrazone (Section 1.8.4) and quinoline-3-carboxyamide (Section 1.8.5) derivatives.  
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Figure 1.5: The quinoline core structure which served as a scaffold for the hybrid test 

compounds under investigation in this study (National Center for Biotechnology Information, 2024a). 
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1.8.3 Dihydroquinoline-carbothioamide  

The dihydroquinoline-carbothioamide group of derivatives consists of a quinolone analogue 

with a thiosemicarbazone moiety attached. Derivatives with a similar structure were shown 

to have antituberculosis and cytotoxic properties (Kumar et al., 2018). A similar group of 

dihydroquinoline derivatives developed from ethyl 2-(1,3-benzodioxol-5-yl)-7-methoxy-4-

oxo-1,4-dihydroquinoline-3-carboxylate (TDR42098) were potently active against both 

chloroquine-sensitive (3D7) (2-fold) and -resistant (K1) (16-fold) strains of P. falciparum 

compared to chloroquine (Zhang et al., 2010). The introduction of a thiosemicarbazone group 

to the quinoline structure has showcased promising inhibitory activity against 

acetylcholinesterase in Alzheimer's disease, where the inhibitory IC50 values ranged from 0.12 

– 60.9 µM compared to the positive standard, galantamine, 0.62 µM (Zaib et al., 2021). 

Further research is warranted to examine those compounds with minimal inhibitory activity 

on human acetylcholinesterase against Anopheles acetylcholinesterase (Rants’o et al., 2022). 

There is potential as an insecticide as there is a 40% difference between Human and 

Anopheles acetylcholinesterase where targeted inhibition can result in selective Anopheles 

insecticidal activity (Rants’o et al., 2022). The thiosemicarbazone group has shown promising 

bioactivities such as antioxidant (Priyadarshini et al., 2016), antibacterial (Alam et al., 2023), 

anticancer (Ćurčić et al., 2024) and antitumour (Zou et al., 2017) properties. Govender et al. 

(2019) showed that quinoline thiosemicarbazones had moderate antibacterial activity against 

Gram positive and Gram-negative bacteria compared to their respective positive control 

antibiotics.  

1.8.4 Phenylhydrazone 

Phenylhydrazone derivatives have reported to possess a wide range of pharmacological 

activities where hydrazones possess an azometine -NHN=CH- proton constitute that is an 

important class of compounds for new drug development. Using this scaffold, numerous 

derivatives have been synthesised.  Of the phenylhydrazone derivatives, several have been 

found to possess antimalarial activity and proposed to target PfATP6 (calcium ATPase) and 

PfDHFR (dihydrofolate reductase) using in silico molecular modelling (Rollas and Küçükgüzel, 

2007; Amengor et al., 2024). Other antimicrobial properties that have been reported include 

antibacterial and antifungal (Khan et al., 2014; Abhishek et al., 2014; Wang et al., 2017), 
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antituberculosis (Savini et al., 2002; Nayyar and Jain, 2008), as well as in vitro anticancer 

properties against human neuroblastoma (SH-SY5Y) and breast adenocarcinoma (MDA-MB-

231 and MCF-7) cell lines (Bingul et al., 2016) and in vivo anti-inflammatory activity (Abhishek 

et al., 2014). Phenylhydrazone derivatives containing a pyridine amide moiety have displayed 

insecticidal activity against several targets including Culex pipiens, where 5-bromo-N-(2-(2-

(2,4-dichlorobenzylidene)hydrazinecarbonyl)-5-chloro-3-methylphenyl)pyridine amide had 

similar activity to the positive controls, tebufenozide and chlorpyrifos at 2.5 mg/ml (Yang et 

al., 2016). It is always important when investigating a novel insecticide that parallel toxicity 

assays are undertaken against human cell lines as well as aquatic organisms such as Artemia 

or Zebrafish (due to their similar morphology and physiology of their nervous, cardiovascular 

and digestive systems to humans) to ensure safety when used clinically or introduced to the 

environment (Yu & Lu, 2018; Modarresi Chahardehi et al., 2020). This principle was 

undertaken in this study when evaluating the pharmacological properties of the novel 

compounds. 

1.8.5 Quinoline-3-Carboxamide 

Quinoline-3-carboxamide derivatives such as laquinimod, tasquinimod, or pasquinimod are 

researched for their immunomodulatory, antitumor, and anti-angiogenic effects in pre-

clinical animal models (Li et al., 2012; Fransén Pettersson et al., 2018; Ott et al., 2019; Yao et 

al., 2019). Whilst quinoline-3-carboxyamide derivatives with alkyl groups showed good to 

moderate activity against several Gram-positive and Gram-negative bacteria (Wang et al., 

2016; Govender et al., 2018). Various quinoline-3-carboxamide derivatives have shown 

varying potency as antimalarial compounds in vitro and in vivo that are proposed to target 

the malaria parasite haemoglobin degradation pathway (Singh et al., 2021). 

1.8.6 Rationale of the heterocyclic derivative study 

With the current antimalarial trend of combination therapy being advocated by the WHO and 

the ongoing need for additional safe and effective agents to combat the biological threat of 

drug resistance and insecticide resistance (WHO, 2023a), the hybridisation of known 

compounds is a key component of drug design and development. The rationale of the 

combination of a quinoline scaffold pharmacophore with linkers to carboxamide, 
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thiosemicarbazone and phenylhydrazone groups was to determine if the resultant 

compounds could act in a complementary manner to inhibit malaria parasite growth or cause 

lethality to Anopheles vector eggs and larvae. Despite the emergence of resistance to the 

quinoline containing chloroquine (Foley & Tilley, 1997; Sidhu et al., 2002; Jones et al., 2015; 

WHO, 2023a), this pharmacophore displays unique antimalarial abilities and low host cell 

toxicity, which warrants its inclusion into new hybrid drugs that may circumvent drug 

resistance while causing minimal toxicity to the host cell and non-target organisms. 

Additionally, the hybrid drugs may possess potential insecticidal activity against mosquito 

larvae and eggs which can help contribute to combating insecticidal resistance while causing 

minimal toxicity to the environment and non-target organisms. 

1.9 Rationale, Aims & Objectives 

1.9.1 Rationale: 

The ongoing threat of malaria and the development of malaria parasite drug resistance and 

vector insecticide resistance requires the continued investigation into new compounds for 

use in combating the disease and its eradication.  

1.9.2 Aims: 

The aims of this research dissertation were to investigate the effects of the novel quinoline 

heterocyclic derivatives against P. falciparum and An. arabiensis vector and determine a 

preliminary toxicological profile. 

1.9.3 Objectives: 

To achieve the aim, the objectives of the study were to: 

• Evaluate the in vitro antimalarial activity and morphologically induced changes by the 

novel quinoline heterocyclic derivative test compounds (Dihydroquinoline-

carbothioamide, Phenylhydrazone and Quinoline-3-Carboxamide derivatives) against a 

chloroquine-sensitive (NF54) strain of P. falciparum. 
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• Determine the interaction between the most active novel dihydroquinoline-

carbothioamide, phenylhydrazone and quinoline-3-carboxamide derivative test 

compounds and standard antimalarial control drug.  

• Evaluate the ovicidal and larvicidal effects of the novel dihydroquinoline-carbothioamide, 

phenylhydrazone and quinoline-3-carboxamide derivative test compounds against the 

malaria vector, An. arabiensis.  

• Evaluate the toxicological profile of the novel dihydroquinoline-carbothioamide, 

phenylhydrazone and quinoline-3-carboxamide derivative test compounds against human 

red blood cells, human cell lines (human epithelial kidney cells - HEK293 and human 

myelogenous leukaemia - K562) and Artemia franciscana nauplii.  

• Assess the morphological changes exhibited by the An. arabiensis vector ovum and larvae 

and Ar. franciscana nauplii after exposure to novel dihydroquinoline-carbothioamide, 

phenylhydrazone and quinoline-3-carboxamide derivative test compounds and control 

compounds. 

• Evaluate the pharmacokinetic properties of the novel dihydroquinoline-carbothioamide, 

phenylhydrazone and quinoline-3-carboxamide derivative test compounds compared to 

standard antimalarial control drugs. 

• Evaluate the toxicity hazard profile of the novel dihydroquinoline-carbothioamide, 

phenylhydrazone and quinoline-3-carboxamide derivative test compounds using a 

predictive software tool (Toxtree). 
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CHAPTER 2 – METHODS AND MATERIALS 

2.1 Compounds and Reagents 

All solutions, buffers and culture media were prepared with MilliQ™ (Millipore®) deionised 

water and solutions sterile filtered through Sterivex™-GS 0.22 µm filters (Sigma-Aldrich®) 

and/or autoclaved (121°C at 1.2 kg/cm2 for 20 minutes) where necessary to prevent 

contamination. All media and solutions were brought to room temperature or warmed to 

37°C before use in the various assays and aseptic techniques were employed when working 

with the solutions and culturing parasites/cells to prevent contamination. 

2.1.1 Test and Control compounds 

Forty-two novel compounds were obtained from Prof N. Koorbanally (School of Chemistry 

and Physics, University of KwaZulu-Natal). The test compound structures were verified by 

nuclear magnetic resonance and mass spectroscopy and the compounds were determined to 

be of highest purity (≥99%) (Govender, 2018). These compounds were split into three groups 

based on their chemical structures, namely the dihydroquinoline-carbothioamide (Table 2.1), 

phenyl-hydrazono (Table 2.2) and quinoline-3-carboxamide (Table 2.3) hybrid groups. 

Controls used in the various assays are listed in Table 2.4 with their corresponding structures 

in Figure 2.2.  The highest quality or high-performance liquid chromatography (HPLC) grade 

reagents and control compounds were purchased from reputable commercial companies, 

including Fluka (Buchs, Switzerland), Sigma-Aldrich® (Merck, Darmstadt, Germany; New 

Jersey, USA) and Thermo Fisher Scientific (Oxford, UK). 

2.1.2 Preparation of test compounds and control drugs 

A 10 mM stock solution for each compound was prepared by dissolving each respective 

compound in dimethyl sulfoxide (DMSO) (Sigma-Aldrich®). Aliquots of each stock were stored 

at -80°C until required. A screening concentration of 50 μM was prepared for each compound, 

taking the dilution factor of the respective assays into account. Based on the assay, the 10 

mM stock solution was diluted with either incomplete parasite culture medium (Section 

2.2.1.1), cell culture medium (Section 2.6.2.1), DMSO or autoclaved MilliQ™ deionised water. 

Similarly, a 10 mM stock solution of the positive controls (Table 2.4) were prepared to be used 

for the positive control compounds across the respective assays at various concentrations.  
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Table 2.1: The International Union of Pure and Applied Chemistry (IUPAC) name of the novel 
dihydroquinoline-carbothioamide hybrid compounds and their corresponding molecular 
formulas and molecular weights (MW). 

N O

N

H

R
1

N

H

R2

 

2.1bb Molecular 
Formula R1 R2 IUPAC Name 

MW 
(g/mo

l) 

DC1 C11H10N4OS H TSC (E)-2-((2-oxo-1,2-dihydroquinolin-3-yl) methylene) 
hydrazine-1-carbothioamide 246.3 

DC2 C12H12N4OS CH3 TSC (E)-2-((6-methyl-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)hydrazine-1-carbothioamide 260.3 

DC3 C11H9BrN4OS Br TSC (E)-2-((6-bromo-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)hydrazine-1-carbothioamide 325.2 

DC4 C11H9ClN4OS Cl TSC (E)-2-((6-chloro-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)hydrazine-1-carbothioamide 280.5 

DC5 C11H9FN4OS F TSC (E)-2-((6-fluoro-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)hydrazine-1-carbothioamide 264.0 

DC6 C12H12N4OS H NMTSC (E)-N-methyl-2-((2-oxo-1,2-dihydroquinolin-3-
yl)methylene)hydrazine-1-carbothioamide 260.3 

DC7 C13H14N4OS CH3 NMTSC (E)-N-methyl-2-((6-methyl-2-oxo-1,2-dihydro-quinolin-
3-yl)methylene)hydrazine-1-carbothioamide 274.3 

DC8 C12H11BrN4OS Br NMTSC (E)-2-((6-bromo-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-methylhydrazine-1-carbothioamide 339.2 

DC9 C12H11ClN4OS Cl NMTSC (E)-2-((6-chloro-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-methylhydrazine-1-carbothioamide 294.8 

DC10 C12H11FN4OS F NMTSC (E)-2-((6-fluoro-2-oxo-1,2-dihydroquinolin-3-yl)meth-
ylene)-N-methylhydrazine-1-carbothioamideamide 278.3 

DC11 C17H14N4OS H PHTSC (E)-2-((2-oxo-1,2-dihydroquinolin-3-yl)meth ylene)-N-
phenylhydrazine-1-carbothioamide 322.4 

DC12 C18H16N4OS CH3 PHTSC (E)-2-((6-methyl-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-phenylhydrazine-1-carbothioamide 336.4 

DC13 C17H13BrN4OS Br PHTSC (E)-2-((6-bromo-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-phenylhydrazine-1-carbothioamide 401.3 

DC14 C17H13ClN4OS Cl PHTSC (E)-2-((6-chloro-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-phenylhydrazine-1-carbothioamide 356.4 

DC15 C17H13FN4OS F PHTSC (E)-2-((6-fluoro-2-oxo-1,2-dihydroquinolin-3-
yl)methylene)-N-phenylhydrazine-1-carbothioamide 340.4 

NOTE: TSC: Thiosemicarbazone ; NMTSC: N-methylthiosemicarbazone ; PHTSC: 
Phenylthiosemicarbazone   
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Table 2.2: The IUPAC name of the novel test quinoline-phenylhydrazono hybrid compounds 

and their corresponding molecular formulas and molecular weights (MW). 

N N

NN

N
NR

1
R

2

H

 

Code Molecular 
Formula R1 R2 IUPAC Name MW 

(g/mol) 

PHYD1 C16H12N6 H PHYD 
(E)-4-((2-phenylhydrazono)methyl)tetrazolo[1,5-
a]quinoline 

288.3 

PHYD2 C17H14N6 CH3 PHYD 
(E)-7-methyl-4-((2-phenylhydrazono)methyl)- 
tetrazolo[1,5-a]quinoline 

302.3 

PHYD3 C16H11BrN6 Br PHYD 
(E)-7-bromo-4-((2-phenylhydrazono)methyl)- 
tetrazolo[1,5-a]quinoline 

367.2 

PHYD4 C16H11ClN6 Cl PHYD 
(E)-7-chloro-4-((2-phenylhydrazono)methyl)- 
tetrazolo[1,5-a]quinoline 

322.8 

PHYD5 C16H11FN6 F PHYD 
(E)-7-fluoro-4-((2-phenylhydrazono)methyl) -
tetrazolo[1,5-a]quinoline 

306.3 

PHYD6 C16H11FN6 H 
2F-

PHYD 
(E)-4-((2-(2-fluorophenyl)hydrazono)methyl)- 
tetrazolo[1,5-a]quinoline 

306.3 

PHYD7 C17H13FN6 CH3 
2F-

PHYD 
(E)-4-((2-(2-fluorophenyl)hydrazono)methyl)-7-
methyltetrazolo[1,5-a]quinoline 

320.3 

PHYD8 C16H10BrFN6 Br 
2F-

PHYD 
(E)-7-bromo-4-((2-(2-fluorophenyl)hydrazono)-
methyl)tetrazolo[1,5-a]quinoline 

385.2 

PHYD9 C16H10ClFN6 Cl 
2F-

PHYD 
(E)-7-chloro-4-((2-(2-fluorophenyl)hydrazono)-
methyl)tetrazolo[1,5-a]quinoline 

340.8 

PHYD10 C16H10F2N6 F 
2F-

PHYD 
(E)-7-fluoro-4-((2-(2-fluorophenyl)hydrazono)-
methyl)tetrazolo[1,5-a]quinoline 

324.3 

PHYD11 C16H11FN6 H 
4F-

PHYD 
(E)-4-((2-(4-fluorophenyl)hydrazono)methyl)-
tetrazolo[1,5-a]quinoline 

306.3 

PHYD12 C17H13FN6 CH3 
4F-

PHYD 
(E)-4-((2-(4-fluorophenyl)hydrazono)methyl)-7-
methyltetrazolo[1,5-a]quinoline 

320.3 

PHYD13 C16H10BrFN6 Br 
4F-

PHYD 
(E)-7-bromo-4-((2-(4-fluorophenyl)hydrazono)-
methyl)-tetrazolo[1,5-a]quinoline 

385.2 

PHYD14 C16H10ClFN6 Cl 
4F-

PHYD 
(E)-7-chloro-4-((2-(4-fluorophenyl)hydrazono)-
methyl)tetrazolo[1,5-a]quinoline 

340.8 

PHYD15 C16H10F2N6 F 
4F-

PHYD 
(E)-7-fluoro-4-((2-(4-fluorophenyl)hydrazono)-
methyl)tetrazolo[1,5-a]quinoline 

324.3 

NOTE: PHYD: phenylhydrazone; 2F-PHYD: 2-fluorophenyl)hydrazone; 4F-PHYD: 4-
fluorophenyl)hydrazone 
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Table 2.3: The IUPAC name of the novel test quinoline-3-carboxamide hybrid compounds and 

their corresponding structural formulas and molecular weights (MW). 

N Cl

O

NH

R1

R2

 

Code 
Molecular 
Formula 

R1 R2 IUPAC Name 
MW  

(g/mol) 

Q3C1 C16H11ClN2O H H 2-chloro-N-phenylquinoline-3-carboxamide 282.7 

Q3C2 C17H13ClN2O CH3 H 2-chloro-N-p-tolylquinoline-3-carboxamide 296.8 

Q3C3 C16H10ClFN2O Cl H 
2-chloro-N-(4-fluorophenyl)quinoline-3-
carboxamide 

300.7 

Q3C4 C16H10ClFN2O F H 
2-Chloro-6-fluoro-N-phenylquinoline-3-
carboxamide 

300.7 

Q3C5 C18H15ClN2O H CH3 
2-chloro-6-methyl-N-p-tolylquinoline-3-
carboxamide 

310.2 

Q3C6 C17H12ClFN2O CH3 CH3 
2-chloro-N-(4-fluorophenyl)-6-methylquinoline-3-
carboxamide 

314.7 

Q3C7 C16H10Cl2N2O Cl CH3 2,6-dichloro-N-phenylquinoline-3-carboxamide 317.2 

Q3C8 C17H12ClFN2O F CH3 
2-Chloro-6-fluoro-N-4-tolylquinoline-3-
carboxamide 

314.7 

Q3C9 C16H9Cl2FN2O H F 
2,6-dichloro-N-(4-fluorophenyl)quinoline-3-
carboxamide 

335.2 

Q3C10 C16H10ClFN2O CH3 F 
2-Chloro-N-(4-fluorophenyl)-6-methylquinoline-
3-carboxamide 

300.7 

Q3C11 C17H12ClFN2O Cl F 
2-chloro-6-fluoro-N-p-tolylquinoline-3-
carboxamide 

314.7 

Q3C12 C16H9ClF2N2O F F 
2-chloro-6-fluoro-N-(4-fluorophenyl)-quinoline-3-
carboxamide 

318.7 

 

2.1.3 Analysis of test compounds and positive controls  

Each test compound and control were evaluated in replicate wells and each experiment assay 

repeated at least in triplicate (biological replicates) to ensure a reproducible mean ± standard 

deviation (s.d.) was obtained. All compounds were screened and for those that displayed 

more than 60% activity, serial dilutions were prepared to determine the concentration that 
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inhibited 50% of activity, i.e. the IC50 value. For compounds displaying less than 60% activity, 

the percentage effect was reported. The GraphPad Prism® version 5.02 Software package 

(GraphPad Software, Inc, USA) was used to generate log sigmoidal dose response curves for 

test compounds/controls displaying more than 60% activity in the various experimental 

assays performed.  

 

Table 2.4: Properties of the positive controls used in the various assays and their 

corresponding structures in Figure 2.1 (National Center for Biotechnology Information, 

2024b-l). 

Compound Molecular Formula Density 
MW 

(g/mol) 

Ascorbic acidb C6H8O6  1.69 176.12 

Camptothecinc C20H16N2O4 - 348.36 

Chloroquine diphosphated C18H26ClN3 · 2H3PO4 - 515.86 

Cisplatine H6Cl2N2Pt - 300.05 

Dichlorodiphenyltrichloroethane (DDT)f C14H9Cl5 1.56 354.49 

Dihydroartemisining C15H24O5 - 284.35 

Ethylenediaminetetraacetic acid (EDTA)h C10H14N2Na2O8 2H2O 0.86 372.24 

Formaldehydei CH2O 1.09 30.03 

Potassium dichromatej K2Cr2O7 2.68 294.18 

Quinine hydrochloride Dihydratek C20H24N2O2 · HCl 2H2O - 396.91 

Triton™ X-100l C14H22O(C2H4O)n) 1.07 647 
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Ascorbic Acid             Camptothecin        Chloroquine Diphosphate  

N N

Cl

Pt2–
Cl

H

H

H

H

H

H

cis-Diammineplatinum(II) dichloride
              Dichlorodiphenyltrichloroethane (DDT)               Dihydroartemisinin  

Ethylenediaminetetraacetic acid (EDTA)                    Formaldehyde                      

Cr CrOO– O–
O

O O

O K+

K+

Potassium Dichromate

Quinine hydrochloride dihydrate                    
Triton™ X-100  

 

Figure 2.1: Structural formulas of the positive controls listed in Table 2.4 that were used in 

various assays (National Center for Biotechnology Information, 2024b-l). 
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2.2 Antimalarial assay 

To evaluate the efficacy of the test compounds in comparison to the standard antimalarial 

drugs, the Plasmodium parasite was maintained in complete parasite culture medium 

(Section 2.2.1 to 2.2.7) to be used in the drug sensitivity assay (Section 2.2.8). 

2.2.1 NF54 Malaria parasite culture 

The chloroquine-sensitive strain of P. falciparum (NF54) was obtained from the Department 

of Molecular Medicine and Haemotology, University of the Witwatersrand, South Africa and 

was maintained in vitro according to the methods described by Trager and Jansen (1977), 

Freese et al. (1988) and standard departmental protocols (Van Zyl et al., 2010). Plasmodium 

falciparum was used as it is the most pathogenic species of malaria found in to infect humans 

(Klein, 2013) and the most prevalent in the WHO African region accounting for 96% of 

estimated malaria cases in 2022 (WHO, 2023a). Biosafety Ethics clearance (Protocol number: 

20180101; Appendix A) was obtained from the Biosafety Committee of the University of the 

Witwatersrand which allowed for the in vitro culturing and experimentation of the malaria 

parasite in a biosafety level 2 laboratory. A human ethics clearance was also obtained from 

the University of the Witwatersrand Human Research Committee for the use of human red 

blood cells (RBCs)(HREC M190579) and human plasma (Waiver certificate number: W-CBP-

221107-01)(Appendix A). Aseptic culturing techniques, including biosafety level two laminar 

flow units with 70% ethanol to sterilise containers and work surfaces, were used. All media 

and solutions were warmed to 37°C before being used to culture the malaria parasites. 

 

2.2.1.1 Parasite culture reagents and solutions 

• Incomplete parasite culture media 

The incomplete parasite culture medium was prepared with 10.4 g Roswell Park Memorial 

Institution (RPMI)-1640 (Sigma-Aldrich®), 5.9 g N-2-hydroxyethylpiperazine-N‘-2-

ethanesulfonic acid (HEPES; 24.76 mM) buffer (Sigma‐Aldrich®), 4 g D-glucose monohydrate 

(Merck; 21.15 mM), 44 mg hypoxanthine (Sigma‐Aldrich®; 323.27 µM) and 50 mg/ml 

gentamicin (Sigma-Aldrich®; 0.1 mM) dissolved in 1 L autoclaved Milli-Q® deionised water. 

The incomplete culture medium was sterilised through a 0.22 μm Sterivex™-GS filter, before 
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being stored at 4°C until required. The incomplete parasite culture media to be used for the 

various experimental assays was prepared as above with the omission of gentamicin and 

stored at 4°C. 

• Albumax™ II 

A 5% (w/v) solution stock concentration of lipid-rich bovine serum albumin was prepared with 

Albumax™ II (Gibco™, Thermo Fisher Scientific) in incomplete parasite culture media and 

stirred vigorously for at least 2 hours at 37°C. The solution was sterilised using a 0.22 µm 

Sterivex™ filter and stored at -20˚C until required. 

• Complete parasite culture media 

For the preparation of complete parasite culture medium for culturing purposes, the 

incomplete parasite culture medium was supplemented with 10% (v/v) lipid-rich bovine 

serum Albumax™ II and 4.2 mL of 5% (w/v) solution (595 mM) sodium bicarbonate per 100 

mL. The sodium bicarbonate was prepared in Milli-Q® water and sterilised through a 0.22 μm 

Sterivex™GS filter and stored at 4°C. The complete parasite culture medium was prepared 

under aseptic conditions and stored at 4°C when required. The complete parasite culture 

medium was warmed to 37˚C before being used in parasite culture. 

• Phosphate buffered saline 

A stock concentration of phosphate buffered saline (PBS) was prepared with 136.89 mM 

sodium chloride (Merck), 4.1 mM di-sodium hydrogen phosphate dihydrate (Sigma‐Aldrich®), 

4.02 mM potassium chloride (Sigma‐Aldrich®), and 1.47 mM potassium dihydrogen 

phosphate (Fluka) in Milli-Q® deionised water. The pH of the PBS solution was adjusted to 7.4 

with sodium hydroxide before being autoclaved and stored at 4°C until required. 

 

2.2.2  Collection and preparation of uninfected red blood cells 

Human ethics approval was obtained from the University of the Witwatersrand Human 

Research Ethics committee (clearance certificate number: M140669) to draw blood from 

healthy volunteers. Whole blood was collected by a professional phlebotomist in 6 mL blood 

vial tubes containing acid citrate dextrose solution B (ACD-B) anticoagulant (Lasec, South 

Africa). Volunteers were screened beforehand to ensure that they matched the inclusion 
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criteria (healthy donors, age 20-40) and were not taking antimicrobials, anticoagulants, 

antimalarials or any other medication that could affect the malaria parasite growth or 

compromise the volunteer (exclusion criteria). 

The fresh whole blood was washed by centrifugation at 252 x g for 5 min to remove the white 

blood cells, plasma and platelets. The supernatant was discarded and RBCs washed three 

times with PBS (pH 7.4). An equal volume of PBS or incomplete experimental medium was 

added to the RBCs to maintain a 50% haematocrit and the resulting suspension stored at 4˚C 

for a maximum of 10 days before being discarded in the biohazard waste containers.   

 

2.2.3 Parasite culture maintenance 

The malaria parasites were maintained in 75 cm3 tissue culture flasks (Corning®, Sigma-

Aldrich®) in complete parasite culture media (Section 2.2.1.1) supplemented with RBCs 

(Section 2.2.2) at a 5% haematocrit. Thin blood smears were prepared daily (Section 2.2.4) 

and based on the microscopic examination of the malaria culture at 1000x magnification 

under oil immersion, the culture was treated accordingly. To maintain the parasitaemia 

between 5-10% in the flask, freshly washed RBCs and complete culture media were added 

when the parasitaemia was >5% trophozoites/schizonts. If the parasitaemia of the flask was 

<5%, only complete culture media was added to the flask. To ensure the parasites were 

synchronous, to optimise growth and use in experiments, the culture underwent sorbitol 

treatment when in the early ring stage (Section 2.2.5). The spent culture media was replaced 

daily with complete culture medium before being infused with a mixture of 3% oxygen, 4% 

carbon dioxide and 93% nitrogen gas (Afrox). The culture was incubated at 37˚C in a static 

position (Jensen and Trager, 1977). 

 

2.2.4 Giemsa staining 

Thin blood smears were prepared daily from the malaria culture to monitor % parasitaemia, 

stage development and the presence of contamination. The thin blood smears were prepared 

on glass microscope slides that were cleaned with ethanol and air dried in a level two 

biosafety cabinet. The Rapi-Diff stain kit (Clinical Sciences Diagnostics) was used to stain the 
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parasites in the RBCs. The slide was immersed once for 5 seconds into solution 1 (thiazine dye 

in methanol) to fix the RBCs on the slide and then immersed five times for 1 second each into 

solution 2 (eosin Y dye in phosphate buffer) to stain the RBCs. After being rinsed in tap water 

and dried, the slide was immersed ten times into solution 3 (methylene blue in phosphate 

buffer) to stain the parasites before finally being rinsed with tap water and air dried. The slides 

were microscopically examined at 1000x magnification under oil immersion using an 

Olympus® CX23 microscope (Olympus®, Japan).  

The stage, morphology of the parasite and the percentage parasitaemia (Equation 2.1) were 

determined after viewing and counting of at least 10 fields across the whole of the thin blood 

smear. Depending on the percentage parasitaemia and the specific life cycle stage of the 

parasite culture, the appropriate action was taken for either the maintenance of the parasite 

or for use of the parasites in the Plasmodium lactate dehydrogenase (pLDH) drug sensitivity 

assay (Section 2.2.8) or time dependent parasite morphology and stage determination 

assessment (Section 2.3.2). 

% Parasitaemia =
Total number of parasitised RBCs x 100

Total number of uninfected RBCs + parasitised RBCs
 

Equation 2.1: Equation used to calculate the percentage parasitaemia. 

 

2.2.5 Parasite culture syncronization  

The parasite cultures were synchronised when primarily in the early ring stage with 5% (w/v) 

D-sorbitol to lyse the trophozoites and schizonts (Lambros et al., 1979).  The D-sorbitol kills 

the more mature stage by osmotic lysis as it permeates into the later stages of Plasmodium 

infected RBCs more easily than the uninfected RBCs and early ring infected RBCs (Lambros et 

al., 1979). The uninfected RBCs and early ring parasites remain unaffected by the D-sorbitol. 

The D-sorbitol solution (274.47 mM, Sigma‐Aldrich®) was prepared in Milli-Q® deionised 

water, filtered with a 0.22 μm Sterivex™GS filter and stored at 4°C until needed. The D-sorbitol 

was warmed to 37°C before use. 

Briefly, the parasite culture was transferred to a sterile 50 mL tube and centrifuged at 252 x 

g using a Thermo Scientific Heraeus™ Megafuge™ 40 centrifuge (Thermo Fisher Scientific, 
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United Kingdom) for 5 minutes before discarding the supernatant and resuspending the 

resultant pellet with 10 mL of 5% (w/v) D-sorbitol and incubated for 10 minutes at 37°C. The 

suspension was then centrifuged at 252 x g for 5 minutes and the supernatant discarded. The 

remaining pellet was washed twice with PBS (pH 7.4) before the addition of complete culture 

media for re-incubation or used for experiments. If the pellet was not all used in the assays, 

it was returned to the flask with complete culture media and was gas infused (Section 2.2.3) 

before being re-incubated. 

 

2.2.6 Parasite culture cryopreservation 

To maintain a frozen stock of NF54 parasites to ensure continuity of research, cultures 

consisting of mainly early ring-infected RBCs (parasitaemia ~5%) were cryopreserved in a 

freezing solution according to the methodology of Freese et al. (1988). The freezing solution 

was prepared by diluting glycerol (Merck) in PBS (pH 7.4) to obtain a 28% (v/v) solution and 

was filtered with a 0.22 μm Sterivex™GS filter and stored at 4°C until necessary. The freezing 

solution was warmed to 37°C before use in the cryopreservation of parasite cultures. 

Briefly, a predominantly early ring staged parasite culture was transferred to a sterile 50 mL 

tube and centrifuged at 252 x g for 5 minutes at room temperature and the supernatant 

discarded. The resultant pellet was then resuspended with an equal volume of freezing 

solution by gently adding the freezing solution dropwise into the tube while gently swirling. 

The suspension containing infected RBCs was then aliquoted into sterile cryovials (Corning®, 

Sigma‐Aldrich®) and immediately stored in liquid nitrogen until required. 

 

2.2.7 Parasite culture initiation from frozen cryovials 

Thawing of frozen parasite culture stocks required the preparation of two thawing solutions 

that were prepared with Milli-Q® water, filtered with a 0.22 μm Sterivex™GS filter and stored 

at 4°C until needed. The thawing solutions were warmed to 37°C before being used to 

reinitiate the cryopreserved parasites.  

The frozen cryovial was submerged into a 37°C water bath for 2-3 minutes rapidly thawing 

the parasite suspension within. The outside of the cryovial was sprayed with ethanol to ensure 

sterility before the two thawing solutions were added in sequence. Firstly, 0.1 volume of 0.2 
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M NaCl (Merck) was added dropwise to the thawed parasite suspension. The latter 

suspension was then transferred to a sterile 50 mL tube containing 9 volumes of 0.027 M NaCl 

and centrifuged at 252 x g for 5 minutes. The supernatant was discarded and 5 ml incomplete 

parasite culture medium was added to the pellet. The suspension was then centrifuged at 252 

x g for 5 minutes and the supernatant discarded. The resultant pellet was resuspended in 

complete parasite culture medium (Section 2.2.1.1) with RBCs to achieve a 5% haematocrit 

solution. This was then transferred to a sterile 25 cm2 tissue culture flask (Corning®, Sigma-

Aldrich®) and infused with a mixture of 3% oxygen, 4% carbon dioxide and 93% nitrogen gas 

and maintained as described in Section 2.2.3. 

 

2.2.8  Plasmodium lactate dehydrogenase drug sensitivity assay 

The pLDH assay is based on the detection of the lactate dehydrogenase (LDH) enzyme that is 

found in the P. falciparum parasite. The pLDH assay detects the Plasmodium parasitaemia as 

a measure of the amount of pLDH present (Makler et al., 1993). Parasite survival percentages 

were determined by measuring the conversion of nitro blue tetrazolium (NBT) to a blue or 

purple formazan end-product (Figure 2.2). To disrupt the RBC membranes and expose the 

pLDH to the NBT/phenazine ethosulfate (PES) solution for the reaction to occur, the 

haemolytic properties of Triton™ X100 in the Malstat™ reagent (Section 2.2.8.1 ) was used. 

 

 

Figure 2.2: The Malstat™ assay for the detection of the Plasmodium lactate dehydrogenase 

enzyme (Markwalter et al., 2016). Lactate dehydrogenase is an essential metabolic enzyme that 

catalyses the dehydrogenation of lactate and produces pyruvate with nicotinamide adenine 

dinucleotide (NAD) as a co-enzyme. The assay distinguishes parasites LDH from the host LDH by using 

acetylpyridine adenine dinucleotide (APAD) as an analogue of NAD. The pLDH in lysed infected blood 

oxidises lactate to pyruvate, while converting APAD+ to APADH which in turn reduces yellow nitro blue 

tetrazolium (NBT) to blue formazan salts in the presence of phenazine ethosulfate (PES) (Makler et al., 

1993).  
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2.2.8.1 Solutions and reagents 

• Malstat™ was prepared by dissolving 40 µL Triton™ X-100 (Sigma‐Aldrich®), 91.65 mM 

calcium L-lactate (Sigma‐Aldrich®), and 0.38 mM APAD (Sigma‐Aldrich®) into 10 mL of 

54.48 mM Tris base solution (Sigma‐Aldrich®). The 54.48 mM Tris base solution (Sigma‐

Aldrich®) was prepared in autoclaved MilliQ® deionised water and the pH was adjusted 

to 9.1 with NaOH before being filtered through a Sterivex™ GS 0.22 µm filter. The solution 

was stored at 4°C until required.  

• On the day of the experiment, the NBT/PES solution consisting of 0.299 mM PES (Sigma-

Aldrich®) and 2.45 mM NBT (Sigma-Aldrich®) was freshly prepared in autoclaved MilliQ® 

deionised water and filtered through a Sterivex™ GS 0.22 µm filter. This was stored in 15 

mL tubes wrapped in foil and stored at 4°C in a dark container to prevent exposure to 

light, until required.  

 

2.2.8.2 pLDH assay protocol 

When evaluating the test and control compounds, the malaria parasite culture (Section 2.2.3) 

was pelleted by centrifugation at 252 x g  for 5 minutes, sorbitol synchronised (Section 2.2.5) 

and washed twice with PBS before the resultant pellet was used to make a thin blood smear 

to determine the percentage parasitaemia of the pellet (Section 2.2.4). The parasitaemia of 

the pellet was adjusted to 2% with the addition of washed uninfected RBCs (Section 2.2.2) 

and adjusted to a final 2% haematocrit with complete parasite culture media (Section 2.2.1.1). 

A sterile 96 well microtitre plate was used for the pLDH assay with only the inner 60 wells 

used to prevent false positive results due to increased risk of dehydration in the outer wells 

(Figure 2.3). Autoclaved distilled water or PBS was added to the outer wells to try and 

overcome this effect and to optimise conditions for the experiment. The pLDH plate was 

prepared by adding 100 μL parasitised RBCs in complete parasite culture media into each of 

the 58 wells. To the remaining two wells, 100 μL of 2% haematocrit suspension of untreated 

uninfected RBCs in complete parasite culture media was plated to serve as the blank (B10-

B11) to account for background LDH activity in the RBCs. The prepared untreated plate was 

placed into a sterile candle jar containing autoclaved MilliQ® deionised water to ensure that 

a humidified atmosphere was maintained while being incubated at 37°C for 24 hours. The 
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burning of a candle within the candle jar ensured that the approximate micro-anaerobic 

conditions of 3% oxygen, 4% carbon dioxide and 93% nitrogen gas were obtained (Trager and 

Jensen, 1977). 

After the initial 24 hour incubation period, 12.5 µl test compound or positive control, quinine 

was prepared in incomplete parasite culture medium, with a 9 fold dilution factor taken into 

account, were plated into the drug wells (Figure 2.3). Additionally, 12.5 µl incomplete culture 

medium was added to the untreated uninfected RBC wells and the infected RBC wells to 

adjust the volume to 112.5 μL. The plates were returned to the candle jar and re-incubated 

for 24 hours at 37˚C at which time the candles in the candle jar were re-lit, while taking care 

to maintain sterility. 

 

Figure 2.3: Layout for the pLDH drug sensitivity assay. The outer wells filled with sterile distilled 

water or PBS (blue) provided a humidified environment for the optimal environment for parasite 

growth to assess the inhibitory activity of the test (1-18) compounds and standard antimalarial control 

drug, quinine (QN), with the uninfected RBC (light green) and untreated infected RBC (dark purple) 

controls taken into account.   

 

After 48 hours, the 96 well plate was removed from the candle jar, covered with a plate seal 

(Bio-Rad®), wrapped in parafilm (Sigma-Aldrich®) and frozen at -70°C for 1 hour. The plate 

was then thawed for 30 minutes at 37°C and shaken at 161 x g for 5 minutes with an orbital 

shaker (MRC Thermo‐Shaker™ MB100‐4P). A total of 25 µl lysate from each well was 
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correspondingly transferred to another sterile plate and 100 µl Malstat™ added to each well. 

The NBT/PES (1:1) solution was prepared (Section 2.2.8.1) and 20 µl added to each well before 

sealing the plate and shaking it at 161 x g with an orbital shaker for 1 minute. Thereafter the 

96 well plate was incubated at 37˚C for 40 minutes to allow the reaction to proceed. Fifty 

microliters of 5% (v/v) (0.833 mM) acetic acid was added to each well to stop the reaction 

and air bubbles were removed to prevent inaccurate absorbance readings. The 96 well plate 

was read at an absorbance wavelength of 620 nm using a Lab Systems Multiskan iEMS plate 

reader and Ascent™ software version 2.6. The percentage parasite growth was calculated 

using Equation 2.2 in Microsoft Excel® taking the relevant controls into account. For those 

compounds displaying more than 60% parasite growth inhibition, a set of serial dilutions 

(0.001 - 200 μM) were prepared to determine the IC50 values. The IC50 values were calculated 

from log sigmoid dose response curves generated by GraphPad Prism® 5.02 (GraphPad 

Software, Inc., USA). IC50 values that were less than 1 µM were considered highly active, >1-

10 µM had promising activity; >10-50 µM as moderate activity; >50-100 as low activity and 

>100 µM not active (Clarkson et al., 2004). 

% Parasite Growth

=  
[(Average absorbance of compounds –  Average absorbance of RBC control])x 100

[(Average absorbance of parasite control − Average absorbance of RBC blank)]
 

Equation 2.2: The equation used to calculate the percentage parasite growth taking both the 

test and reference wavelengths into account (Van Zyl et al., 2010). 

 

2.3. Antimalarial combination studies  

2.3.1 Antimalarial combination 

Due to the increase in antimalarial drug resistance in most parts of the world, new 

antimalarial drug treatment regimens are to include the use of two or more drugs (WHO, 

2023b). The use of combinational drug strategies has often been used to enhance the 

therapeutic effect or delay drug resistance (Yin et al., 2018). The pLDH assay (Section 2.2.8) 

was used with a slight modification where an additional two-fold dilution factor was taken 

into account when the two compounds were combined (Van Zyl et al., 2010). Two of the most 



 
 

44 
 

active test compounds were selected to be combined with the standard antimalarial drug, 

quinine. Based on the individual IC50 values of the test compounds and quinine, the test 

compound and quinine were combined in different ratios (Table 2.5).  Once these initial 1:1 

combinations were prepared, serial dilutions were prepared from each combinations ratio 

and plated out into a sterile 96 well plates and the drug sensitivity assay conducted and 

analysed as described in Section 2.2.8.2. 

 

Table 2.5: Combined concentration ratios of compounds X and Y. Where X and Y were mixed 

in 1:1 volume ratio.  

Concentration 
(μM) A B C D E F G H 

X 50 40 20 15 5 0.5 0.05 0 

Y 0 0.075 0.75 7.5 50 100 150 200 

 

 

To determine the interaction between the two compounds, an isobologram (Figure 2.4) was 

plotted from X- and Y-axis points generated using Equation 2.3 and the sum of the fractional 

inhibitory concentration (ΣFIC) was used to quantitate the type of interaction observed on the 

isobologram. The active test compounds in combination with quinine would either have 

yielded one of three possible interactions (Figure 2.4). Namely an additive interaction which 

is defined as the sum of the effects of each compound produced seperately. A synergistic 

interaction which  would result in an effect greater than the sum of the separate compound 

effects and lastly an antagonistic interaction where the resulting effect would be less than the 

sum of the separate compound effects (Berenbaum, 1978).  
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.  

Figure 2.4: Isobologram depicting three possible pharmacological interactions between 

compound X and compound Y. Where antagonistic (>1.25), additive (0.75-1.25) and synergistic 

(<0.75) interactions affected the overall therapeutic effect (Berenbaum, 1978; van Zyl et al., 2010).  

 

The ΣFIC reflected the combined interactions of compound X and compound Y according to 

Equation 2.3 and this determined the strength of the interaction. The calculation and 

interpretation of the ΣFIC value in this study was based on the following: ΣFIC values <0.75 

was synergistic, 0.75-1.25 was additive and >1.25 was antagonistic (Van Zyl et al., 2010).  

𝛴𝛴FIC =  
IC50 of 𝐗𝐗 in Combination

IC50 of 𝐗𝐗 alone
∶   

IC50 of 𝐘𝐘 in Combination
IC50 of 𝐘𝐘 alone

 

Equation 2.3: Relative concentration ratios of X:Y or ƩFIC value. Ratios were calculated using the 

IC50 values of combined ratios of X and Y over the individual IC50 values of X and Y, respectively (van 

Zyl et al., 2010). 

 

2.3.2 Parasite morphology and stage determination 

In order to determine the specific effects of the two most active test compounds on the 

asexual parasitic stages, a 48 hour observational study was conducted (Moseley, 2012). Based 

on the IC50 values of the two most active compounds as determined in the pLDH drug 

sensitivity assay (Section 2.2.4.2), working solutions of these active compounds were 
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prepared in complete experimental culture media taking a dilution factor of 10 into account 

to ensure the IC50 value was maintained in the total volume of the parasite suspension in the 

25 cm3 tissue culture flasks (Sigma Aldrich®). The parasite suspension was prepared by 

synchronising the early ring staged culture (Section 2.2.5) and adjusted to a 2% parasitaemia 

and 2% haematocrit in complete culture media. The synchronised parasites (5400 µL) and 600 

µL of each test compound or quinine was added to its respective flask. An appropriate control 

was prepared, namely an untreated parasite control with a 2% parasitaemia and a 2% 

haematocrit in complete parasite culture media. The parasite cultures were all gassed with a 

mixture of 3% oxygen, 4% carbon dioxide and 93% nitrogen for 30 seconds, sealed and placed 

in an incubator at 37°C in a static position.  Every 8 hours, a thin blood smear was prepared 

for microscopic assessment (Section 2.2.4) and the flask re-gassed and returned to its 37°C 

environment. The blood smears were analysed microscopically at 1000x magnification using 

an Olympus® CX23 microscope and CellSens version 1.5 software (Olympus®, Japan) to 

determine total percentage parasitaemia and percentage of each parasite stage at each time 

interval. Any morphological changes to the parasites and infected RBCs were noted for each 

time interval over the 48 hours period. 

 

2.4 Vector studies 

To determine if the test compounds possessed any larvicidal activity in comparison to 

standard insecticides such as DDT, mosquito larvae and eggs were incubated in the presence 

of these compounds. An animal ethics waiver was obtained for the use of Anopheles 

mosquitoes from the University of the Witwatersrand Animal Research Ethics Committee 

(Waiver number: 07-11-2017-O, Appendix A). 

 

2.4.1 Anopheles mosquitoes 

The Anopheles arabiensis (KWAG) mosquito larvae and eggs for vector susceptibility assays 

were sourced from the Botha de Meillon Insectary at the National Institute for Communicable 

Diseases (NICD), Sandringham, Johannesburg, South Africa. This species was first colonized in 
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2005 in Kwa-Zulu Natal, South Africa, and possesses a pyrethroid resistance profile (Mouatcho 

et al, 2009).    

Third instar mosquito larvae were collected in containers with fresh distilled water at room 

temperature and used for the vector studies on the day of collection. The temperature in the 

laboratory test environment was maintained at 25-28°C with a simulated day/night cycle, 

including a dawn to dusk transition phase, that was established by switching the laboratory 

lights off after 12 hours and then switching them on again after another 12 hours have 

elapsed. A 50 minute long dawn and dusk transition phase was implemented by dimming or 

brightening the lights to simulate sunrise and sunset lighting conditions in the simulated 

day/night cycle (Hunt et al., 2005; Venter, 2023). The average humidity in the laboratory test 

environment was maintained at 80% by using a humidifier and a hygrometer. Standard larval 

food for feeding the mosquito larvae was obtained from Prof Koekemoer (WITS Research 

Institute for Malaria; WRIM) and was prepared by combining 300 g dog biscuits (West’s 

Beeno™, BM & Co) and 100 g Brewer’s yeast (MP Biomedicals LLC). The combination was 

crushed into a fine powder consistency before being allocated into plastic tubes and sealed 

for storage until necessary (Hunt et al., 2005; Venter, 2023). 

Mosquito eggs were harvested in accordance with the MR4 Methods in Anopheles Research 

guidelines (MR4, 2014) by placing a filter paper lined cup with clean water inside the mosquito 

colony cage for oviposition. The freshly laid (<6 hours old) eggs would accumulate on the filter 

paper and were washed off into a plastic bowl with distilled water at room temperature. The 

harvested eggs were immediately used for the ovicidal assay on the day of collection. 

 

2.4.2 Larvicidal assay 

In accordance with the WHO protocol for insecticide testing (WHO, 2005), all test compounds 

were screened against Anopheles arabiensis (KWAG) mosquito larvae to determine their 

potential insecticidal activity.  

2.4.2.1 Larvicidal lethality assay  

The test compounds and the positive control, DDT (50 μM) were prepared taking a dilution 

factor of 100 into account (WHO, 2005). Clear plastic test cups (173.2 cm3) were appropriately 
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labelled and a total of 25 mL distilled water was aliquoted into each test cup. From each of 

these test cups except for the blank control, a total of 250 μL distilled water was removed and 

discarded. Batches of twenty 3rd instar larvae were gently introduced to the cups. To each test 

cup, 250 μL test compound or control was added. DMSO served as the negative solvent 

control, while autoclaved MilliQ® deionised water served as the blank negative control.  

Standard larval food (Section 2.4.1) was added to all cups with enough powdered food to be 

evenly distributed to lightly cover the water surface in the cups. The cups were then incubated 

for 24 hours at 25-28 °C (T24), after which larval mortality was recorded. The larvae were 

gently prodded with a plastic stirring stick and if non-responsive and moribund (lacking energy 

or vitality), the larvae were recorded as dead. The plastic test cups were covered with a net 

and secured in place and incubated for a further 24 hours, thereafter the counting process 

repeated (T48). The latter process was repeated at 72 hours taking care not to release any 

mosquitoes that may have emerged at this time interval (T72). Pupae were recorded to 

calculate percentage pupation at each time interval (T24, T48 and T72). Percentage survival was 

calculated according to Equation 2.4 and percentage mortality was calculated according to 

Equation 2.5. The larvicidal lethality assay was repeated five times such that a minimum of 

100 larvae were evaluated per concentration to ensure compliance with the WHO larvicidal 

assay protocol (WHO, 2005). 

Those compounds showing significant mortality of larvae (≥60%) at the screening 

concentrations were further serially diluted and the percentage mortality were analysed 

using Probit analysis as described by Finney (1971) with IBM SPSS® statistics version 29 

software. From each Probit analysis, the lethal concentration of 50% of the larvae (LC50 value) 

for the positive controls and active test compounds were determined. For the purposes of 

generating a graph, GraphPad® Prism version 5.02 was used and verified to produce the same 

LC50 value as the Probit analysis (IBM SPSS® Statistics version 29). 

% Survival =  
[(Number of larvae alive + number of pupae)]x 100

Total number of larvae in the cup at time zero (including moribund)
   

Equation 2.4 The equation used to calculate the percentage survival of the larvae after 

incubation with test compound after a 24-hour period (WHO, 2005). 
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% Mortality

=  
[(%Survival in untreated control T24 ) − (% survival in treated cup T24)]x 100

% survival in untreated control T24
   

Equation 2.5 The equation used to calculate the percentage mortality of the larvae after 

incubation with test compound after a 24-hour period (WHO, 2005). 

 

2.4.2.2 Morphological effects 

Larvae were microscopically assessed for morphological changes by examining them under a 

BestScope compound microscope (Lasec, South Africa) with TCapture version 3.9.0.602 

software at 10x magnification and photographs taken at each time interval (T24,T48 and T72). 

Test compound treated larvae were assessed in comparison to an untreated control larvae 

and changes noted. 

 

2.4.3 Ovicidal assay 

A successful integrated mosquito control strategy includes several tactics to eliminate 

mosquitoes from their habitat, including killing mosquito eggs, i.e. larval source management 

(WHO, 2019). As such, all test compounds were screened against An. arabiensis (KWAG) eggs 

to determine their potential ovicidal activity and potential use as an ovicide in larval source 

management. The ovicidal assay was conducted using a modified method adapted from the 

WHO guidelines for insecticide testing (WHO, 2005). 

 

2.4.3.1 Ovicidal lethality assay 

Test compounds (0.5 µM) and positive controls, 3.45 mM formalin (1% w/v) and 0.5 µM DDT 

were prepared with a dilution factor of 100 taken into account. Freshly laid An. arabiensis 

(KWAG) mosquito eggs were carefully transferred to a small 350ml container filled with fresh 

distilled water. Ten microliters of the test compound were added to duplicate wells, with 

DMSO or autoclaved MilliQ® deionised water added to the negative control wells and 

formalin added to the positive control wells to ensure 100% ovicidal activity. A total of 20 to 
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40 eggs were carefully added along with 990 μL autoclaved distilled water to each well in the 

24 well plate. The plate was incubated at room temperature (25-28°C) for 24 hours, after 

which the number of hatched eggs were counted.  

After a 24 hour incubation period (T24), the plate was microscopically examined under 10x 

total magnification using a BestScope compound microscope (Lasec, South Africa) with 

TCapture version 3.9.0.602 software and the number of hatched larvae in each well counted 

and recorded. The plate was then incubated for a further 24 hours and the counting process 

repeated at 48 and 72 hours (T48, T72)). The percentage ovicidal activity (% mortality) at each 

time interval (T24, T48 and T72) was calculated according to Equation 2.6. 

% Mortality =  
[Unhatched eggs at T24]x 100

Total eggs at T0
   

Equation 2.6 The equation used to calculate the percentage mortality of the eggs after 

incubation with test compound after a 24-hour period (WHO, 2005). 

 

The ovicidal lethality assay was repeated five times such that a minimum of 100 eggs were 

evaluated per concentration to ensure consistency with the larvicidal assay. Compounds 

showing significant mortality of eggs (>60%) were further evaluated using serial dilutions and 

the % mortality at each concentration was analysed by Probit analysis using IBM SPSS® 

statistics version 29 software (Finney, 1971). The log sigmoid dose response curve generated 

by GraphPad® Prism version 5.02 was used to verify the LC50 value from the Probit analysis 

(IBM SPSS® Statistics version 29).  

 

2.5 Toxicological assays 

A range of assays to assess compound toxicity were performed as described in the following 

sections (2.5.1-2.10). 

2.5.1 Haemolysis assay 

The haemolysis assay was performed to ensure that test compounds did not disrupt the RBCs 

membrane before directly affecting the malaria parasite, thereby resulting in a false positive 
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result that would have incorrectly indicated antimalarial activity as determined by the pLDH 

assay (Section 2.2.8). The assay determined the extent of RBC lysis by detecting the release 

of haemoglobin into the culture media (Hayat et al., 2011).  The haemolytic assay was carried 

out using aseptic techniques on freshly obtained RBCs from healthy volunteers that were pre-

screened prior to their blood being collected for use in the assay (Section 2.2.2). 

The test compounds and antimalarial drug control, quinine were screened at 50 µM (with a 

10x dilution factor taken into account). The latter (20 µl ) were asepticaly added to triplicate 

wells along with 180 µl of a 2% haematocrit suspension of freshly washed RBCs (Section 2.2.2). 

Appropriate controls were prepared where the positive control (100% haemolysis) consisted 

of Triton™-X 100 (0.003 M, 0.2% v/v) (Sigma Aldrich®) and RBC suspension; whilst the negative 

control consisted of complete experimental media and RBC suspension. 

The plates were incubated in a humidified candle jar at 37˚C for 48 hours. Thereafter, the 

plates were shaken using an orbital shaker (MRC Thermo‐Shaker™ MB100‐4P) at 161 x g for 

2 minutes and centrifgued at 252 x g for 5 minutes. The resulting supernatant (50 µl) along 

with 150 µl autoclaved Milli-Q® water were transferred to a second corresponding non-sterile 

96 well-plate. The absorbances obtained at the wavelength of 414 nm using the Lab Systems 

Multiskan iEMS plate reader and Ascent™ software version 2.6 were analysed using Microsoft 

Excel® and Equation 2.7 used to determine the percentage haemolysis induced by the 

test/control compounds. 

% Haemolysis

=  
[(Absorbance of compounds –  Average absorbance of 0% lysis RBC control)]x 100

[(Average absorbance of 100% lysis − 0% lysis)]
   

Equation 2.7 The equation used to calculate the percentage haemolysis (Mosely, 2012). 

 

2.6 Cytotoxicity studies 

2.6.1 Cytotoxicity assay 

In order to determine if the test compounds possessed selective antimalarial properties or 

caused general cell damage or cell death to mammalian cells, the tetrazolium cytotoxicity 

assay was undertaken. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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(MTT) assay is a quantitative colorimetric assay that involves the cleavage of the yellow MTT 

by succinate dehydrogenase found in the mitochondria of living cells (Figure 2.5). After the 

tetrazolium ring is cleaved, this produced water-insoluble purple formazan crystal (Mosmann, 

1983). 

2.6.2 Cytotoxicity assay cells 

The MTT method as described by Mosmann (1983) and Van Zyl et al. (2010) was performed 

on the human embryonic kidney epithelial cell (HEK293; Graham) and chronic myelogenous 

leukaemia cell (K562) lines. 

2.6.2.1 Cell culture reagents and solutions 

2.6.2.1.1 Incomplete and complete cell line culture medium 

The incomplete culture medium was prepared by combining an equal volume of Dulbecco’s 

Modified Eagle’s Medium (DMEM) and Ham’s Nutrient Mixture F12 (Ham F12) sterile liquid 

culture medium (Sigma-Aldrich®). Each cell line was maintained separately in incomplete 

culture medium that was supplemented with 10% (v/v) heat inactivated foetal bovine serum 

(FBS) (Gibco™, Thermo Fisher Scientific; Section 2.6.2.1.2). This complete cell culture medium 

was sterile filtered through a 0.22 μm Sterivex™-GS filter before use and all solutions were 

stored at 4°C until required.  

 

Figure 2.5: Conversion of MTT (yellow colour) to the formazan (purple colour) product by 

succinate dehydrogenase which indicates cellular viability. This cellular reduction involves the 

pyridine nucleotide co-factors, Nicotinamide adenine dinucleotide (reduced form) (NADH) and 

Nicotinamide adenine dinucleotide (oxidised form) (NAD+) (Mosmann, 1983; Riss et al., 2016). 

succinate 
dehydrogenase 

MTT Formazan 
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2.6.2.1.2 Foetal bovine serum 

The FBS was thawed at 4°C and heat inactivated in a water bath at 56°C for 45 minutes before 

being aliquoted into 50 mL sterile plastic tubes and stored at -20°C until required. The FBS 

was thawed at 37°C, centrifuged at 252 x g and sterile filtered through a 0.22 μm Sterivex™-

GS filter before use. 

 

2.6.2.1.3 MTT 

A stock solution of MTT (5 mg/ml, 12 mM) was prepared by dissolving MTT powder in PBS 

(pH 7.4) and sterile filtered through a 0.22 μm Sterivex™-GS filter before being stored in a 

light protected container at 4°C until required.  

 

2.6.2.1.4 Cell line cryopreservation solution 

The cryopreservation solution consisted of 20% FBS, 10% DMSO and 70% complete cell 

culture media was sterile filtered through a 0.22 μm Sterivex™-GS filter before being stored 

at 4°C until required. Cell culture grade DMSO (Merck) was used for cryopreservation. 

 

2.6.2.2 Maintenance of cell culture 

Human kidney epithelial cells (HEK293) and chronic myelogenous leukaemia cells (K562) were 

cultured in vitro. Cells were monitored daily with an Olympus® CKX41 inverted phase contrast 

microscope (Olympus®, Japan) at 40X magnification to evaluate growth and to check for 

microbial contamination. 

The K562 and HEK293 cells were grown and maintained aseptically in a 20 mL DMEM-Ham 

F12 complete culture medium (Section 2.6.2.1.1). The cell culture medium was replaced as 

necessary based on the confluency or cell density of the cell growth. Cells were cultured in 75 

cm3 cell culture flasks in a 37°C humidified environment with 5% CO2 (Thermo Fisher 

Scientific, Forma™ series II Water-Jacketed CO2 Incubator, UK). The cell culture flask lids were 

fractionally opened to allow for gaseous exchange to occur with the humidified atmosphere 
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in the incubator. The cells were used to initiate a new subculture (Section 2.6.2.2.1 and 

2.6.2.2.2), cryopreservation (Section 2.2.5) or for cytotoxicity assays (Section 2.6.3). 

 

2.6.2.2.1    HEK293 cell line 

The adherent HEK293 cells were trypsinised when cell growth reached levels above 80% cell 

growth/confluency in the culture flask as microscopically determined at 40x magnification. 

Trypsin is an enzyme used to dissociate adherent cells from the surface of the cell culture flask 

and to break up clusters of cells to form single cell suspensions (Thermo Fisher, 2020). The 

process of trypsinisation involved discarding the spent cell culture medium, rinsing the 

adherent cells twice with 10 mL PBS (pH 7.4), and adding 5 mL of 0.2% (v/v) trypsin versene-

EDTA (Sigma‐Aldrich®) to the flask for 3 minutes. Thereafter to inactivate the trypsin, an equal 

volume of complete cell culture media was added. The cell suspension was transferred to a 

50 mL sterile tube, and the cells pelleted by centrifugation at 252 x g for 5 minutes. The cell 

pellet was resuspended in 20 mL complete cell culture media (Section 2.6.2.1.1) to seed 

another flask or the cells were cryopreserved (Section 2.6.2.1) or used in a cytotoxicity assay 

(Section 2.6.3). 

 

2.6.2.2.2    K562 cell line 

Before the cell density of the K562 suspension cells reached its maximum limit in the cell 

culture flask, the cells were sub-cultured to ensure optimal growth of the cells and to prevent 

them from dying due to nutrient depletion.  Subculturing of the K562 cells involved gently 

agitating the cell culture flask to dislodge a 

ny cells that may have settled onto the flask’s surface. The resultant cell suspension was 

transferred into a 50 mL sterile tube, which was centrifuged at 252 x g for 5 minutes to pellet 

the cells and the resulting supernatant discarded. The cell pellet was resuspended in 20 mL 

of complete cell culture media (Section 2.6.2.1.1) and the suspension placed back into the cell 

culture flask and incubated, cryopreserved (Section 2.6.2.3) or used in a cytotoxicity assay 

(Section 2.6.3). 
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2.6.2.3 Cryopreservation of cell lines 

Excess cell suspension of either the HEK293 or K562 cell lines were cryopreserved for either 

short-term storage at -80°C or long-term storage in liquid nitrogen. The cell suspension was 

transferred to a 50 ml tube and centrifuged for 5 minutes at 252 x g to produce a cell pellet 

which was resuspended in 10 mL cryopreservation solution (Section 2.6.2.1.4). After 

resuspension to a single cell suspension, 1.8 mL of the cell suspension was aliquoted into 2 

mL cryotubes (Greiner Bio-One®) and placed into a cryobox that was frozen at -80°C freezer 

for 72 hours. The cryobox allowed for controlled freezing at a rate of 1°C/min that allowed 

the cells to retain structural integrity and allow for optimal cell viability when thawed (Thermo 

Fisher, 2020). After 72 hours, the cryotubes were transferred to a liquid nitrogen storage 

vessel for long term storage at -196°C. 

 

2.6.3 MTT cellular viability protocol 

For the cytotoxicity assays, the cells suspension was prepared as described in Sections 

2.6.2.2.1 and 2.6.2.2.2. The cell suspensions were pelleted by centrifugation at 252 x g and 

resuspended in 10 mL complete culture media. The cell density was determined by staining 

the cell suspension in a 1:1 ratio with a trypan blue solution (Section 2.6.2.1.5) and the cell 

density of 40 μL of this suspension was quantitated microscopically using a haemocytometer 

at 100x magnification. The number of viable clear or transparent cells were counted whilst 

the dead or unhealthy cells were stained blue as the trypan blue stain was able to cross into 

the cell through the compromised cell membrane (Strober, 1997). A minimum of 95% cell 

viability was required for the cells to be used in this assay. The cell density of the cell 

suspension was determined using Equation 2.8. 

% 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑚𝑚𝑚𝑚

= �  
Number of viable cells

4
  � x 2 (Dilution Factor) 

Equation 2.8: Determination of cells in cell suspension when counted using a 

haemocytometer at 100x magnification (Strober, 1997). 
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The cell density of the cell suspension was adjusted to 10,000 cells per 180 μL of complete 

experimental culture medium (Section 2.6.2.1.1) and 180 μL added to each well except for 

the three cell-free control wells, which contained 200 μL of complete culture media (Figure 

2.6). A screening concentration of 50 μM was prepared with a 10x dilution factor taken into 

account for each test compound (Section 2.1.2) and 20 μL was plated out in triplicate wells in 

a sterile 96 well plate. Whilst 20 μL complete experimental culture media was added to the 

nine drug-free control wells containing the cell suspension contained. The positive controls, 

camptothecin and cisplatin (Sigma‐Aldrich®) were also screened at 50 μM. 

 

Figure 2.6: Plate layout of the MTT cell viability assay. Compounds were plated in triplicate wells 

with 180 μL cell suspension to assess their inhibitory activity on cell growth. Untreated experimental 

cell culture media and cell suspension were added to wells D4-D12 (purple) to serve as the 100% cell 

growth control. Wells D1-D3 (yellow) contained 200 μL of complete experimental cell culture media 

to serve as the 0% cell growth control. Positive controls, quinine (light blue) and cisplatin (orange) 

were plated in decreasing concentrations in row A-C and E-H. 

The prepared 96 well plate was incubated for 48 hours under humidified conditions (90-95%) 

at 37°C with 5% CO2 in a partially sealed container; after which a volume of 40 μL MTT (Section 

2.6.2.1.3) was added to each well and the plate incubated for a further 4 hours. The 4.2 mM 

trypan blue stock solution (0.4% w/v) (Sigma‐Aldrich®) was prepared in PBS (pH 7.4) and 

sterile filtered through a 0.22 μm Sterivex™-GS filter before being stored at 4°C until required.  

Thereafter, the plate was sealed with an adhesive plate seal and centrifuged at 252 x g for 5 

minutes before 180 μL supernatant was replaced with 200 μL DMSO in all wells. The plate 

was shaken on an orbital shaker (MRC Thermo-Shaker™ MB100-4P, UK) at 161 x g for 5 

minutes to ensure cell lysis and dissolution of the formazan crystals. The absorbance was 

measured using the Lab Systems Multiskan iEMS plate reader at a test wavelength of 540 nm 

to detect the formazan and a reference wavelength of 690 nm to detect the unreacted MTT. 
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Using Equation 2.9, the percentage cell viability was determined per well taking the 

appropriate controls into account. For the test compounds that inhibited more than 60% cell 

growth, the IC50 values were obtained by exposing the cells to a range of concentrations 

(0.001 - 200 μM). The IC50 values were calculated from log sigmoid dose response curves 

generated by GraphPad Prism® 5.02 (GraphPad Software, Inc., USA). 

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

=  
[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (540 𝑛𝑛𝑛𝑛)–  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (690 𝑛𝑛𝑛𝑛)] 𝑥𝑥 100

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (540 𝑛𝑛𝑛𝑛) −𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (690 𝑛𝑛𝑛𝑛)
 

Equation 2.9: The equation used to calculate the percentage cell viability taking both the test 

and reference wavelengths into account (van Zyl et al., 2010). 

 

2.6.4   Cellular viability combination studies  

Drug combinations have the benefit of improved clinical efficacy when treating cancer and 

have been shown to delay drug resistance, with synergistic drugs being the most desired (Yin 

et al., 2018). Ideal combinations have complementary mechanisms of actions to improve the 

inhibitory effects (Tallarida and Raffa, 2010). The possible mechanistic information and 

interaction between compounds have clinical relevance if there is an additive or synergistic 

effect, which can allow for a reduced dose to be administered along with the reduction of 

potential drug related side effects, while still achieving the required effectiveness (Tallarida 

and Raffa, 2010). Cisplatin has been shown to display synergistic behaviour in combination 

with other drugs against the K562 cell line (Li et al., 1997; Wei et al., 2015). As such the two 

most effective novel test compounds in this study were combined with cisplatin at various 

drug concentration ratios to determine the combined effects against the K562 cancer cells. 

Combination studies were performed using the MTT assay as described in Section 2.6.3 with 

slight modifications to accommodate the addition of the combined drugs (van Zyl et al., 2010). 

Based on the initial IC50 values obtained for the individual compounds, various drug 

concentration ratios were prepared taking a 20 times dilution factor into account (10 times 

dilution factor for the MTT assay and 2 times dilution factor for the 1:1 combination of 

compound X and compound Y) (Table 2.5). After the initial combinations were prepared, 

serial dilutions were plated out into the 96 well plates to determine the interaction between 
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the two compounds and construct an isobologram (Figure 2.4) plotting X- and Y-axis points 

(Equation 2.3). 

2.6.5   Safety index 

The safety index (SI) was determined for each test compound and control to assess the 

efficacy of the compounds in comparison to the safety/toxicity against human cell lines 

(HEK293) (Equation 2.10).  This ratio was also indicative of the selectivity of the compounds 

to the malaria parasite over the human host cells which would be preferred to reduce the risk 

of adverse effects and increase the clearance rate of the parasite. All compounds with SI 

values >10 are normally regarded as non-toxic (Pink et al., 2005; Bhat et al., 2008). The SI for 

quinine has been reported to be >1000, as such a SI >100 was considered non-toxic in this 

study (Chen, 2015). Whilst the selective activity (SeI) of the compounds against the HEK293 

cell line compared to their cytotoxicity against the leukemic K562 cell line was determined by 

calculating the SeI as per Equation 2.11 derived from modifying Equation 2.6 to compare 

percentage growth inhibition.  

Safety Index =
Cytotoxicity HEK293 (50 μm)
Antimalarial activity (50 μm)

 

Equation 2.10: The equation used to calculate the safety index for P. falciparum compared to 

human kidney epithelial (HEK293) cells (Chen, 2015). 

 

Selectivity Index (SeI) =
Cytotoxicity HEK293 (50 μm)

Cytotoxicity K562 (50 μm)
 

Equation 2.11: The equation used to calculate the selectivity index for human leukemic K562 

compared to human kidney epithelial (HEK293) cells (Chen, 2015). 

 

2.7 Artemia toxicity study 

The toxicological properties of the test compounds were determined using the Artemia 

lethality assay. The Artemia lethality assay is a toxicity test first proposed by Michael et al. 

(1956) and further developed by several other research groups (Van Walbeek et al., 1971; 

Vanhaecke et al., 1981). The Artemia lethality assay was carried out in order to determine the 
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toxicity of the test compounds against a whole organism in comparison to human cell lines 

and the method described by Ruebhart et al. (2009) was adapted for use with Artemia 

franciscana nauplii (brine shrimp). 

2.8 Artemia lethality assay protocol 

2.8.1 Hatching Artemia eggs  

Animal ethics approval was obtained for the experimental use of Artemia from the University 

of the Witwatersrand Animal Research Ethics Committee (Clearance certificate: 07-11-2017-

O, Appendix A). 

Artemia franciscana nauplii eggs (0.5 g; Ocean Nutrition™) were placed in a plastic container 

containing 500 mL sea water (32 g/L Tropic Marine® sea salt in distilled water). A plastic tube 

connected to an aquarium rotary pump was placed into the water to allow for adequate 

aeration and dispersion of eggs throughout the container. A desk lamp with a standard 60-

watt incandescent lightbulb was placed next to the container for 24 hours to provide a source 

of heat and light to optimise hatching of the eggs. After 24 hours, the freshly hatched nauplii 

were placed into a rectangular plastic container and the desk lamp focused over a particular 

area of the container, with the rest of the container void of light. Over the next 15 minutes 

the mobile nauplii concentrated into the brightly lit region of the container as they were 

attracted to light. The nauplii were then plated into a sterile 48 well plate for use in the 

bioassay. 

 

2.8.2 Artemia lethality assay  

An average of 20-40 nauplii were plated (50 μL) into each well of a sterile 48 well plate. Salt 

water (32 g/L; 197.5 μL) was added to each well and lastly, 2.5 μL of 50 μM test compound or 

positive control, potassium dichromate (dilution factor of 100 taken into account) were added 

in triplicate. All drugs were prepared in DMSO and further diluted with autoclaved MilliQ™ 

deionised water to their final concentration to be added to the plate. Salt water (2.5 μL) was 

plated out to serve as the drug-free/untreated negative control. 

Upon adding the nauplii, test compounds and controls into the sterile 48 well plate, each 

individual well was examined microscopically (10x magnification; Olympus®, Japan) to record 
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any dead nauplii before incubation (dead at T0). The plate was then incubated for 24 hours at 

25°C, at which time the number of dead nauplii in each well was again recorded (dead at T24) 

and the plate returned for incubation for a further 24 hours at 25°C. The process was repeated 

and the total dead at T48 and T72 recorded. Photographs were taken at 40x total magnification 

using an Olympus® CKX53 microscope using CellSens™ software at each respective time 

interval (T24, T48 and T72) for morphological assessment (Olympus®, Japan). 

In order to determine the total number of nauplii in each well, 100 μL of acetic acid (50% v/v, 

8.33 M) was added to each well after T72 to kill all nauplii and the total number of dead nauplii 

microscopically counted under 10x magnification. The percentage mortality was calculated as 

per Equation 2.12. 

% 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  
[(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎 𝑇𝑇24, 𝑇𝑇48 𝑜𝑜𝑜𝑜 𝑇𝑇72 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎 𝑇𝑇0)]𝑥𝑥 100

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎 𝑇𝑇0
   

Equation 2.12 The equation used to calculate the percentage mortality of the Artemia nauplii 

after incubation with test compound after a 24, 48 or 72-hour period (Kathrada, 2017). 

Each compound’s morphological effects on the nauplii were noted based on microscopic 

visual assessment together with the photographs taken at each time interval during the 

screening process. The assay was repeated three times. Compounds showing significant 

mortality of Artemia (60%) were analysed using Probit analysis using IBM SPSS® statistics 

version 29 software (Finney, 1971). For the purposes of generating a graph, GraphPad® Prism 

version 5.02 was used and verified to produce the same LC50 as Probit analysis (IBM SPSS® 

Statistics version 29).  

 

2.9   Free radical-induced oxidative stress and Iron chelation   

The iron chelation and free radical scavenging assay were used to determine the ability of the 

test compounds to chelate iron or to act as an anti-oxidant respectively. Various microbial 

pathogens require transition metals for structural, catalytic and signaling functions (Niles, 

2012) and many diseases such as cancer, diabetes and neurodegeneration are associated with 

metal ion imbalance (Maret and Wedd, 2014). A balance between free radicals and 

antioxidants is also necessary for proper physiological functioning (Lobo et al., 2010).  
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2.9.1   Preparation of test compounds and control drugs for iron chelation and free radical 

scavenging assays 

A 1 mL stock solution of 10 mM was prepared from each test compound by taking into 

account the respective molecular weight of each compound. The stock solutions were 

prepared by dissolving the solid test compounds in DMSO and storing them at -80 °C until 

required. A screening concentration of of each test compound was prepared, taking the 

dilution factor of 7.5 into account for the iron chelation assay and the dilution factor of 5 for 

the free radical scavenging assay by diluting the stock solutions with DMSO. Stock solutions 

of the respective positive controls, EDTA and ascorbic acid were prepared as in Section 2.1.2 

for use as control compounds. 

 

2.9.2    Free radical scavenging assay 

Free radicals and oxidants play an important dual role as both beneficial and toxic compounds 

since they can either be harmful or helpful to the body (Pham-Huy et al., 2008). The 

implication of oxidative stress in the aetiology of several diseases suggests that antioxidant 

therapy represents a promising avenue for treatment. (Pham-Huy et al., 2008). In severe 

malaria, highly reactive chemicals formed from oxygen, water and hydrogen peroxide known 

as reactive oxygen species are generated by parasite haemoglobin metabolism in RBCs. 

Oxidative stress in RBCs could offer some compensatory benefits to a patient with severe 

malaria (Ackerman, 2009), while antioxidant supplements can reverse or minimize the 

oxidative damage to hosts caused by the use of antimalarial drugs, such as primaquine and 

chloroquine (Percário et al., 2012; Ashley et al., 2014).  

 

2.9.2.1   Free radical scavenging assay protocol 

The 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH●) scavenging assay is one of the few 

stable and commercially available organic nitrogen radicals (Hunsaker and Schenk, 1983). 

According to Huang et al. (2005), the colour of the solution of DPPH when combined with an 

anti-oxidant, fades upon reduction of the anti-oxidant in proportion to the concentration of 
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the anti-oxidant (Figure 2.7). The DPPH● scavenging assay measured the ability of anti-

oxidants to scavenge the stable free radical of DPPH, such that the violet colour changes to 

yellow-clear when the anti-oxidant compound donates an electron to the DPPH radical. The 

degree of decolourisation is stoichiometrically correlated to the number of electrons seized 

by DPPH (Huang et al., 2005). 

 

Figure 2.7: The interaction between DPPH free radical and an anti-oxidant and the observed 

colour changes (Liang & Kitts, 2014). 

 

The modified method of Gülcin et al. (2004) and Chen et al. (2006) was used to prepare a 96.2 

µM DPPH (Sigma Aldrich®) solution in HPLC grade methanol (Sigma Aldrich®). The freshly 

prepared solution was allowed to stand at 4˚C in the dark for 24 hours before use. To a sterile 

96 well plate, 50 µL of each test compound (50 μM; 5 times dilution factor) or control (50 μM; 

5 times dilution factor) was aliquoted into triplicate wells (Figure 2.8). DMSO was used in the 

nine untreated control wells, while L-ascorbic acid was used as the positive control in three 

wells. HPLC grade methanol (200 µL) was used instead of DPPH in the colour control wells 

when coloured test compounds or control were tested where the colours absorbance could 

interfere with the quantification of the reaction. DPPH● (200 µL) was added to the test and 

untreated control wells and the plate was gently agitated before being incubated at room 

temperature in the dark for 30 minutes. The degree of decolourisation of the DPPH● was 

spectrophotmetrically determined at 540 nm using the Lab Systems Multiskan iEMS plate 

reader and Ascent™ software version 2.6 and the percentage free radical scavenging 

determined using Equation 2.13 in Microsoft Excel®. For those test compounds and controls 

that possessed >60% percentage free radical scavenging, serial dilutions were prepared to 
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determine the IC50 values from log sigmoid dose response curves generated by GraphPad 

Prism® 5.02 (GraphPad Software, Inc., USA)  

 

Figure 2.8: Plate layout of the free radical scavenging assay. Test compounds were plated in 

triplicate wells with 200 μL DPPH● to assess the free radical scavenging activity of the compounds. 

HPLC grade methanol (200 µL) was used instead of DPPH● in the colour control wells (H7-H9). 

Wells H1-H6 (dark purple) contained 200 μL of DPPH and 50 μL DMSO to serve as the 0% scavenging 

control. Positive control compound ascorbic acid (grey) was plated in triplicate in wells H10-H12 to 

serve as the 100% scavenging control. 

% Free radical scavenging

=  
[(Absorbance of  compounds –  Average absorbance of colour control)]x 100

[(Average absorbance of untreated control − Average absorbance of colour control)]
   

Equation 2.13 The equation used to calculate the percentage decolourisation of the DPPH● 

by the test compounds and controls (Chen, 2015). 

 

2.9.3    Iron chelation assay 

Iron is important in the metabolic processes of intra-erythrocytic parasites and if it is withheld 

by means of iron chelators, the metabolism of the parasite will be disrupted (Mabeza et al., 

1999). The method described by Dinis et al. (1994) was used to quantify the ability of the test 

and control compounds to chelate ferrous iron (Fe2+). Iron chelating agents disrupt the 

formation of this complex by chelating the ferrous ions before ferrozine, reducing the 

intensity of the purple colour of the complex formed.  
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2.9.3.1  Iron chelation assay protocol 

Briefly, a 0.48 mM FeCl2 solution was prepared in 5% (w/v, 0.64 M) ammonium acetate (Fluka) 

in autoclaved Milli-Q® deionised water. In a sterile 96 well plate, 20 µL of each 50 μM test 

compound was aliquoted into triplicate wells and 30 µL of FeCl2 was added to all wells on the 

plate. The positive control, EDTA was screened at 50 μM and the IC50 value determined.  DMSO 

(20 µL) was added to the untreated wells which contained FeCl2 and served as the 100% Fe2+-

ferrozine complex formation control. The blank colour control wells consisted of water or 

DMSO (20 µL). The plate was gently agitated to ensure proper mixing of reagents before being 

incubated in the dark for 5 mins at room temperature. Thereafter, 100 µL ferrozine was added 

to all wells except for the six blank colour control wells. The plate was futher incubated for 30 

minutes at room temperature in the dark. Following which, the absorbances of each well were 

read at 540 nm and the percentage ferrous ion chelation was calculated using Equation 2.14. 

The IC50 values were calculated from log sigmoid dose response curves generated by 

GraphPad Prism® 5.02 (GraphPad Software, Inc., USA). 

% Ferrous ion chelation

=  
[(Absorbance of compound –  Average absorbance of colour control)]x 100

[(Average absorbance of untreated control − Average absorbance of colour control)]
   

Equation 2.14 The equation used to calculate the percentage iron chelation of the ferrous-

ferrozine complex by the test compounds (Chen, 2015). 

 

The absorbances obtained from reading the plate at the wavelength of 540 nm using the Lab 

Systems Multiskan iEMS plate reader (Thermo Fisher Scientific, United Kingdom) and Ascent™ 

software version 2.6 were analysed in Microsoft Excel® using Equation 2.14 to determine the 

percentage iron chelation capacity of the test compounds. For those test compounds and 

controls that possessed >60% percentage free radical scavenging, serial dilutions were 

prepared to determine the IC50 values from log sigmoid dose response curves generated by 

GraphPad Prism® 5.02 (GraphPad Software, Inc., USA).   
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2.10 Computational analysis 

The drug-likeness of the test compounds were measured using the physical and chemical 

properties of the test compounds in comparison to known antimalarial drugs, quinine and 

chloroquine. Drug-likeness refers to the drug-like permeability properties for the purpose of 

this investigation (Bhal et al., 2007). The Lipinski’s “Rule of Five” (Ro5) is a rule to evaluate 

drug-likeness or determine if a chemical compound with a certain pharmacological or 

biological activity has properties that would make it a likely drug that would be orally bioactive 

in humans (Lipinski et al., 1997). In this study, the partition coefficient was used as a predictor 

of the lipid solubility of the tests. The Lipinski’s Ro5 concept was applied as outlined by Lipinski 

et al. (1997), such that drugs with a molecular weight less than 500, a partition coefficient 

(Log P) less than 5, possessing less than 5 H-bonds and less than 10-H bond acceptors were 

considered to have drug-like properties. 

For the drug-likeness to be evaluated, 2-dimensional structures of the test compounds were 

constructed using ChemSketch® (ACD Labs, Version 2022.2.2). The pharmacokinetics of the 

test compounds and controls were determined using SwissADME (Molecular Modelling 

Group of the SIB, Swiss Institute of Bioinformatics. http://www.swissadme.ch) and ChemAxon 

Chemicalize® (https://chemicalize.com) web-based software. Test compounds that violated 

more than one of the Ro5 parameters were considered non-drug-like have poor 

pharmacokinetic properties. 

In addition to the Ro5 parameters, the ionisation constants (pKa values) as predicted by the 

SwissADME and Chemicalize® software were used to determine the degree of ionisation of 

the test compounds at physiological pH 7.4 (RBC cytosol) and pH 5 (parasite digestive food 

vacuole) using the Henderson-Hasselbalch equation (Equation 2.15). 

% Ionisation =  
100

1 + antilog (pKa − pH)
   

Equation 2.15 The equation used to calculate the percentage Ionisation of the test 

compounds (Henderson, 1908; Hasselbalch, 1917). 
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A toxicological hazard profile was generated using ToxTree (Version 3.1) 

(https://toxtree.sourceforge.net/) based on the revised Cramer decision tree (Cramer et al., 

1978; EFSA Scientific Committee et al., 2019) and test compounds were compared to known 

antimalarial drugs, quinine and chloroquine. Parameters investigated included whether a 

compound is heterocyclic, has reactive groups and or possessed other structural features 

suggestive of toxicity as proposed by Cramer et al (1978). Using SwissADME 

(http://www.swissadme.ch/), properties of the compound such as their ability to cross the 

blood brain barrier or be absorbed through the gastro-intestinal tract were also noted. 

 

2.11 Statistical analysis 

All experiments were carried out in at least triplicate to produce a mean ± standard deviation 

(s.d.) and each experiment independently repeated three times (biological repeats).  For the 

assays which required IC50 value determination (pLDH, MTT, free radical scavenging and iron 

chelation), the values were calculated from log sigmoid dose response curves generated by 

GraphPad Prism® 5.02 (GraphPad Software, Inc., USA). 

The absorbances of the plates in the pLDH, haemolysis, and MTT assays were read at their 

respective wavelengths using an ultraviolet-visible (UV‐Vis) spectrophotometer (Labsystems 

iEMS Reader MF) Ascent™ software version 2.6. For the assay which required LC50 values 

(Artemia lethality, larvicidal and ovicidal assay), Probit analysis was conducted using the IBM 

SPSS Statistical 29 Software Package (IBM Corp., USA).  

To determine if there was a statistically significant difference between a test compound and 

control, a one-way ANOVA (and non-parametric or mixed) was performed using GraphPad® 

Prism Version 5.02 software with a Dunnett’s multiple comparison post test, with a p-value 

of less than 0.05 considered to be significant. 
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CHAPTER 3 – RESULTS 

3.1 Antimalarial activity 

The three sets of novel test compounds possessed varying in vitro antimalarial activity when 

screened at 50 µM against the intra-erythrocytic P. falciparum NF54 parasite using the pLDH 

assay (Appendix B, Table B1). All fifteen of the dihydroquinoline-carbothioamide group (DC1-

DC15) compounds exhibited antimalarial activity resulting in parasite viability within the 

range of 0.01% - 41.58% The phenyl-hydrazono group (PHYD1-PHYD15) compounds exhibited 

antimalarial activity resulting in parasite viability within the range of 20.92% to 79.44% The 

quinoline-3-carboxamide group (Q3C1-Q3C12) compounds exhibited antimalarial activity 

resulting in parasite viability within the range of 10.10% to 89.62%.  

A dose-dependent response was observed for the active compounds (Figure 3.1), where test 

compounds, DC14 and test compound Q3C11 displayed the lowest IC50 values of the test 

compounds (Table 3.1). Compound DC14 showed the most antimalarial activity in the 

dihydroquinoline-carbothioamide group, compound PHYD1 showed the most antimalarial 

activity in the phenyl-hydrazono group and compound Q3C11 showed the most antimalarial 

activity in the quinoline-3-carboxamide group of compounds (Table 3.1). 
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Figure 3.1: Dose dependent antimalarial inhibitory effect of the most active compounds, 

DC14 and Q3C11 against the in vitro asexual blood stages of P. falciparum in comparison to 

standard antimalarial drug, quinine using the pLDH assay.
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Table 3.1: The IC50 values of test compound and controls as determined by the pLDH assay in micromolar (µM) concentration against the P. 
falciparum NF54 parasite. (n= 3-5). For those compounds where no IC50 value was determined, the % inhibitory activity are reported in [ ]. 
Statistical differences were the determined by comparing the test compound to Quinine. Where *n.d. – IC50 value not determined; n.s. = Not significant 

Compound 
Antimalarial 

activity (IC50 ±  
s.d; µM) [%] 

Statistical 
differences Compound 

Antimalarial 
activity (IC50 ± 
s.d; µM) [%] 

Statistical 
differences Compound 

Antimalarial 
activity (IC50 ± 
s.d; µM) [%] 

Statistical 
differences 

DC1 157.15 ± 4.05 Yes (P <0.0001) PHYD1 127.75 ± 3.85 Yes (P <0.0001) Q3C1 n.d. [59.11 ± 
13.46 ] n.d. 

DC2 72.71 ± 8.09 Yes (P <0.0001) PHYD2 142.25 ± 7.35 Yes (P <0.0001) Q3C2 n.d. [68.34 ± 
27.21 ] n.d. 

DC3 66.70 ± 1.51 Yes (P = 0.0009) PHYD3 155.40 ± 19.30 Yes (P <0.0001) Q3C3 21.27 ± 1.74 ns (P = 0.7622) 

DC4 40.05 ± 17.98 *ns (P = 0.0871) PHYD4 n.d. 
[ 65.12 ± 14.86 ] n.d. Q3C4 n.d. [89.62 ± 

7.96 ] n.d. 

DC5 n.d. 
[ 33.60 ± 1.60 ] n.d. PHYD5 n.d. 

[58.70 ± 30.05 ] n.d. Q3C5 n.d. [84.13 ± 1.7 
] n.d. 

DC6 76.22 ± 2.06 Yes (P = 0.0002) PHYD6 n.d. 
[ 76.98 ± 5.11 ] n.d. Q3C6 n.d. [55.67 ± 

20.98 ] n.d. 

DC7 n.d. 
[ 38.72 ± 14.79 ] n.d. PHYD7 n.d. 

[ 75.27 ± 22.63 ] n.d. Q3C7 17.34 ± 1.94 *ns (P = 0.9222) 

DC8 147.6 ± 2.50 Yes (P <0.0001) PHYD8 n.d. 
[79.76 ± 20.35 ] n.d. Q3C8 85.18 ± 12.73 Yes (P <0.0001) 

DC9 93.45 ± 10.55 Yes (P <0.0001) PHYD9 160.4 ± 4.80 Yes (P <0.0001) Q3C9 160.1 ± 9.1 Yes (P <0.0001) 

DC10 n.d. 
[18.38 ± 32.93 ] n.d. PHYD10 n.d. 

[60.96 ± 5.41 ] n.d. Q3C10 73.38 ±3.41 Yes (P =0.0003) 

DC11 14.56 ± 0.28 *ns (P = 0.9798) PHYD11 n.d. 
[79.44 ± 20.77 ] n.d. Q3C11 7.99 ± 0.31 *ns (P = 0.9992) 

DC12 13.5 ± 2.55 *ns (P = 0.9880) PHYD12 n.d. 
[76.53 ± 20.26 ] n.d. Q3C12 160.9 ± 2.1 Yes (P <0.0001) 

DC13 105.18 ± 12.52 Yes (P <0.0001) PHYD13 n.d. 
[77.12 ± 20.54 ] n.d.  

DC14 7.23 ± 1.17 *ns (P = 0.9993) PHYD14 n.d. 
[ 72.95 ± 28.52 ] n.d. Quinine 0.09 ± 0.005 - 

DC15 57.14 ± 11.29 Yes (P =0.0050) PHYD15 n.d. 
[66.85 ± 16.18 ] n.d. Chloroquine 0.01005 ± 

0.000175 *ns (P >0.9999) 
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Figure 3.2: The antimalarial IC50 values of the most active dihydroquinoline-carbothioamide 

(DC), and quinoline-3-carboxamide (Q3C) compounds with IC50 values less than 22 µM on the 

P. falciparum NF54 parasite compared to the standard antimalarial drugs, quinine and 

chloroquine using the pLDH assay (n=3). 

 

Compound DC14 exhibited the highest antimalarial activity across all three groups of 

compounds with an IC50 value of 7.23 ± 1.17 µM. The IC50 value of compound DC14 

represented an 80.3-fold lower activity compared to standard antimalarial drug, quinine (0.09 

± 0.005 µM)(p value: 0.9993) (Appendix B, Table B2). Compound Q3C11 displayed the second 

highest activity with an IC50 value of 7.99 µM ± 0.31, which was 88.7-fold lower in activity 

compared to quinine (p value:  0.9992).  

 

3.2 Antimalarial combination studies 

Test compounds DC14 and Q3C11 were found to be the most active of all the test compounds 

(Table 3.1); as such were selected to be combined with quinine to evaluate the drug 

interaction against the malaria parasite using the pLDH assay. The combination of DC14 with 

quinine demonstrated a synergistic effect with an average ΣFIC value of 0.58 as verified by 

the points below the synergistic line in the isobologram (Figure 3.3). The combination of 

Q3C11 and quinine demonstrated an antagonistic effect with an average ΣFIC value of 1.70. 

Notably, test compound Q3C11 displayed an additive interaction at concentration ratios 
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when lower concentrations of quinine were combined with compound Q3C11. With the 

exclusion of the higher quinine concentration ratios, an additional isobologram was 

generated to display the additive effects where a ΣFIC value of 0.91 was obtained (Figure 3.4). 
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Figure 3.3: Isobolograms displaying the drug interactions between test compound DC14 (A,C) 
or Q3C11 (B,D) in combination with the standard antimalarial drug, quinine using the pLDH 
assay. (n=4). A synergistic drug interaction was observed between quinine and compound DC14, 
compared to an antagonist interaction between quinine and Q3C11. Additive effects were observed 
at lower concentrations of compound Q3C11 and quinine (D). (n=4). 

 

3.3 Morphological and stage specific effects 

Compound DC14 and Q3C11 were incubated with synchronised P. falciparum NF-54 parasites 

at their respective IC50 concentrations in comparison to standard antimalarial drug quinine for 
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48 hours (Section 2.3.2). The parasite stages proceeded with a lag phase that developed 

between the test compound treated parasite and the untreated control. The % parasitaemia 

for each growth stage was noted (Figure 3.5) and a decline in the total parasitaemia over the 

48 hour period was observed in the treated parasites. The presence of gametocytes (Figure 

3.6) in the treated parasites is indicative of stressful environmental conditions (Omorou et al., 

2022). 
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Figure 3.4: The % gametocytes observed over 48 hours in the untreated parasites control, 

compared to compounds DC14 (7.23 µM), Q3C11 (7.99 µM) and quinine (0.09 µM) treated 

parasites control. 

 

In Figure 3.4, Figure 3.5 and Table 3.2, the following were observed at the different 

timepoints: 

• 0-8 hours: No significant changes in the morphology of the parasites were observed at 

this time point. Ring stage parasites were present at a 2% parasitaemia total in the 

treated and untreated parasites (Figure 3.5.A). 

• 8-16 hours: No changes in the morphology were observed when comparing compounds 

DC14, Q3C11 and quinine at the 8 hour interval. A higher % of trophozoites were 

observed in the untreated control (Figure 3.5.B). 

• 16-24 hours: At the 16 hour interval, quinine had less observable trophozoites in 

comparison to compounds DC14, Q3C11 and the untreated control. An approximate 1% 
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decrease in total parasitaemia was observed with quinine (Figure 3.5.B). The parasite 

digestive food vacuole was seen in a trophozoite in the untreated control (Table 3.2.A). 

• 24-32 hours: Gametocytes were observed in the compounds DC14- and Q3C11-treated 

flasks (Table 3.2). The gametocytes observed with compounds DC14 and Q3C11 were 

identified as male due to the crescent shape and nucleus with freely scattered chromatin 

(Table 3.2). The total parasitaemia in the untreated control peaked at the 24 hour interval 

(Figure 3.5.D). The total % schizonts increased rapidly between 24 and 32 hours in the 

untreated control in comparison to compounds DC14, Q3C11 and quinine (Figure 3.5.C). 

The total % trophozoites in the untreated control decreased with the development of the 

schizonts between these time intervals. The development of schizonts were slower for 

compounds DC14, Q3C11 and quinine and lagged behind the untreated control indicating 

an altered growth pattern. 

• 32-40 hours: A slight decline in the total % schizonts in the untreated control was 

observed which corresponded with an increase in the total % of ring stage parasites in 

the second generation. The total % schizonts increased slowly with compounds DC14 and 

Q3C11. Quinine had the lowest number of schizonts indicating an alteration in the stage 

progression (Figure 3.5.C). 

• 40-48 hours: An increase in the formation of new ring staged parasites were observed in 

the untreated control while there was a decline of observable schizonts. Few trophozoite 

and schizont parasites were observed with quinine with no new rings visible. The % 

parasitaemia remained the same for compound Q3C11 and declined slightly for 

compound DC14. A few new rings were observed with compound Q3C11 while 

compound DC14 showed no new rings (Figure 3.5. A). 

• 48 hours:  Quinine displayed the lowest total % parasitaemia followed by compounds 

DC14 and Q3C11. No new rings were observed with quinine and compound DC14, while 

very few new rings were observed with compound Q3C11 (Table 3.2.B). The untreated 

control displayed an increase in new ring stage parasites and the complete decline in 

observable schizonts corresponding with the parasite’s life cycle. The total % 

parasitaemia increased for the untreated control in comparison to the decrease observed 

for compounds DC14, Q3C11 and quinine (Figure 3.5.D). 
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Figure 3.5: The comparison of the % parasitaemia over 48 hours of the ring (A), trophozoite (B), schizont (C) stages and the total % parasitaemia 

(D) of the untreated parasites control compared to compound DC14 (7.23 µM), Q3C11 (7.99 µM) and the quinine (0.09 µM) treated parasites.
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Figure 3.6: Development of a gametocyte in the treated NF54 P. falciparum parasite flask 
after 24 hours of exposure to test compound Q3C11. 

Table 3.2: The effect of test compounds DC14, Q3C11 and Quinine at the IC50 value 

concentrations on the parasitic stages and morphology over a 48 hour period in comparison 

to untreated NF54 P. falciparum parasites. 

Time (Hours) Untreated 
Control 

DC14 Q3C11 Quinine 

0-8 
Ring Stage 

 

 

 

 

 

 

 

 

8-16 
Late Rings – 
Early 
trophozoite 
stage 

 

 

 

 

 

 

 

 

16-24  
Mid-
Trophozoite – 
Late 
trophozoite 
stage 

 

 

 

 

 

 

 

 

24-32 
Early schizont 
stage – mid 
schizont stage 

 

 

 

 
Gametocyte 

 

 
Gametocyte 

 

 

A 
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Table 3.2 (Continued): The effect of test compounds DC14, Q3C11 and Quinine at the IC50 value 

concentrations on the parasitic stages and morphology over a 48 hour period in comparison 

to untreated NF54 P. falciparum parasites. 

Time (Hours) Untreated 
Control 

DC14 Q3C11 Quinine 

32-40 
Mid to late 
Schizont – early 
new ring stage 

 

 

 

 

 

 

 

 

40-48 
Late schizont – 
early new ring 
stage 

 

 

 

 

 

 

 

 

48 
New ring stage 

 

 

 

 

 

 

 

 

 

 

3.4 Vector Studies 

3.4.1 Larvicidal Activity 

The three sets of novel test compounds displayed little to no larvicidal activity compared to 

DDT (100% death) at 0.5 µM in a time dependant manner (Table 3.3). All three test compound 

groups displayed larval mortality up to 5% (range: 0-5%) after 48 hours (Appendix C, Table C1 

and C2). The three groups of test compound displayed higher larval mortality at the 72 hour 

time period. 

The DC group test compounds displayed larval mortality up to 18.3% (range: 2.5-18.3%) after 

72 hours with compounds DC3 (16.6%), DC7 (18.3%) and DC12 (16.6%) being the most active 

B 
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from this group. The PHYD group test compounds displayed larval mortality up to 10% (range: 

1.6-10%) after 72 hours with compounds PHYD11, PHYD13 and PHYD14 all causing 10% 

mortality. Lastly the Q3C group test compounds displayed larval mortality up to 15% (range: 

5-15%) after 72 hours with compound Q3C1 (15%), Q3C9 (13.3%) and Q3C11 (11.6%) being 

the most active (Table 3.3) in this group. The larval mortality percentages for 24 hours and 48 

hours are reported in Appendix C, Table C1 and Table C2. 

 

Table 3.3: The percentage larval mortality after being exposed for 72 hours to each of the test 

compounds in comparison with positive control DDT at 0.5 µM.  

Compound 
% Larval 

Mortality at 
72 hours 

Compound 
% Larval 

Mortality at 
72 hours 

Compound 
% Larval 

Mortality at 
72 hours 

DC1 5.00 PHYD1 5.00 Q3C1 15.00 
DC2 2.50 PHYD2 5.00 Q3C2 6.67 
DC3 16.67 PHYD3 5.00 Q3C3 5.00 
DC4 10.00 PHYD4 6.67 Q3C4 8.33 
DC5 3.33 PHYD5 3.33 Q3C5 5.00 
DC6 8.33 PHYD6 3.33 Q3C6 10.00 
DC7 18.33 PHYD7 6.67 Q3C7 10.00 
DC8 11.67 PHYD8 8.33 Q3C8 7.50 
DC9 11.67 PHYD9 6.67 Q3C9 13.33 

DC10 11.67 PHYD10 5.00 Q3C10 6.67 
DC11 10.00 PHYD11 10.00 Q3C11 11.67 
DC12 16.67 PHYD12 8.33 Q3C12 6.67 
DC13 6.67 PHYD13 10.00  
DC14 6.67 PHYD14 10.00 DDT 100.00 
DC15 10.00 PHYD15 1.67  

 

No mortality was observed in the untreated control over the 72 hour period. The positive 

control, DDT exhibited 96% larval mortality after 24 hours and 100% larval mortality after 48 

and 72 hours at 0.05 µM (Table 3.3). The LC50 concentration of DDT was calculated to be 

0.3801 ± 0.13 µM after 24 hours, 0.0481 ± 0.001 µM after 48 hours and 0.0057 ± 0.000004 

µM after 72 hours (Appendix C, Figure C1). After 72 hours pupae formation above 5% was 

noted with test compounds DC5 (7.5% pupation), DC10 (12.5%), PHYD9 (7.5%) and Q3C11 

(7.5%), as well as in the untreated control (7%) (Appendix C, Table C3). In contrast, there was 

no pupae formation in the DDT treated larvae. 
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3.4.2 Morphological effects of the test compounds on the An. arabiensis larvae 

The untreated larvae served as the negative control and displayed normal morphological 

features which contrasted with the altered features of the larvae treated with the positive 

control DDT (Table 3.4) (Kathrada, 2017). From the three most active larvicidal test 

compounds, DC3 displayed a notable morphological change after 72 hours in the few dead 

larvae present, while compounds DC7 and DC12 showed no significant morphological changes 

to the larvae after 72 hours. 

 

Table 3.4: The morphological effects of compounds DC3, DC7 and DC11 on 3rd instar An. 

arabiensis larvae after a 72 hour period in comparison to the positive control DDT and 

untreated negative control. Images were captured using a BestScope compound microscope (Lasec, 

South Africa) with TCapture version 3.9.0.602 software at 10x total magnification. 

 

Compound Larvae Description 
Untreated 
(Negative 
control) 

 
 

A - Normal larvae head. 
B - Elliptical shaped thorax. 
This is wider than the head 
and has 3 rows of setae. 
C - Elongated abdomen. Ten 
segments with abdominal 
and palmate hairs present. 
Segments I-VII are uniform in 
shape and size. The final 
segment is the anal segment 
with anal brush and gills 
visible. 
 

DDT 
 

 
 

A – Head is slightly elongated 
and appears loosely attached 
to thorax 
 
B - Less distinguishable anal 
brush and gills. Anal segment 
reduced in size. 
 
C - Segments are shriveled 
with narrowing of the 
abdomen visible 
 

______ 

  2000 µm 

 

______ 

  2000 µm 

 

______ 

  2000 µm 
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Table 3.4 (continued): The morphological effects of compounds DC3, DC7 and DC11 on 3rd 

instar An. arabiensis larvae after a 72 hour period in comparison to the positive control DDT 

and untreated negative control. 

Compound Larvae Description 
DC3 Dead larva 

 
Live larvae 

 
 

A – Dead larva. Head is 
distorted and thoracic 
segment enlarged. 
 
B- No palmate hairs and 
total larval size 
reduced. 
 
C- Live larva in 
comparison with the 
dead larva displays a 
thoracic segment that is 
slightly enlarged. 
Palmate hairs are 
present. 
 
 

DC7 

 
 

 
A – No morphological 
changes. All segments 
intact. Abdominal and 
palmate hairs present. 
Anal brush and gills 
clearly visible 
 

______ 

  2000 µm 

 

______ 

  2000 µm 

 

______ 

  2000 µm 
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Table 3.4 (continued): The morphological effects of compounds DC3, DC7 and DC11 on 3rd 

instar An. arabiensis larvae after a 72 hour period in comparison to the positive control DDT 

and untreated negative control. 

 

Compound Larvae Description 
DC12  

 

 
A – No morphological 
changes. Abdominal and 
palmate hairs present. 
Anal brush and gills 
clearly visible 

 

 

3.4.3 Ovicidal Activity 

All three groups of novel test compounds displayed minimal ovicidal activity at the screening 

concentration of 0.5 µM on the An. arabiensis eggs after 72 hours, with average hatch rates 

ranging from 72% to 100% (Appendix D, Table D1 and D2). In comparison, the untreated 

controls (DMSO and distilled water) displayed an average hatch rate of 82% to 100% after the 

72 hour time period. One compound (PHYD12) from the PHYD group of test compounds 

displayed slightly higher ovicidal activity (28%) after 72 hours. The positive control, formalin 

resulted in 100% ovicidal activity at 48 and 72 hours. The LC50 value of formalin was 

determined to be 6.2 µM by using Probit analysis in the IBM SPSS® Statistics version 29 

software package. Eggs treated with DDT (0.5 µM) resulted in an average hatch rate of 60% 

after 72 hours. 

 

 

______ 

  2000 µm 
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3.5 Cytotoxicity Studies 

3.5.1 Haemolysis 

The red blood cell toxicity assay was used to determine the haemolytic effect of the test 

compounds at a concentration of 50 µM. Test compounds with a percentage haemolysis 

greater than 30% are considered highly haemolytic and therefore have an unfavourable 

toxicological profile (Hayat et al., 2011; Sæbø et al., 2023). From the three groups of test 

compounds, none showed significant haemolysis and demonstrated a percentage haemolysis 

of less than 3.5%  (Appendix E, Table E1). The test compounds had negligible haemolysis; the 

DC series (range: 0.1-3.41% lysis), PHYD series (range: 0.1-1.79% lysis) and Q3C series (range: 

0.1-1.4% lysis). Quinine displayed 0.45% haemolysis, in contrast to chloroquine that caused 

2.97% haemolysis and the positive control, Triton™ X-100 resulted in 100% haemolysis. 

 

3.5.2 MTT cytotoxic activity 

The MTT assay was performed on both human embryonic kidney cell (HEK-293) and chronic 

myelogenous leukaemia (K562) cell lines. Test compounds from all three groups exhibited 

varying cytotoxicity against the K562 cell line with the PHYD group of test compounds 

displaying up to 79% cell viability inhibition when screened at 50 µM (Table 3.5). In contrast 

to the K562 cell line, all three groups of test compounds exhibited low cytotoxicity towards 

the HEK293 cell line. Test compounds from the dihydroquinoline-carbothioamide group (DC1-

DC15) exhibited low cytotoxicity with percentage viability ranging from 58.28% to 88.79%; 

while similarly those from the phenyl-hydrazono group (PHYD1-PHYD15) exhibited low 

cytotoxicity with percentage viability ranging from 57.92% to 90.53%. Test compounds from 

the quinoline-3-carboxamide group (Q3C1-Q3C12) exhibited low cytotoxicity with percentage 

viability ranging from 55.66% to 100% (Table 3.5).The IC50 values for the test compounds 

demonstrated cytotoxic properties where the lower the IC50 value, the more cytotoxic the 

compound towards the K562 cell line (Table 3.6). Compound Q3C8 was 20.5-fold more 

cytotoxic compared to the positive control cisplatin (73.74 ± 7.76 µM) (p value < 0.0001). 

Whilst compound DC12 (8.86 ± 1.15 µM) was only 8.3-fold more cytotoxic than cisplatin (p 

value <0.0001). Figure 3.7 displays the dose-dependent cytotoxic inhibitory effect of the two 

most active test compounds in comparison with cisplatin. 
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Table 3.5: The percentage cell viability of the human embryonic kidney (HEK-293) and chronic myelogenous leukaemia K562 cell lines after 

treatment with 50 µM test compound and controls as determined by the MTT cytotoxicity assay (n= 3). Where n.d.: not determined. 

Compound HEK-293  
(% cell growth) 

K562 (% cell 
growth) Compound HEK-293 

 (% cell growth) 
K562  

(% cell growth) Compound HEK-293  
(% cell growth) 

K562 
 (% cell growth) 

DC1 74.80 ± 3.05 86.4 ± 13.98 PHYD1 66.98 ± 7.87 96.60 ± 10.66 Q3C1 83.39 ± 12.92 100 ± 26.78 
DC2 82.81 ± 4.97  91.67 ± 12.63 PHYD2 62.89 ± 5.93 90.06 ± 12.10  Q3C2 89.64 ± 5.43 100 ± 13.77 
DC3 84.24 ± 2.01  96.19 ± 11.76 PHYD3 63.26 ± 8.49 54.95 ± 5.34 Q3C3 59.58 ± 5.46 66.85 ± 16.62 
DC4 62.28 ± 6.14 85.70 ± 14.58 PHYD4 59.59 ± 8.81 64.38 ± 9.11 Q3C4 80.04 ± 2.96 93.43 ± 9.75 
DC5 70.13 ± 4.82 98.82 ± 14.73 PHYD5 71.48 ± 6.58 100 ± 17.21 Q3C5 101.08 ± 9.55 65.98 ± 14.46 
DC6 64.51 ± 0.92 98.63 ± 12.56 PHYD6 57.92 ± 9.05 42.94 ± 9.96 Q3C6 64.70 ± 3.81 76.29 ± 2.30 
DC7 65.08 ± 12.76 100.00 ± 8.46 PHYD7 61.83 ± 14.47 97.42 ± 11.71 Q3C7 80.77 ± 13.50 41.15 ± 6.10 
DC8 63.94 ± 3.34 100.00 ± 7.73 PHYD8 73.97 ± 18.61 20.94 ± 4.79 Q3C8 62.24 ± 11.08 32.75 ± 6.29 
DC9 61.06 ± 11.10 85.30 ± 14.22 PHYD9 65.72 ± 10.00 48.51 ± 5.49 Q3C9 55.66 ± 3.78 46.32 ± 7.59 

DC10 79.78 ± 5.21 100.00 ± 3.68 PHYD10 60.13 ± 3.57 100.00 ± 7.97 Q3C10 81.52 ± 6.28 95.98 ± 27.89 
DC11 88.79 ± 7.66 100.00 ± 2.68 PHYD11 64.31 ± 9.56 94.54 ± 23.51 Q3C11 81.84 ± 12.62 48.91 ± 8.24 
DC12 80.65 ± 16.05 49.01 ± 1.35 PHYD12 75.05 ± 15.18 28.15 ± 5.45 Q3C12 88.84 ± 5.12 89.96 ± 23.55 
DC13 58.28 ± 4.68 53.53 ± 8.71 PHYD13 72.62 ± 16.92 48.96 ± 21.70 Camptothecin 30.00 ± 2.36 n.d. 
DC14 61.53 ± 10.74 52.94 ± 9.88 PHYD14 76.21 ± 2.86 46.46 ± 14.97 Cisplatin 55.64 ± 15.82 49.27 ± 16.40 
DC15 68.52 ± 5.02 100.00 ± 8.65 PHYD15 90.53 ± 4.57 34.18 ± 9.09 Quinine 87.4 ± 1.75 100 ± 13.45 
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Table 3.6: The IC50 values of test compound and controls tested against the human chronic myelogenous leukaemia (K562) cell line as determined 

by the MTT assay. (n= 3). Test compound DC12, test compound PHYD8 and test compound Q3C8 displayed the lowest IC50 values in their respective 

compound groups. Statistical differences were the determined by comparing the test compound to cisplatin. Where *n.d. – IC50 value not determined; n.s. = 

Not significant 

Compound K562 
(IC50 ± s.d, µM) 

Statistical 
differences  Compound K562 

(IC50 ± s.d, µM) 
Statistical 

differences Compound K562 
(IC50 ± s.d, µM) 

Statistical 
differences 

DC1 n.d. n.d. PHYD1 n.d. n.d. Q3C1 n.d. n.d. 
DC2 n.d. n.d. PHYD2 n.d. n.d. Q3C2 n.d. n.d. 
DC3 n.d. n.d. PHYD3 61.99 ± 5.65 *ns (P = 0.6064) Q3C3 n.d. n.d. 
DC4 n.d. n.d. PHYD4 32.40 ± 3.93 Yes (P <0.0001) Q3C4 n.d. n.d. 
DC5 n.d. n.d. PHYD5 n.d. n.d. Q3C5 n.d. n.d. 
DC6 n.d. n.d. PHYD6 33.80 ± 1.40 Yes (P <0.0001) Q3C6 n.d. n.d. 
DC7 n.d. n.d. PHYD7 n.d. n.d. Q3C7 37.80 ± 5.02 Yes (P <0.0001) 
DC8 n.d. n.d. PHYD8 18.12 ± 2.87 Yes (P <0.0001) Q3C8 3.58 ± 0.42 Yes (P <0.0001) 
DC9 n.d. n.d. PHYD9 18.21 ± 0.05 Yes (P <0.0001) Q3C9 24.2 ± 4.62 Yes (P <0.0001) 

DC10 n.d. n.d. PHYD10 n.d. n.d. Q3C10 n.d. n.d. 
DC11 n.d. n.d. PHYD11 n.d. n.d. Q3C11 31.16 ± 1.79 Yes (P <0.0001) 
DC12 8.86 ± 1.15 Yes (P <0.0001) PHYD12 20.91 ± 1.98 Yes (P <0.0001) Q3C12 n.d. n.d. 
DC13 39.59 ± 6.51 Yes (P = 0.0002) PHYD13 37.64 ± 7.2 Yes (P <0.0001)  
DC14 57.35 ± 5.23 ns (P = 0.1995) PHYD14 130.03 ± 23.01 Yes (P <0.0001) Cisplatin 73.74 ± 7.76 - 
DC15 n.d. n.d. PHYD15 28.51 ± 2.76 Yes (P <0.0001) Quinine 93.85 ± 19.13 n.s. (P = 0.0606) 
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Figure 3.7: Dose-dependent cytotoxic effect of the most active compounds, DC12 and Q3C8 

against chronic myelogenous leukaemia K562 cell line in comparison to cytotoxic control 

cisplatin using the MTT assay. 

 

Compounds DC12, PHYD8 and Q3C8 were the most cytotoxic in their respective  

dihydroquinoline-carbothioamide, phenyl-hydrazono group and quinoline-3-carboxamide 

groups. Compound Q3C8 was the most cytotoxic compound across all three groups of 

compounds with an IC50 value of 3.58 ± 0.42 µM (Figure 3.8). 
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Figure 3.8: The cytotoxic effect of dihydroquinoline-carbothioamide (DC), phenyl-hydrazono 

(PHYD) and quinoline-3-carboxamide (Q3C) compound groups on human K562 cells 

compared to cisplatin (positive control) (n=3). 
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3.6 Cytotoxic combination studies 

Test compounds DC12 and Q3C8 demonstrated the most cytotoxic activity of all the test 

compounds with IC50 values of 8.86 µM and 3.58 µM, respectively (Table 3.6) against the 

human chronic myelogenous leukaemia cell line. These compounds were thus selected for 

further investigation in combination with cisplatin against the K562 cell line using the MTT 

assay. The combination of DC12 with cisplatin demonstrated primarily a synergistic effect 

with an average ΣFIC value of 0.59 as verified by the points below the synergistic line in the 

isobologram (Figure 3.9.A). The presence of points above the synergistic line in the 

isobologram indicated that there was an additive effect at higher concentration ratios of 

DC12. The combination of Q3C8 demonstrated a predominantly synergistic effect with an 

average ΣFIC value of 0.53. As with compound DC12, the presence of points above the 

synergistic line in the isobologram (Figure 3.9.B) indicated that there was an additive effect 

at higher concentration ratios of Q3C8. 
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Figure 3.9: Isobolograms displaying the drug interactions between test compound DC12 (A) 

and Q3C8 (B) in combination with cisplatin against the human chronic myelogenous 

leukaemia K562 cell line using the MTT assay. 

 

3.7 Safety and selectivity Index 

The safety index of each of the test compounds were calculated to determine selectivity of 

the compounds towards the human epithelial kidney (HEK293) cells or NF54 P. falciparum 

intra-erythrocytic parasites. The selectivity index of each of the test compounds were also 
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calculated to determine selectivity towards the HEK293 cells or the chronic myelogenous 

leukaemia cells (K562) (Table 3.7).  The safety or selectivity indices were calculated using the 

viability of the respective cell line or parasite viability at the screening concentration of 50 

µM. Test compound DC14, PHYD3 and Q3C7 displayed higher selectivity towards the malaria 

parasite with values ranging from 7.99-11.13.  

 

Table 3.7: The selectivity index (or safety profile) of the test compounds corresponding to 

their respective antimalarial and cytotoxic activity at the screening concentration of 50 µM. 

Where SI-HEK293/Pf represents the safety index of HEK293 vs NF54 parasite; SI-HEK293/K562 

represents the safety index of HEK293 vs NF54 parasite; values <1 indicate higher activity towards HEK 

293, and n.d: not determined; CQ: Chloroquine and QN: Quinine. 

Com-
pound 

SI -
HEK293:Pf 

SI – 
HEK293:K562 

Com-
pound 

SI -
HEK293:Pf 

SI -
HEK293:K562 

Com-
pound 

SI -
HEK293:Pf 

SI - 
HEK293:K562 

DC1 2.26 0.87 PHYD1 2.78 0.69 Q3C1 1.41 0.81 
DC2 1.99 0.90 PHYD2 3.01 0.70 Q3C2 1.31 0.86 
DC3 4.11 0.88 PHYD3 9.11 1.15 Q3C3 2.17 0.89 
DC4 6.03 0.73 PHYD4 0.92 0.93 Q3C4 0.89 0.86 
DC5 2.09 0.71 PHYD5 1.22 0.70 Q3C5 1.19 1.53 
DC6 4.44 0.65 PHYD6 0.75 1.35 Q3C6 1.16 0.85 
DC7 1.68 0.63 PHYD7 0.82 0.63 Q3C7 7.99 1.96 
DC8 6.05 0.60 PHYD8 0.93 3.53 Q3C8 1.05 1.90 
DC9 7.04 0.72 PHYD9 1.31 1.35 Q3C9 1.00 1.20 

DC10 4.34 0.76 PHYD10 0.99 0.59 Q3C10 1.61 0.85 
DC11 5.32 0.87 PHYD11 0.81 0.68 Q3C11 7.55  1.67 
DC12 1.96 1.65 PHYD12 0.98 2.67 Q3C12 2.30 0.99 
DC13 4.41 1.09 PHYD13 0.94 1.48 CQ 6414.04 2.62 
DC14 11.13 1.16 PHYD14 1.04 1.64 QN 11.98 0.87 
DC15 1.16 0.63 PHYD15 1.35 2.65 Cisplatin n.d 1.17 

 

3.8 Artemia lethality  

3.8.1 Artemia lethality studies 

The test compounds were screened at 50 µM against Ar. franciscana nauplii over 72 hours as 

described in Section 2.8.2. From the DC group of test compounds, four compounds possessed 

time dependent toxicity towards the Ar. franciscana nauplii. From the PHYD group of test 
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compounds, five compounds displayed toxicity. Lastly from the Q3C group of test compounds, 

three were toxic towards the nauplii.   

The three sets of novel test compounds displayed moderate to high activity in comparison 

with positive control potassium dichromate at 50 µM (100% mortality after 72 hours) in a 

time dependant manner. All three groups had compounds that displayed Ar. franciscana 

nauplii mortality up to 87% (range: 0-87%) after 48 hours. The three groups of test 

compounds displayed higher Ar. franciscana mortality at the 72 hour time period (Table 3.8).  

The DC group test compounds displayed Ar. franciscana mortality up to 96.86% (range: 20.87-

96.86%) after 72 hours with compounds DC12 (86.48%), DC13 (70.05%) and DC14 (96.86%) 

being the most active from this group. The PHYD group test compounds displayed mortality 

up to 98.21% (range: 19.23-98.21%) after 72 hours with compounds PHYD1 (89.05%), PHYD2 

(98.21%) and PHYD3 (76.44%) being the most active. Lastly the Q3C group test compounds 

displayed mortality up to 87.50% (range: 22.09-87.50%) after 72 hours with compound Q3C3 

(71.49%), Q3C7 (83.52%) and Q3C11 (87.50%) being the most active in this group (Table 3.8). 

The test compounds from each group that displayed higher than 50% mortality at 48 hours 

and 72 hours were investigated further to determine LC50 values. The LC50 values for these 

compounds demonstrated toxicity, where the lower the LC50 values the more toxic the 

compound (Table 3.9). Test compound PHYD1 and test compound PHYD2 displayed the 

highest toxicity with the lowest IC50 values of the test compounds.  

 

3.8.2 Morphological effects of the test compounds on the Ar. franciscana nauplii 

The untreated nauplii served as the negative control and displayed normal morphological 

features which contrasted with the altered features of the nauplii treated with the positive 

control potassium dichromate (Table 3.10). Compounds DC12, DC14, PHYD1, PHYD2, Q3C3 

and Q3C11 have their morphological features after 72 hours described in Table 3.10 in 

comparison with positive control potassium dichromate and the untreated negative control. 
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Table 3.8: The percentage Ar. franciscana nauplii mortality at 48 and 72 hours for each of the test compounds (0.5 µM) in comparison with 
positive control potassium dichromate at 50 µM. Data for mortality after 24 hours is in  Appendix F, Table F1. 

Compound 
% Nauplii 

Mortality at 
48 hours 

% Nauplii 
Mortality at 

72 hours 
Compound 

% Nauplii 
Mortality 

at 48 hours 

% Nauplii 
Mortality at 

72 hours 
Compound 

% Nauplii 
Mortality             

at 48 hours 

% Nauplii 
Mortality at          

72 hours 

DC1 0.43 20.87 PHYD1 77.36 89.06 Q3C1 14.18 24.63 

DC2 1.71 41.30 PHYD2 87.00 98.21 Q3C2 16.22 28.83 

DC3 8.50 59.80 PHYD3 51.44 76.44 Q3C3 22.90 71.50 
DC4 3.53 32.16 PHYD4 22.73 33.77 Q3C4 16.46 30.04 

DC5 0.66 21.26 PHYD5 40.76 56.69 Q3C5 11.04 42.86 

DC6 3.46 26.64 PHYD6 26.09 39.86 Q3C6 9.94 22.10 

DC7 0.47 22.27 PHYD7 25.19 38.93 Q3C7 31.87 83.52 

DC8 4.71 30.89 PHYD8 17.80 23.73 Q3C8 5.68 25.00 

DC9 4.21 36.78 PHYD9 12.12 22.73 Q3C9 6.42 37.43 
DC10 1.14 22.43 PHYD10 12.31 19.23 Q3C10 14.07 41.48 

DC11 5.86 39.19 PHYD11 33.87 52.42 Q3C11 20.45 87.50 

DC12 58.72 86.48 PHYD12 23.58 34.15 Q3C12 3.11 31.09 

DC13 52.79 70.05 PHYD13 17.59 22.22 K2Cr2O7 (0.5um) 2.82 5.73 
DC14 81.15 96.86 PHYD14 13.33 23.81 K2Cr2O7 (50uM) 28.76 100.00 

DC15 10.56 39.13 PHYD15 18.58 35.40 DDT 28.93 100.00 
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Table 3.9: The LC50 values of the active test compounds and controls as determined by the 

Artemia lethality assay in comparison to positive control, potassium dichromate. 

Compound Ar. franciscana 
(LC50;  µM) 

Significant difference to the LC50 value 
of Potassium Dichromate control 

DC3 60.45 Yes (P <0.0001) 
DC12 7.95 Yes (P <0.0001) 
DC13 18.65 Yes (P <0.0001) 
DC14 2.68 Yes (P <0.0001) 
PHYD1 0.55 Yes (P <0.0001) 
PHYD2 1.36 Yes (P <0.0001) 
PHYD3 9.36 Yes (P <0.0001) 
PHYD5 15.62 Yes (P <0.0001) 
PHYD11 9.36 Yes (P <0.0001) 
Q3C3 6.50 Yes (P <0.0001) 
Q3C7 21.64 Yes (P <0.0001) 
Q3C11 7.83 Yes (P <0.0001) 
DDT 0.366 Yes (P <0.0001) 
Potassium 
dichromate 31.72 Yes (P <0.0001) 

 

Table 3.10: The morphological effects of the two most active compounds from each 

compound group on the Ar. franciscana nauplii after a 72 hour period in comparison to 

positive control potassium dichromate and untreated negative control. Images were captured 

using an Olympus® CKX53 microscope using CellSens™ software at 40x total magnification. 

Compound Ar. franciscana nauplii Description 

Untreated 

(Negative) control 

 

 

A – Fully developed and swimming 

appendages present. 

B – Clear body colour. Intestine 

visible. 

C- Eye visible. 

 

 

 

______ 

    50 µm
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Table 3.10 continued: The morphological effects of the two most active compounds from 

each compound group on the Ar. franciscana nauplii after a 72 hour period in comparison to 

positive control potassium dichromate and untreated negative control. Images were captured 

using an Olympus® CKX53 microscope using CellSens™ software at 40x total magnification. 

Potassium 

Dichromate 

 

 

A – Eye not visible. 

B – Darkened body, reduced size and 

stunted growth. 

DC12 

 

 

A – Body is distorted and appears 

disfigured.  

 

DC14 

 

 

A – Body is elongated and darkened. 

Swimming appendages are not fully 

developed.  

 

PHYD1 

 

 

A – Body is shrivelled and darkened 

throughout. No antenna present. Eye 

not visible 

 

 

______ 

    50 µm

 

 

______ 

    50 µm

 

 

______ 

    50 µm

 

 

______ 

    50 µm
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Table 3.10 continued: The morphological effects of the two most active compounds from 

each compound group on the Ar. franciscana nauplii after a 72 hour period in comparison to 

positive control potassium dichromate and untreated negative control. Images were captured 

using an Olympus® CKX41 microscope using CellSens™ software at 10x total magnification. 

PHYD2 

 

 

A – Head region darkened. Eye not 

visible 

B – Total body size reduced 

 

 

Q3C3 

 

 

A – Body is elongated and swimming 

appendages appear under-developed 

 

Q3C11 

 

 

A – Body appears shrunken and 

abdominal region elongated 

 

 

 

 

 

 

 

______ 

    50 µm

 

 

______ 

    50 µm

 

 

______ 

    50 µm
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3.9 Anti-Oxidant and Iron Chelating Activity 

3.9.1 Free Radical Scavenging 

The IC50 value of Trolox and ascorbic acid were 14.73 ± 1.2 µM and 22.56 ± 2.25 µM, 

respectively as determined by the DPPH● free radical scavenging assay (Section 2.9.2.1). The 

test compounds displayed minimal free radical scavenging activity at 50 µM ranging from 

0.01% to 28.75%, with compound DC15 the most active compound. 

 

3.9.2 Iron Chelation 

The iron chelation assay was used to determine the ferrous iron binding affinity of the test 

compounds in comparison to the positive control EDTA (IC50: 2.56 ± 0.37 µM). All three groups 

of test compounds possessed a low binding affinity for Fe2+ at 50 µM where the percentage 

iron chelation ranged between 0.01% to 25.87% in comparison to EDTA which had 100% 

chelation. The most active compound was Q3C5 with 25.87 ± 5.57 ferrous iron chelating 

activity at 50 µM. 

 

3.10 Computational Analysis 

3.10.1 Drug-likeness predictions 

All three groups of test compounds were analysed for their drug-likeness properties in 

accordance with Lipinski’s rule of five (Table 3.11). The predicted pharmacokinetic properties 

of each group of test compounds are listed in Table 3.12, Table 3.13 and Table 3.14, 

respectively; with the pKa, ionisation and absorption properties displayed in Table 3.15. 
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Table 3.11: The predicted molecular properties of the dihydroquinoline-carbothioamide and 

phenyl-hydrazono hybrids screened against P. falciparum based on Lipinski’s Rule of Five 

(Lipinski et al., 1997). Where MW: molecular weight; Log Po/w: Log P Octanol/Water; HBD: Hydrogen 

Bond Donor; HBA: Hydrogen Bond Acceptor. 

Compound code MW 
(<500 g/mol) Log Po/w (<4.15) HBD (<5) HBA (<10) Rule of 5 

violation 
Dihydroquinoline-carbothioamide hybrids 

DC1 246.29 1.34 3 2 No 
DC2 260.32 1.68 3 2 No 
DC3 325.18 1.97 3 2 No 
DC4 280.73 1.87 3 2 No 
DC5 264.28 1.65 3 3 No 
DC6 260.31 1.67 3 2 No 
DC7 274.34 1.95 3 2 No 
DC8 339.21 2.31 3 2 No 
DC9 294.76 2.21 3 2 No 

DC10 278.31 1.99 3 3 No 
DC11 322.38 2.95 3 2 No 
DC12 336.41 3.21 3 2 No 
DC13 401.28 3.56 3 2 No 
DC14 356.83 3.47 3 2 No 
DC15 340.37 3.24 3 3 No 

Phenyl-hydrazono hybrids 
PHYD1 288.31 2.75 1 4 No 
PHYD2 302.33 2.99 1 4 No 
PHYD3 367.2 3.36 1 4 No 
PHYD4 322.75 3.26 1 4 No 
PHYD5 306.30 3.04 1 5 No 
PHYD6 306.30 3.09 1 5 No 
PHYD7 320.32 3.43 1 5 No 
PHYD8 385.19 3.70 1 5 No 
PHYD9 340.74 3.62 1 5 No 

PHYD10 324.29 3.39 1 6 No 
PHYD11 306.30 2.98 1 5 No 
PHYD12 320.32 3.31 1 5 No 
PHYD13 385.19 3.68 1 5 No 
PHYD14 340.74 3.49 1 5 No 
PHYD15 324.29 3.27 1 6 No 
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Table 3.11 continued: The predicted molecular properties of the dihydroquinoline-

carbothioamide and phenyl-hydrazono hybrids screened against P. falciparum based on 

Lipinski’s Rule of Five (Lipinski et al., 1997). Where MW: molecular weight; Log Po/w: ; HBD: ; HBA: . 

Compound  
MW (<500 

g/mol) 
Log Po/w 

(<4.15) 
HBD (<5) HBA (<10) 

Rule of 5 
violation 

Quinoline-3-carboxamide hybrids 
Q3C1 282.72 3.45 1 2 No 
Q3C2 296.75 3.77 1 2 No 
Q3C3 300.71 3.75 1 3 No 
Q3C4 300.71 3.77 1 3 No 
Q3C5 310.78 4.12 1 2 No 
Q3C6 314.74 4.08 1 3 No 
Q3C7 317.17 3.99 1 2 No 
Q3C8 314.74 4.08 1 3 No 
Q3C9 335.16 4.29 1 3 No 

Q3C10 314.74 4.08 1 3 No 
Q3C11 335.16 4.29 1 3 No 
Q3C12 318.71 4.07 1 4 No 

Control 
Quinine 324.42 2.81 1 4 No 
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Table 3.12: The predicted pharmacokinetic properties of the dihydroquinoline-carbothioamide test compounds screened against P. falciparum 

using SwissADME and Chemicalize web-based software and ToxTree Version 3.1.0-1851. Where GI: Gastro Intestinal ; BBB: Blood Brain Barrier ; Log 

Kp: Skin Permeability Coefficient ; P-gp: P-Glycoprotein 

 Pharmacokinetic predictions Cytochrome P450 metabolism Cramer’s Rule 

Compound GI 
absorption 

Bioavailability 
score 

BBB 
permeability 

Log Kp-Skin 
permeation (cm/s) 

P-gp 
substrate 

Primary site of 
metabolism 

CYP3A4 
Inhibitor Toxic Hazard 

DC1 High 0.55 No -7.21 No Aromatic Hydroxylation No High (Class III) 
DC2 High 0.55 No -7.04 No Aliphatic Hydroxylation No High (Class III) 
DC3 High 0.55 No -7.21 No N-Oxidation No High (Class III) 
DC4 High 0.55 No -6.98 No N-Oxidation No High (Class III) 
DC5 High 0.55 No -7.26 No N-Oxidation No High (Class III) 
DC6 High 0.55 No -7.02 No N-Dealkylation No High (Class III) 
DC7 High 0.55 No -6.84 No N-Dealkylation No High (Class III) 
DC8 High 0.55 No -7.01 No N-Dealkylation Yes High (Class III) 
DC9 High 0.55 No -6.78 No N-Dealkylation No High (Class III) 

DC10 High 0.55 No -7.06 No N-Dealkylation No High (Class III) 
DC11 High 0.55 No -6.29 No Aromatic Hydroxylation Yes High (Class III) 
DC12 High 0.55 No -6.12 No Aliphatic Hydroxylation Yes High (Class III) 
DC13 High 0.55 No -6.28 No Aromatic Hydroxylation Yes High (Class III) 
DC14 High 0.55 No -6.06 No Aromatic Hydroxylation Yes High (Class III) 
DC15 High 0.55 No -6.33 No Aromatic Hydroxylation Yes High (Class III) 

Reference antimalarial 
Quinine High 0.55 Yes -6.23 No N-Oxidation No High (Class III) 
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Table 3.13: The predicted pharmacokinetic properties of the phenyl-hydrazono test compounds screened against P. falciparum using SwissADME 

and Chemicalize web-based software and ToxTree Version 3.1.0-1851. Where GI: Gastro Intestinal ; BBB: Blood Brain Barrier ; Log Kp: Skin Permeability 

Coefficient ; P-gp: P-Glycoprotein 

Compound 
Pharmacokinetic predictions Cytochrome P450 metabolism Cramer’s Rule 

GI 
absorption 

Bioavailability 
score 

BBB 
permeability 

Log Kp-Skin 
permeation (cm/s) 

P-gp 
substrate 

Primary site of 
metabolism 

CYP3A4 
Inhibitor Toxic Hazard 

PHYD1 High 0.55 Yes -5.74 No Amine Hydroxylation No High (Class III) 
PHYD2 High 0.55 Yes -5.57 No Amine Hydroxylation No High (Class III) 
PHYD3 High 0.55 Yes -5.74 No Amine Hydroxylation No High (Class III) 
PHYD4 High 0.55 Yes -5.51 No Amine Hydroxylation No High (Class III) 
PHYD5 High 0.55 Yes -5.78 No Amine Hydroxylation No High (Class III) 
PHYD6 High 0.55 Yes -5.78 No Amine Hydroxylation No High (Class III) 
PHYD7 High 0.55 Yes -5.61 No Amine Hydroxylation No High (Class III) 
PHYD8 High 0.55 Yes -5.77 No Amine Hydroxylation No High (Class III) 
PHYD9 High 0.55 Yes -5.55 No Amine Hydroxylation No High (Class III) 

PHYD10 High 0.55 Yes -5.82 No Amine Hydroxylation No High (Class III) 
PHYD11 High 0.55 Yes -5.78 No Amine Hydroxylation No High (Class III) 
PHYD12 High 0.55 Yes -5.61 No Amine Hydroxylation No High (Class III) 
PHYD13 High 0.55 Yes -5.77 No Amine Hydroxylation No High (Class III) 
PHYD14 High 0.55 Yes -5.55 No Amine Hydroxylation No High (Class III) 
PHYD15 High 0.55 Yes -5.82 No Amine Hydroxylation No High (Class III) 

Reference antimalarial 
Quinine High 0.55 Yes -6.23 No N-Oxidation No High (Class III) 
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Table 3.14: The predicted pharmacokinetic properties of the quinoline-3-carboxamide test compounds screened against P. falciparum using 

SwissADME and Chemicalize web-based software and ToxTree Version 3.1.0-1851. Where GI: Gastro Intestinal ; BBB: Blood Brain Barrier ; Log Kp: Skin 

Permeability Coefficient ; P-gp: P-Glycoprotein 

Compound 
Pharmacokinetic predictions Cytochrome P450 metabolism Cramer’s Rule 

GI 
absorption 

Bioavailability 
score 

BBB 
permeability 

Log Kp-Skin 
permeation (cm/s) 

P-gp 
substrate 

Primary site of 
metabolism 

CYP3A4 
Inhibitor Toxic Hazard 

Q3C1 High 0.55 Yes -5.19 No Aromatic Hydroxylation Yes High (Class III) 
Q3C2 High 0.55 Yes -5.02 No Aliphatic Hydroxylation Yes High (Class III) 
Q3C3 High 0.55 Yes -5.23 No Aromatic Hydroxylation Yes High (Class III) 
Q3C4 High 0.55 Yes -5.23 No Aromatic Hydroxylation Yes High (Class III) 
Q3C5 High 0.55 Yes -4.84 No Aromatic Hydroxylation Yes High (Class III) 
Q3C6 High 0.55 Yes -5.06 No Aliphatic Hydroxylation Yes High (Class III) 
Q3C7 High 0.55 Yes -4.96 No Aromatic Hydroxylation Yes High (Class III) 
Q3C8 High 0.55 Yes -5.06 No Aliphatic Hydroxylation Yes High (Class III) 
Q3C9 High 0.55 Yes -5.00 No N-Oxidation Yes High (Class III) 

Q3C10 High 0.55 Yes -5.06 No Aliphatic Hydroxylation Yes High (Class III) 
Q3C11 High 0.55 Yes -5.00 No N-Oxidation Yes High (Class III) 
Q3C12 High 0.55 Yes -5.27 No N-Oxidation Yes High (Class III) 

Reference antimalarial 
Quinine High 0.55 Yes -6.23 No N-Oxidation No High (Class III) 
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Table 3.15: The predicted pKa values and percentage ionisation of the test compounds 
compared to quinine at physiological pH (7.4) of the human plasma and red blood cell 
compared to the acidic food vacuole pH (5) of the P. falciparum parasite. 

Compound Compound 
code pKa 

%Ionisation 
LogD at pH 5 

pH 7.4 pH 5 

Dihydroquinoline-
carbothioamide 
hybrids 

DC1 10.84; 1.17 0.04 0.01 1.00 
DC2 11.07; 1.25 0.02 0.02 1.51 
DC3 10.8; 0.94 0.04 0.01 1.77 
DC4 10.81; 051 0.04 0.00 1.61 
DC5 11.02; 0.51 0.02 0.00 1.15 
DC6 10.79; 1.22 0.04 0.02 1.23 
DC7 11; 1.3 0.03 0.02 1.74 
DC8 10.76; 1 0.04 0.01 1.99 
DC9 10.77; 0.59 0.04 0.00 1.83 

DC10 10.95; 0.6 0.03 0.00 1.37 
DC11 10.78; 1.12 0.04 0.01 3.25 
DC12 10.97; 1.18 0.03 0.02 3.76 
DC13 10.74; 0.94 0.05 0.01 4.01 
DC14 10.75; 0.61 0.04 0.00 3.51 
DC15 10.93; 0.62 0.03 0.00 3.39 

Phenyl-hydrazono 
hybrids 

PHYD1 15.73 0.00 0.00 3.65 
PHYD2 15.73 0.00 0.00 4.16 
PHYD3 15.72 0.00 0.00 4.42 
PHYD4 15.72 0.00 0.00 4.25 
PHYD5 15.72 0.00 0.00 3.79 
PHYD6 13.61 0.00 0.00 3.79 
PHYD7 13.62; -1.86 0.00 0.00 4.31 
PHYD8 13.61 0.00 0.00 4.56 
PHYD9 13.6 0.00 0.00 4.4 

PHYD10 13.6; -1.85 0.00 0.00 3.93 
PHYD11 15.79 0.00 0.00 3.79 
PHYD12 15.8; -1.86 0.00 0.00 4.31 
PHYD13 15.78 0.00 0.00 4.56 
PHYD14 15.78 0.00 0.00 4.4 
PHYD15 15.78 0.00 0.00 3.93 

Quinoline-3-
carboxamide 
hybrids 

Q3C1 14.91; -0.25 0.00 0.00 4.05 
Q3C2 14.98; -0.25 0.00 0.00 4.56 
Q3C3 14.71; -0.25 0.00 0.00 4.19 
Q3C4 14.39; -1.12 0.00 0.00 4.19 
Q3C5 15.03; -0.1 0.00 0.00 5.07 
Q3C6 14.77; -0.1 0.00 0.00 4.7 
Q3C7 14.57; -1.17 0.00 0.00 4.65 
Q3C8 14.46; -1.12 0.00 0.00 4.70 
Q3C9 14.38; -1.17 0.00 0.00 4.79 

Q3C10 14.77; -0.1 0.00 0.00 4.7 
Q3C11 14.38; -1.17 0.00 0.00 4.79 
Q3C12 14.2; -1.12 0.00 0.00 4.33 

Control Quinine 13.89; 8.55 6.61 99.97 -0.80 
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CHAPTER 4 – DISCUSSION 

 
The emergence of resistance to artemisinin and partner drugs poses a significant risk to global 

efforts to reduce the burden of malaria. The rapid and effective treatment of malaria is a key 

component in the fight against the disease and this has warranted the design and 

development of novel compounds (WHO, 2023a). In addition to parasite resistance to some 

of the current malaria medicines available, mosquito resistance to insecticides is also a threat 

towards the eradication of the disease. Since 2021, insecticide resistance data has been 

reported to the WHO and there have been confirmed cases of malaria vector species resistant 

to insecticides across all WHO regions to varying extents (WHO, 2023a).  

In this study, the in vitro antimalarial, larvicidal and ovicidal activity of forty-two heterocyclic 

quinoline derivatives were assessed and their preliminary toxicological profile elucidated. 

These forty-two derivatives were grouped into three groups of test compounds. Namely the 

dihydroquinoline-carbothioamide, phenyl-hydrazono and quinoline-3-carboxamide group 

test compounds.  

The development of hybrid compounds allows for the potential benefit of higher efficacy than 

that of the parent compound. The working idea of hybridisation was to decrease drug 

resistance, escalate the binding affinity and biological activity of combination therapy into 

monotherapy and in the process offer a single molecular agent with one pharmacokinetic 

profile (Alkhzem et al., 2022). Based on the activity of the hybrid, this could then be further 

investigated or combined with the current recommended antimalarials or insecticides to 

combat the threat of drug or insecticide resistance in accordance with the WHO’s guidelines. 

The three sets of test compounds in this study were based on the quinoline pharmacophore 

structure which has been used to generate antimalarial drugs such as chloroquine, mefloquine 

and quinine as reviewed by Foley and Tilley (1997).  The quinoline pharmacophore structure 

can therefore be used as a scaffold upon which hybrid heterocyclic compounds be developed. 

Given the relatively good safety profile of the quinoline pharmacophore, the core structure 

was retained and additional side chains added to produce single agent compounds with the 

possibility of a dual action towards the malaria parasite and Anopheles vector. The chemical 
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group attached to points R1 and R2 on the base structures synthesised varied for each 

compound (Tables 2.1, 2.2 and 2.3). This variation elicited chemical-structural activity effects 

associated with the type of group substituted into various positions. Importantly all 

compounds complied with Lipinski’s Rule of five and thus deemed to be “drug-like” and orally 

bioactive in humans as potential oral drug candidates (Table 3.11) (Lipinski et al., 1997). In 

silico analysis of all of the test compounds indicated that they had a good bioavailability score, 

high GI absorption and low skin permeation, (Table3.12-3.14), which warranted further 

pharmacological investigations. 

 

4.1.1 Phenyl-hydrazono derivatives 

When evaluating a new compound series, the inhibitory activity needs to be directed to the 

malaria parasite itself and not affect the membrane integrity of the red blood cell. This was 

found to be the case for all forty-two compounds across all three groups of derivatives in this 

study (Section 3.5.1). With preliminary haematological safety obtained, the effect on the intra-

erythrocytic parasite was assessed. The phenyl-hydrazono group derivatives inhibited the 

growth of NF54 strain of P. falciparum in a dose-dependent manner but were significantly less 

active than the DC and Q3C1 compounds (Table 3.1). Of the fifteen derivatives in the PHYD 

group, only compounds PHYD1, PHYD2, PHYD3 and PHYD9 had IC50 values that ranged 

between 127.75 and 160.4 µM (Table 3.1); which can be regarded to have very poor to no 

specific inhibitory activity towards the Plasmodium parasites. Notably the substitution of the 

R1 group with a hydrogen or a methyl group in preference to a chloro-, bromo- or fluoro- 

halogen group resulted slightly better antimalarial activity; but overall, these compounds did 

not display significant antimalarial activity targeting the malaria parasite. While the presence 

of a halogen instead of hydrogen/methyl group has overall been reported to improve the 

biological activity of potential antimalarial drugs (Metrangolo & Resnati, 2008), this was not 

the trend observed with this group of test compounds. Amengor et al. (2024) found that a 

series of phenylhydrazone derivatives with different substituents on the aromatic ring tested 

against a chloroquine-sensitive (3D7) and -resistant (DD2) P. falciparum did in fact kill the ring 

stages of the parasite within an IC50 range of 1.29 to 34.89 µM.  Thus showing there is potential 

for phenylhydrazone derivatives, however the current set in this study do not warrant any 
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further research as antimalarials (Table 3.1) or as larvicides (Table 3.3) due to low activity and 

high toxicity against the Artemia nauplii (Table 3.9). 

 

4.1.2 Dihydroquinoline-carbothioamide derivatives 

Overall, the dihydroquinoline-carbothioamide derivatives displayed promising to no activity 

with the IC50 values ranged between 7.23 and 157.15 µM (Table 3.1) against the NF54 strain 

of P. falciparum. All fifteen DC test compounds displayed more than 50% parasite growth 

inhibition in a concentration dependent manner. The IC50 value of three of the DC compounds, 

namely DC5, DC7 and DC10 could not be determined after multiple experimental repeats 

(n=5) with high standard deviations between repeats. This could be due to compound 

instability in solution, or other undetermined physico-chemical effects related to the structure 

of the test compound. The limited quantity of test compound synthesised and provided also 

prevented further repeat analyses to determine the IC50 values for these three compounds. 

From the DC group of test compounds, the most active compounds against the NF54 P. 

falciparum parasite determined using the pLDH assay were compounds DC14 (IC50: 7.23 ± 1.17 

µM)(Figure 4.1), DC12 (IC50: 13.5 ± 2.55 µM) and DC11 (IC50: 14.56 ± 0.28 µM); which all shared 

a phenylthiosemicarbazone group at the R2 position  (Table 2.1). Compound DC14 had a 

chloro- group at the R1 position, which contributed to reduced IC50 values.  Inam et al., (2014) 

determined that the presence of a chloro- group in the ortho position improved the 

antimalarial properties of most compounds where their lead compounds exhibited a sub-

micromolar IC50 value (0.78 ± 0.05 µM) against the chloroquine-, quinine-resistant W2 strain 

of P. falciparum. Compound DC14 possessed a chloro- moiety at the R1 group and this is 

consistent with the latter study’s findings. However, the IC50 value of compound DC14 

represented an 80.3-fold lower activity than the standard antimalarial drug, quinine (0.09 ± 

0.005 µM) indicating that compound DC14 would need further derivatisation to improve its 

antimalarial properties (Table 3.1). In contrast, the addition of a bromine or fluorine group at 

the R1 position led to a significant decrease in antimalarial activity of all three set of DC 

derivatives (Table 3.1). Halogenation of the dihydroquinoline-carbothioamide test compounds 

at the R1 group slightly improved the antimalarial activity of those test compounds with a 

chloro- moiety at the ortho position in preference to the addition of bromine and fluorine.  
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Figure 4.1: The summary of the activity for test compound DC14. The activity of DC14 across this study divided into its antimalarial, antioxidant and 

iron chelating, and toxicity properties 
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Figure 4.2: The summary of the activity for test compound Q3C11. The activity of Q3C11 across this study divided into its antimalarial, antioxidant and 

iron chelating, and toxicity properties. 
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The addition of a methyl or hydrogen at position R1 with the phenylthiosemicarbazone group 

at the R2 position resulted in compound DC12 and DC11, respectively, possessing a two-fold 

lower antimalarial activity than compound D14 (Table 3.1). The addition of a methyl group to 

a 4-aminoquinoline pharmacophore favourably contributed to the antimalarial activity of this 

group of derivatives with an IC50 values (<0.5 µM) against both the chloroquine-sensitive (3D7) 

and chloroquine-resistant (K1) strain of P. falciparum (Tiwari et al., 2021). Compound DC12’s 

IC50 value was statistically different to standard antimalarial quinine, with a 150-fold difference 

to quinine.  

 

4.1.3 Quinoline-3-carboxamide derivatives 

The quinoline-3-carboxamide derivatives had widely variable antimalarial activity with seven 

of the twelve compounds inhibiting more than 50% parasite growth in a dose dependant 

manner. The IC50 values of the Q3C compounds ranged between 7.99 and 160.09 µM (Table 

3.1) indicating promising to no antimalarial activity. Compounds Q3C3, QC3C7 and Q3C11 

were the most active but were not as potent as quinine. Carboxamide-based derivatives have 

previously shown antimalarial efficacy (IC50:  <2 µM) (Singh et al., 2021), although the efficacy 

of the latter set were more potent than those in the present study (Table 3.1).  

Compound Q3C11 was the most active compound and possessed a halogen moiety on both 

the R1 (chloro-) and R2 (fluoro-) group which likely increased the activity of the compound. 

Compound Q3C7 which had a chloro- group at the R1 position and a methyl group at the R2 

position displayed 2.1-fold less activity than Q3C11, however in comparison with compound 

Q3C3 which only had a chloro- group at the R1 position, it was 1.2-fold more active indicating 

that methylation at the R2 position increased its antimalarial activity slightly. The quinoline-3-

carboxamide derivatives displayed a trend where the R1 groups that possessed a chloro- 

moiety were far more active than the compounds where the R1 group featured a hydrogen, 

methyl or fluorine group.  

 

4.1.4 Lead Compounds DC14 and Q3C11 

Compound DC14 ((E)-2-((6-chloro-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-N-

phenylhydrazine-1-carbothioamide) and Q3C11 (2-chloro-6-fluoro-N-p-tolylquinoline-3-
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carboxamide) were overall the most active of the antimalarial compounds and investigated in 

more detail.  In trying to elucidate at which stage the compounds targeted the malaria 

parasite, the parasite morphological and stage specific effects of compound DC14 and Q3C11, 

it can be proposed that their mechanisms of action was similar to that of quinine with the 

trophozoite stage being affected, resulting in a subsequent decrease in total parasitaemia and 

second generation of rings after 48 hours of treatment. The synergistic and additive effects of 

compounds DC14 and Q3C11 could be due to the test compounds targeting similar pathways 

as quinine such as haemozoin formation, falcipain cysteine proteases or the generation of 

reactive oxidative species inducing lipid peroxidation and inhibiting parasite growth due to 

structural activity relationships (Zhou et al., 2020; Singh et al., 2021). 

It was noted that both compounds DC14 and Q3C11 affected parasite growth slightly 

differently to quinine with gametocytes developing later which could be indicative of the 

parasites differentiating for survival under stressful environmental conditions or an internal 

trigger by the drugs themselves (Table 3.2) (Omorou et al., 2022). Additionally, the activity of 

compounds DC14 and Q3C11 were several fold lower than that of quinine as evidenced by 

higher total parasitaemia for each specific stage of the parasite life cycle in comparison to 

quinine (Figure 3.5); which was unexpected as the IC50 values of all compounds were 

compared, but indicative that different pathways were affected by compounds DC14 and 

Q3C11 compared to quinine. This is ideal when considering combining compounds to 

overcome resistance or to improve on the efficacy of current monotherapy drugs. 

In accordance with the WHO’s guidelines and recommendations for malaria treatment (WHO, 

2023b), malaria treatment should involve combination therapy rather than monotherapies to 

combat the emergence of resistance by rapidly clearing the parasite from the human host. A 

hybrid compound therefore has the added advantage of combining two pharmacophores into 

a singular compound, which can then be further added to an existing treatment regimen 

resulting in a more effective treatment if the test compound displays a synergistic or additive 

effect.  The results from the combination studies showed that compound DC14 displayed an 

overall synergistic effect in combination with standard antimalarial drug quinine (Figure 3.3. 

A/C). Whilst an additive effect was observed with compound Q3C11 combined with quinine 

(Figure 3.3. B/D). These favourable interactions indicated that in combination with quinine, 
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the test compounds were more effective in inhibiting NF54 P. falciparum parasite growth and 

would be more beneficial in combination than used individually. 

 

4.1.5 Possible mechanism of action of the quinoline heterocyclic derivatives 

Quinoline was used as the base pharmacophore to generate a range of derivatives with 

altered side chains and substituted R1 and R2 groups featuring hydrogen, methyl or halogen 

groups (Table 2.1, Table 2.2 and Table 2.3). The exact mechanism of action of quinoline is not 

clearly understood however, various mechanisms have been proposed. Sullivan et al., (1996) 

demonstrated that quinolines act by incorporating a drug-haem complex into haemozoin, a 

product of haemoglobin digestion in the malaria parasite’s digestive food vacuole (DV) formed 

within an infected erythrocyte. This then prevents the further addition or sequestration of 

haem to the haemozoin polymer resulting in the toxic accumulation of haem and the eventual 

death of the malaria parasite within the erythrocyte (Figure 4.3). Kapishnikov et al. (2019) 

reported that quinoline-family drugs are believed to damage the parasite by capping the 

growing haemozoin crystals thus inhibiting deposition of haem onto the crystalline surface 

and complexing with free haem in the digestive vacuole. However, the latter process of 

complexing with free haem should be secondary in terms of inhibiting haemozoin crystal 

growth (Kapishnikov et al., 2019).  

Foley and Tilley (1997) stated that chloroquine, a quinoline based antimalarial that is a diprotic 

weak base, can traverse the membranes of the parasitised erythrocyte and move down the 

pH gradient to accumulate in the acidic food vacuole (pH = 5). The host erythrocyte 

haemoglobin degrades within the food vacuole leading to the release of toxic products. Iron 

(II) protoporphyrin IX (also known as ferriprotoporphyrin IX) is automatically oxidised to toxic 

iron (III) protoporphyrin IX or haematin but the malaria parasite detoxifies this to a dimerized 

non-toxic crystal haemozoin form. Chloroquine (and other quinoline-based compounds) 

interfere with this detoxification process causing the accumulation of toxic free haematin 

resulting in the catalysis of oxidative stress, inhibition of cysteine proteases, the dissolution of 

the cell membrane and the death of the parasite (Herraiz et al., 2019; Zhou et al., 2020). 

Additionally, the peroxidation of parasite lipid membranes, inhibition of lactate 

dehydrogenase and tyrosine kinase, oxidation of proteins, and damage to DNA also contribute 
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to the viability of the parasites (Zhou et al., 2020) within the human host. Chloroquine can 

insert itself into the DNA double helix structure of Plasmodium (Zhou et al., 2020) forming a 

stable DNA-CQ complex. This complex affects the DNA replication and RNA transcription 

process inhibiting growth and reproduction; however, the exact mechanism of action is still 

unknown (Kaur et al., 2010; Lee et al., 2014; Zhou et al., 2020). Oxidation promoted by 

chloroquine is inhibited by antioxidants and peroxidase inhibitors, while the inhibition of 

proteolysis is blocked by glutathione, therefore the antioxidant system of the parasite could 

contribute to quinoline drug resistance (Herraiz et al., 2019).  

 

Figure 4.3: Overview of the effect of antimalarials, chloroquine (CQ) and artemisinin (ART) on 

the haemozoin pathway in the digestive vacuole (DV) of P. falciparum lifecycle. (A) The intra-

erythrocytic life cycle of the Plasmodium parasite. (B) During the trophozoite stage, the digestive food 

vacuole (grey) is visible, and haemoglobin is taken up into it for digestion by enzymes. Chloroquine 

Resistant Transporter (CRT) takes up small peptides and these transported through it for further break 

down into free amino acids by aminopeptidases. Haem (grey chains) are toxic to the parasite and are 

crystalised into haemozoin (Hz) by unknown mechanisms. Chloroquine (CQ) blocks the formation of 

Hz and causes parasite death, but mutated forms of CRT are able to transport CQ out of the DV in 

resistant Plasmodium species. Artemisinin (ART) is activated by haem (ART*) and causes free radical 

damage to many organelles including the parasite nucleus (N) and mitochondria (M). Kelch-13 protein 
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(K13) is a resistance (R) mechanism to ART involved in endocytosis of haemoglobin and its transport 

to the DV (Edgar et al., 2022). 

Quinoline and chloroquine primarily act on the trophozoite stage of the parasite’s 

development (Figure 4.4; Table 3.2 (16-24 hours)) and can prevent further invasion and 

replication of Plasmodium in the red blood cells of the human host by causing parasite death 

at this life cycle stage.  The exact mechanism of action as to how quinoline based drugs target 

haem to inhibit haemozoin formation in vivo (Figure 4.5) is not known nor is it understood 

whether various quinoline antimalarials inhibit haemozoin via similar or different pathways 

(Jones et al., 2015; Zhou et al., 2020). 

 

 

Figure 4.4: The Plasmodium asexual intraerythrocytic cycle. A haploid (1n) merozoite invades a 

red blood cell (RBC) and forms a ring from 0 to 22 hours post invasion. This corresponds to the G1 

phase of the cell cycle. As the parasite transitions from the ring stage to the trophozoite stage, its 

metabolic activity increases in preparation for DNA replication. A food vacuole begins to form as 

haemoglobin is broken down and toxic haem is packaged into haemozoin. DNA replication produces 

multiple copies of the parasite genome in an intact nucleus that does not undergo membrane 

degradation, providing homologous templates for homologous recombination (G2). Plasmodium DNA 

replication is asynchronous and can produce a range of sister chromatids, up to about 24n. Nearing 

the end of the 48 hour cycle, each genome is packaged into separate daughter merozoites, which then 

rupture from the RBC and go on to invade new RBCs (Lee et al., 2014). 
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Figure 4.5: Quinoline drugs complex with ferriprotoporphyrin IX (FPIX) and form a complex 

which inhibits further sequestration of free haem into the haemozoin crystalline polymer 

(Gorka et al., 2013). 

 

In this study, all three groups of heterocyclic derivatives were based upon the quinoline 

pharmacophore and as such, their mechanism of action is assumed to be similar to that of 

known quinoline drugs such as chloroquine or quinine. The two most active compounds 

against the NF54 P. falciparum parasite, compound DC14 (Figure 4.1) and compound Q3C11 

(Figure 4.2) were investigated for their morphological activity on the parasites in vitro as 

reported in Section 3.3. From the morphological assessment and observations of the infected 

RBCs, it was noted that gametocytes started to develop alongside trophozoites. This is an 

indicative of stressful environmental conditions (Omorou et al., 2022) which could have been 

caused by the compounds altering the pH or other physico-chemical properties of the infected 

RBCs in the parasite culture. Additionally, the lag phase between the untreated control and 

the test compound treated parasites could also be indicative of a mechanism of action 

whereby the test compounds inhibited parasite haemoglobin digestion or interfered with the 

sequestration of free haem into haemozoin crystals (Figure 4.5). The observation that the total 

parasitaemia decreased and the lack of new rings at the 48-hour interval also indicate that 

parasite replication was altered. This could be due to a similar mechanism of action to 

chloroquine, whereby the DNA replication process was hindered by compounds DC14 and 
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Q3C11s’ quinoline pharmacophore and the presence of the chloro- group at the R1 position 

in both compounds possibly causing structural activity related effects or intercalating with 

Plasmodium DNA.  

Quinoline carboxamide derivatives have displayed antimalarial activity during the trophozoite 

stage of parasite growth (Singh et al., 2021) with Plasmodium falcipain-2 being the drug target. 

Falcipain-2 and falcipain-3 are papain-family cysteine proteases or the erythrocytic stage of P. 

falciparum that localise to the food vacuole and readily hydrolyse haemoglobin and are 

necessary for haemoglobin degradation and denaturation. Inhibition of falcipain-2 leads to a 

breakdown in this process causing parasite stress in the acidic food vacuole which may inhibit 

its development (Shenai et al., 2000). Rosenthal (2020) stated that “In summary, available 

results suggest that falcipains are food vacuole haemoglobinases, that falcipain-3 plays an 

essential role in erythrocytic parasites, that falcipain-2 participates in haemoglobin hydrolysis 

directly and by activating plasmepsins, but that falcipain-1 and falcipain-2 are not essential in 

erythrocytic stage parasites”. Cysteine protease inhibitors and falcipain inhibitors, however, 

remain potential targets for new antimalarials (Rosenthal, 2020). The test compounds in this 

study could therefore have falcipain activity, though further study would be required to 

determine if this was a potential mechanism of action in inhibiting parasite growth. 

In this study, the two most active compounds, DC14 and Q3C11 both contained a quinoline 

pharmacophore and based on their lipophilicity and good bioavailability (Table 3.11; 3.12), 

their increased antimalarial activity could be due to increased diffusion and accumulation into 

the parasite DV. This is further supported by the in silico predictions of the compounds LogP 

values below 5 indicating their ability to cross membranes and bind to target sites more 

effectively. (Table 3.11). 

Additionally, the weak basic nature of the derivatives could have contributed to their 

mechanism of action by increasing the pH of the parasite digestive vacuole affecting the 

functionality of various proteases preventing haemoglobin digestion resulting in parasite 

death. 

When looking at the binding of chloroquine to the iron atom in the haem unit, it is apparent 

that some chelating interaction is present (Gordeuk et al., 1994). Chloroquine has been shown 

to chelate ferrous ions (26.19 ± 2.47% at 50 µM), but to a lesser extent compared to EDTA 
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(72.00 ± 3.60% at 50 µM) (Prof van Zyl, personal communications). In addition, 8-

hydroxyquinolines and derivatives are well known iron chelators with IC50 values in the 

micromolar ranges as well as antimalarial properties (Chen, 2015; Mahlangu, 2023). Malaria 

parasites require iron for vital cell functions and during the asexual stage the parasites 

acquires iron from the host (Cabantchik et al., 1999). Iron chelators such as desferrioxamine 

and 2,2’bipyridyl have been shown to inhibit iron-dependant ribonucleotide reductase 

resulting in parasite death (Cabantchik et al., 1999; Mabeza et al., 1999). Thiosemicarbazones 

proven to chelate iron have previously been studied for their antimalarial properties in 

chloroquine-sensitive and -resistant P. falciparum with variable inhibitory activity (Walcourt 

et al., 2004; Nqeno, 2021). Although the forty-two quinoline heterocyclic derivatives in this 

study had variable antimalarial activity, they all had minimal iron chelating activity. With only 

compound Q3C5 chelating up to 25.87 ± 5.57% ferrous ion in comparison to the metal 

chelator, EDTA at 50 µM, which has a high affinity for binding to iron and other divalent metals 

(Section 3.9.2) (Ferrero, 2016). Both Walcourt et al., (2004) and Nqeno (2021) reported poor 

antimalarial activity with IC50 values of ≥5 µM compared to the most active in this study of 

7.23 µM (Table 3.1). As such this is not the main mechanism of action of these quinoline 

heterocyclic derivatives within the malaria parasite and the malaria parasite was not as 

sensitive to iron chelation as cancer cells (Cabantchik et al., 1999). 

 

4.2 Insecticidal Activity 

Upon investigating the effect of the quinoline heterocyclic derivatives on the life cycle of the 

malaria parasite, the forty-two compounds were found to be directed more towards the 

malaria parasite than the malaria vector (Table 3.1, Table 3.3). The quinoline pharmacophore 

has been shown to have potential in the development of insecticides targeted at Anopheles 

species. A range of dichloroquinoline derivatives displayed highly toxic larvicidal effects 

towards An. stephensi and Aedes aegypti mosquito species with LC50 values between 5 – 10 

µM/mL Murugan et al. (2022). The latter derivatives were also highly active against the 

chloroquine sensitive 3D7 strain of P. falciparum with IC50 values in the nanomolar range (<10 

nM). This gave further credence to the current study’s rationale that new novel test 
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compounds should be evaluated for both their antimalarial and insecticidal properties in 

accordance with the WHO’s guidelines and recommendations (WHO, 2023a).  

Of all the test compounds, the DC group of compounds with a thiosemicarbazone 

pharmacophore were overall more active than the PHYD and Q3C series (Table 3.3). A very 

similar group of thiosemicarbazone derivatives investigated for cholinesterase inhibitory 

properties as a potential treatment for Alzheimer’s disease, were found to be selective 

towards acetylcholinesterase in the range of 0.12 – 60.9 µM. Where the lead inhibitor with an 

IC50 value of 0.12 ± 0.02 μM, had a 5-fold higher potency than the standard drug (galantamine; 

IC50 = 0.62 ± 0.01 μM) (Zaib et al., 2021). Acetylcholinesterase is a key hydrolase enzyme in 

regulating synaptic levels of the neurotransmitter acetylcholine in both vertebrates and 

invertebrates and has been a target for insecticides for decades (Pang, 2014). The emergence 

of insecticide resistance has necessitated the investigation of new compounds, preferably 

non-pyrethroid, for their insecticidal properties as recommended by the WHO (WHO, 2023a).  

However, none of the compounds across all three derivative groups in this study caused more 

than 20% larval mortality after 72 hours (Table 3.3) in comparison with DDT which caused 

100% mortality. The DC group of test compounds showed slightly more larval mortality than 

the PHYD and Q3C group compounds and this may have been a result of the 

thiosemicarbazone pharmacophore’s acetylcholinesterase inhibitory properties. Although 

further enzymatic studies would be required to confirm this on the Anopheles 

acetylcholinesterase compared to the human enzyme. Additionally, there was a notable 

morphological change in the few larvae exposed to compound DC3 that died after 72 hours. 

The thoracic segment of the larvae was enlarged, and the palmate hairs were not visible 

indicating that compound DC3 may have had a toxic developmental effect on the larvae during 

exposure to the test compound in the assay. The other DC compounds however did not cause 

any abnormalities or aberrations nor did the PHYD or Q3C compounds. This lack of larvicidal 

activity of the test compounds could be attributed to the differences in their chemical 

structure in comparison to known insecticides currently in use (Kathrada, 2017) or due to their 

resistance profile (Mouatcho et al., 2009). The observed effects of the most active compounds 

were different to that of DDT (Table 3.4). The highly effective insecticide, DDT is a known 

organochlorine that has a mechanism of action whereby sodium ion channels are prevented 
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from deactivating, stabilising the open state and prolonging their opening leading to 

hyperexcitability and eventual death (Silver et al., 2014). 

Since the compounds were ineffective against the larvae it was proposed that they may have 

a mutagenic effect or inhibit egg development thereby preventing hatching. However, when 

the activity of the forty-two compounds were evaluated against the An. arabiensis eggs, none 

exhibited high ovicidal toxicity in comparison to formalin that prevented 100% of the eggs 

from hatching after 72 hours (Section 3.4.3). The eggs also showed moderate tolerance to DDT 

treatment at 0.5 µM with a 60% hatch rate after 72 hours of exposure. The larvae that 

emerged from the DDT treated eggs subsequently died within 24 hours of hatching due to the 

presence of DDT at a lethal concentration within the wells. None of the test compounds in 

this study caused any morphological changes to the An. arabiensis eggs. The ovicidal activity 

of the test compounds was dependent on their ability to act on the embryo inside the eggshell 

(Grosscurt, 1977). As such the ability of the compounds to penetrate the chorion of the egg, 

potentially be converted to an active inhibitor, or be detoxified, would be dependent on the 

exposure time and dose of the compound (Ramar et al., 2014.).  

 

4.3 Toxicity profile 

The concept of drug safety is an integrated science and the benefit/risk balance of medication 

needs to be considered (Alshammari, 2016). As such in-depth toxicological assessment of new 

compounds in the drug development pipeline needs to be undertaken and Artemia serves as 

a suitable species for use in ecotoxicology experiments (Nunes et al., 2006). The activity of the 

forty-two novel test compounds in this study were evaluated against Ar. franciscana for 

potential toxicity to humans and aquatic organisms and it was found that the test compounds 

displayed moderate to high activity in comparison to positive control potassium dichromate 

in a time dependent manner (Table 3.8). Compounds DC14 and Q3C11, which were the two 

most active compounds against the NF54 P. falciparum malaria parasite were notably highly 

toxic towards Artemia (Table 3.9). Consequently, careful consideration of their toxicological 

profile from this study should be evaluated for further studies involving these compounds, 

despite the fact that they were deemed less cytotoxic towards the human HEK293 cell line 

and did not induce haemolysis. This is further emphasised by the morphological assessment 
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of the Artemia displaying detrimental physical changes to the normal morphology of the 

organism (Table 3.10). However, Ignoto et al. (2022) reported on how Artemia displayed acute 

toxicity and morphological changes at 40 µg/mL for the widely used antihistamine, 

promethazine, which indicates that a nuanced and careful interpretation of results is required 

in assessing a potential compound’s safety based on a single in vivo assay. Further extensive 

tests therefore should be considered to ascertain the safety profile of the active compounds 

in this study. 

In doing so, cytotoxicity studies of the forty-two novel test compounds against the human 

embryonic kidney epithelial cell line were undertaken (Table 3.5). The purpose of this was to 

determine whether the test compounds selectively targeted the malaria parasite or if they 

caused cellular damage to the human host. All three groups of test compounds exhibited low 

cytotoxicity towards the human HEK293 cell line with selectivity index scores indicating that 

they were selective towards the NF54 P. falciparum parasite in preference to the human cell 

(Table 3.7). Compound DC14 had a selectivity index value of 11.13, whereas compound Q3C11 

had a value of 7.55. In comparison to clinically used quinine with a SI value of 11.98, that was 

similar to DC14 indicating high selectivity towards the parasite rather than to the human cell, 

which is favourable when considering drugs to add to the drug discovery pipeline.  

Based on the in silico prediction of the test compounds, their respective toxicity class were 

determined along with their pharmacokinetic properties (Table 3.12-3.14). All of the test 

compounds were determined to be highly (Class III) toxic according to the revised Cramer’s 

decision tree method (Table 3.12-3.14) (EFSA Scientific Committee et al., 2019), which 

indicated that further studies are deemed necessary to properly assess the in-depth 

toxicological profile of the test compounds. It should be noted however that the standard 

antimalarial drug quinine is also ranked as highly (Class III) toxic – a well-known fact with the 

narrow therapeutic range of this drug increasing the risk of adverse side effects (Achan et al., 

2011; Djimde and Taylor, 2023). As such, a comprehensive approach is needed when assessing 

a compound’s toxicity profile and its pharmacokinetics, pharmacodynamics and additional 

factors such as patient comorbidities necessary in drug safety, should all be taken into account 

when deciding on its toxicity category.  

The compounds’ ability to cross the blood brain barrier, as well as their primary cytochrome 

P450 metabolic site of metabolism and their ability to inhibit cytochrome P450 3A4 (CYP4A4) 
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were determined via an in silico predictive tool (Table 3.12-3.14). The inhibition of CYP3A4 is 

associated with a large number of possible drug-drug interactions and increased toxic side 

effects as CYP4A4 is known to be the main enzyme involved in the metabolism of more than 

50% of drugs and most other xenobiotics (Sevrioukova & Poulos, 2013). The two most active 

antimalarial compounds both inhibit CYP34A. Whilst their primary site of metabolism is via 

aromatic hydroxylation and N-oxidation for compound DC14 and Q3C11, respectively (Table 

3.12, Table 3.14).  In comparison, the primary site of metabolism of quinine is via N-oxidation, 

however does not inhibit CYP3A4 (Djimde and Taylor, 2023). The compounds’ ability to inhibit 

CYP3A4 may lead to increased drug interactions depending on their elimination half-life within 

the body and careful consideration of their pharmacokinetics needs to be assessed in future 

work.  

Antimalarial drugs such as primaquine and chloroquine have an increased risk of inducing 

oxidative stress in patient with reduced antioxidant defences such as patients with G6PD 

deficiency (Percário et al., 2012; Ashley et al., 2014). On the flip side some compounds can be 

used as antioxidants to assist with the increase in free radical generation in a malaria infected 

patient. Thus, the antioxidant activity of a test compound can be beneficial to the malaria 

parasite protecting it from reactive oxidative species and associated damage; while also 

protecting the sensitive membranes and enzymes in the host that are related to cell 

differentiation and proliferation (Ye et al., 2015). In this study, all forty-two novel test 

compounds were evaluated for their antioxidant free radical scavenging activity and were 

determined to have minimal activity indicating that antioxidant mechanisms of action were 

not a major component of their activity profile against the NF54 P. falciparum parasite. 

Compound DC15 displayed the highest activity with 28.75% ± 0.01 free radical scavenging 

activity (Section 3.9.1) but was not comparable to that of the positive control ascorbic acid. 
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Figure 4.6: The summary of the activity for test compound DC12. The activity of DC12 across this study divided into its antimalarial, antioxidant and 

iron chelating, and toxicity properties.
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All forty-two of the novel test compounds were also evaluated for their toxicity towards the 

chronic myelogenous leukaemia cell line, where overall the test compounds were moderately 

cytotoxic to the leukaemia cell line (Table3.5, 3.6). In contrast to the HEK293 cells, the compounds 

were far more toxic towards the K562 cell line indicating possible mechanisms of action specific 

to rapidly proliferating cells (Table 3.1, Table 3.7). Quinolone heterocyclic derivatives have been 

shown to inhibit topoisomerase I in A549 lung cancer cells leading to cytotoxic effects (Ge et al., 

2016). Quinoline derivatives were also shown to be potent kinase inhibitors in the treatment of 

colorectal cancer (Zhou et al., 2020b). The quinoline pharmacophore scaffold plays an important 

role in anticancer drug development as their derivatives have shown excellent results through a 

diverse range of mechanisms of action such as growth inhibitors by cell cycle arrest, apoptosis, 

inhibition of angiogenesis, disruption of cell migration, and modulation of nuclear receptor 

responsiveness (Afzal et al., 2015). Cisplatin’s mechanism of action involves the generation of 

reactive oxidative species and binding to purine bases which ultimately cause DNA damage, block 

cell division and result in apoptosis through a range of interconnected pathways (Dasari and 

Bernard Tchounwou, 2014); however, drug resistance and relapse may occur in some forms of 

cancer.  

Combining new compounds with cisplatin may help to overcome drug resistance. In the current 

study, the combination of compounds DC12 or Q3C8 with known anticancer drug, cisplatin 

yielded a favourable synergistic interaction indicating potential for a combination therapy (Figure 

3.9). In addition, all of the test compounds were predicted via an in silico tool to not be p-

glycoprotein substrates (Table 3.12-3.14) indicating reduced drug efflux of the test compounds is 

a possibility; which would be beneficial in reversing drug resistance in resistant cells using this 

mechanism of resistance (Ahmed Juvale et al., 2022). However, due to the scope of this study 

primarily being focused on antimalarial investigations, further research into the compounds more 

specific cytotoxic effects, mechanisms of action and their effect against different cell lines would 

be needed to determine their potential as anticancer treatments. 
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Chapter 5 - Conclusions, Limitations and 
Recommendations for further research 

 
5.1 Conclusions 

As the burden of malaria continues to increase and with the global emergence of resistance to 

antimalarial drugs and insecticides, there is an increased need for the development of new 

compounds with antimalarial and/or insecticidal properties in accordance with the WHO 

recommendations (WHO, 2023a). 

As such, forty-two novel test compound derivatives based on the quinoline pharmacophore 

scaffold, with the potential for antimalarial and/or insecticidal activity were successfully 

synthesised, purified and structures verified by NMR before being evaluated. The novel test 

compounds were evaluated against the NF54 chloroquine-sensitive strain of P. falciparum and the 

An. arabiensis KWAG vector for their in vitro antimalarial and insecticidal activity, as well as their 

preliminary toxicological profile. 

The quinoline pharmacophore structure was used as a scaffold upon which hybrid heterocyclic 

compounds were developed to form the three sets of compounds, namely the dihydroquinoline-

carbothioamide, phenyl-hydrazono and quinoline-3-carboxamide derivatives. The latter 

derivatives showed widely variable activity towards the NF54 P. falciparum malaria parasite with 

activities ranging from promising to no antimalarial activity. 

From the three groups of test compounds, two compounds were identified based on their 

promising antimalarial activity, one from the dihydroquinoline-carbothioamide group and the 

other from the quinoline-3-carboxamide group. Compounds DC14 and Q3C11 were identified as 

lead compounds; however, despite their favourable antimalarial activity they were 80-fold less 

active than the standard antimalarial, quinine (Table 3.1). Compounds DC14 and Q3C11 both 

showed parasite morphological and stage specific effects similar to that of quinine with the 

trophozoite parasite stage being affected (Figure 3.5, Table 3.2), resulting in a decrease in total 
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parasitaemia and the subsequent decrease in the second generation of rings after 48 hours of 

treatment (Table 3.2). In accordance with the WHO’s guidelines on malaria treatment (WHO, 

2023b), combination therapies are recommended to overcome the challenges presented by drug 

resistance and both compound DC14 and Q3C11 showed synergistic and additive effects 

respectively in combination with standard antimalarial drug quinine (Figure 3.3). This could be 

due to inhibition of similar targets as the quinolines such as the inhibition of haemozoin formation 

and/or falcipain cysteine proteases or the generation of reactive oxidative species. Further studies 

to deduce the mechanism of action, such as lipid peroxidation, are therefore recommended. 

Although both test compounds had a more favourable selectivity index (Table 3.7) than the other 

derivatives, only compound DC14 had a selectivity index greater than 10 indicating that the 

parasite was a more selective target compared to human cells (Table 3.5, Table 3.7). Further 

structural modifications to the test compounds may increase the antimalarial activities, while 

maintaining their safety profiles. Compounds DC14 and Q3C11 showed moderate activity towards 

the rapidly proliferating chronic myelogenous leukemic K562 cell line (Table 3.6). Additionally, 

both compounds lacked insecticidal properties (Table 3.3) and do not warrant further research as 

they were also found to be toxic to the aquatic Ar. franciscana nauplii indicating a potential hazard 

to humans and are potentially ecologically toxic if high concentrations are used for a prolonged 

period (Table 3.8-3.10).  

The favourable drug-like properties and in silico predicted pharmacokinetic properties of the two 

lead compounds also indicated potential as therapeutic agents with good bioavailability and 

absorption with Log P and Log D values <5 indicating an ideal balance between hydrophilicity and 

lipophilicity as oral drugs (Gao et al., 2017). Compound Q3C11 was predicted to be able to cross 

the blood brain barrier and may have potential in the treatment of cerebral malaria much like 

standard antimalarial drug quinine, however further evaluation would be needed to confirm this. 

Both lead compounds were predicted to be CYP3A4 inhibitors indicating an increased potential 

for drug interactions (Table 3.12, Table 3.14). 

Overall compound DC14 had the more favourable activity, safety and pharmacokinetic profile and 

warrants further research as an antimalarial lead molecule. 
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5.2. Limitations and Future study recommendations 

In summary, the following limitations of the study were identified and need to be taken into 

consideration for similar studies in the future. 

• This study was limited to determining the antimalarial activity of the forty-two novel 

quinoline heterocyclic derivative test compounds against the chloroquine sensitive NF54 

strain of P. falciparum and did not determine the effect of the compounds against other drug-

resistant strains of P. falciparum such as the FCR3 or K1 strain. This would provide valuable 

information to compare resistance sensitivities.  

• Compounds DC12 and Q3C8 demonstrated very favourable cytotoxic properties against the 

human chronic myelogenous leukaemia K562 cell line, as such they should be tested against 

other cancer cell lines and evaluate the mechanism of action.  

• The toxic effects of the test compounds against Artemia franciscana and other aquatic 

organisms should be further explored for ecotoxic considerations. 

• Active quinolines inhibit haemozoin and increase free hemin which in the presence of H2O2 

in the parasite digestive vacuole catalyzes peroxidative reactions and the inhibition of 

cysteine proteases. As such, the lipid peroxidase activity of the test compounds should be 

further investigated as a potential mechanism of action towards causing parasite death 

within the infected red blood cells.   

• The effect of the test compounds against the gametocyte stages of the malaria parasite were 

not determined. Inhibition of the sexual stages of the parasite would decrease the malaria 

transmission burden and should be further investigated. 

• The β-haematin assay was not carried out on the test compounds to determine their 

haemozoin inhibitory effect due to the assay not working as intended as a result of multiple 

supplier problems with reagent inactivity that was out of the control of the research group. 

• Further structure activity relationships with regards to the stereo-electric chemistry and 

coordination bond chemistry of the test compounds should be elucidated with in silico 

molecular modelling and target docking software. 
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Appendix B: Antimalarial Activity 

Table B1: The percentage parasite viability for each of the test compounds in comparison with 

positive control Quinine at 50 µM.  

Compound 

% Malaria 
Parasite 

viability @ 
50 µM 

Compound 

% Malaria 
Parasite 

viability @ 
50 µM 

Compound 

% Malaria 
Parasite 

viability @ 
50 µM 

DC1 33.12 ± 
4.79 PHYD1 24.07 ± 

12.89 Q3C1 59.11 ± 
13.46 

DC2 41.58 ± 
17.42 PHYD2 20.92 ± 

2.44 Q3C2 68.34 ± 
27.21 

DC3 20.48 ± 
5.02 PHYD3 25.23 ± 

5.41 Q3C3 27.49 ± 
21.09  

DC4 10.33 ± 
11.97 PHYD4 65.12 ± 

14.86 Q3C4 89.62 ± 
7.96 

DC5 33.60 ± 
1.60 PHYD5 58.70 ± 

30.05 Q3C5 84.93 ± 
1.70 

DC6 14.52 ± 
22.24 PHYD6 76.98 ± 

5.11 Q3C6 55.67 ± 
20.98 

DC7 38.72 ± 
14.79 PHYD7 75.27 ± 

22.63 Q3C7 10.10 ± 
21.37  

DC8 10.57 ± 
4.07 PHYD8 79.76 ± 

20.35 Q3C8 59.32 ± 
39.38 

DC9 8.67 ± 
14.76 PHYD9 50.04 ± 

24.78 Q3C9 55.53 ± 
17.34 

DC10 18.38 ± 
32.93 PHYD10 60.96 ± 

5.41  Q3C10 50.66 ± 
6.62 

DC11 16.70 ± 
22.57 PHYD11 79.44 ± 

20.77 Q3C11 10.85 ± 
9.23 

DC12 0.01 ± 
13.33 PHYD12 76.53 ± 

20.26 Q3C12 38.69 ± 
2.02 

DC13 13.23 ± 
7.05 PHYD13 77.12 ± 

20.54  

DC14 0.01 ± 6.64 PHYD14 72.95 ± 
28.52 Quinine 7.29 ± 5.18 

DC15 0.01 ± 
10.04 PHYD15 66.85 ± 

16.18  
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Table B2: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the pLDH 

assay IC50 values obtained 

Tukey's multiple 
comparisons test Summary Adjusted 

P Value DF q Tukey's multiple 
comparisons test Summary Adjusted 

P Value DF q 

DC1 vs. Quinine **** <0,0001 28 32,11 DC14 vs. DC9 **** <0,0001 28 16,09 
DC2 vs. Quinine **** <0,0001 28 14,85 DC15 vs. DC9 ** 0,0083 28 6,777 
DC3 vs. Quinine **** <0,0001 28 13,62 PHYD1 vs. DC9 * 0,0159 28 6,401 
DC4 vs. Quinine *** 0,0007 28 8,17 PHYD2 vs. DC9 **** <0,0001 28 9,977 
DC6 vs. Quinine **** <0,0001 28 15,56 PHYD3 vs. DC9 **** <0,0001 28 11,56 
DC8 vs. Quinine **** <0,0001 28 30,16 PHYD9 vs. DC9 **** <0,0001 28 12,49 
DC9 vs. Quinine **** <0,0001 28 19,09 Q3C3 vs. DC9 **** <0,0001 28 13,47 
DC11 vs. Quinine ns 0,8972 28 2,958 Q3C7 vs. DC9 **** <0,0001 28 14,2 
DC12 vs. Quinine ns 0,9451 28 2,742 Q3C8 vs. DC9 ns >0,9999 28 1,543 
DC13 vs. Quinine **** <0,0001 28 21,48 Q3C9 vs. DC9 **** <0,0001 28 12,44 
DC14 vs. Quinine ns >0,9999 28 1,46 Q3C10 vs. DC9 ns 0,5884 28 3,746 
DC15 vs. Quinine **** <0,0001 28 11,66 Q3C11 vs. DC9 **** <0,0001 28 15,95 
PHYD1 vs. Quinine **** <0,0001 28 26,1 Q3C12 vs. DC9 **** <0,0001 28 12,59 
PHYD2 vs. Quinine **** <0,0001 28 32,49 Chloroquine vs. DC9 **** <0,0001 28 19,1 
PHYD3 vs. Quinine **** <0,0001 28 31,75 DC12 vs. DC11 ns >0,9999 28 0,1978 
PHYD9 vs. Quinine **** <0,0001 28 32,77 DC13 vs. DC11 **** <0,0001 28 16,91 
Q3C3 vs. Quinine ns 0,3371 28 4,33 DC14 vs. DC11 ns >0,9999 28 1,368 
Q3C7 vs. Quinine ns 0,6881 28 3,527 DC15 vs. DC11 ** 0,001 28 7,947 
Q3C8 vs. Quinine **** <0,0001 28 17,4 PHYD1 vs. DC11 **** <0,0001 28 21,12 
Q3C9 vs. Quinine **** <0,0001 28 32,71 PHYD2 vs. DC11 **** <0,0001 28 26,11 
Q3C10 vs. Quinine **** <0,0001 28 14,98 PHYD3 vs. DC11 **** <0,0001 28 26,29 
Q3C11 vs. Quinine ns >0,9999 28 1,615 PHYD9 vs. DC11 **** <0,0001 28 27,22 
Q3C12 vs. Quinine **** <0,0001 28 32,88 Q3C3 vs. DC11 ns >0,9999 28 1,252 
Chloroquine vs. Quinine ns >0,9999 28 0,01827 Q3C7 vs. DC11 ns >0,9999 28 0,5188 
DC2 vs. DC1 **** <0,0001 28 15,76 Q3C8 vs. DC11 **** <0,0001 28 13,18 
DC3 vs. DC1 **** <0,0001 28 16,88 Q3C9 vs. DC11 **** <0,0001 28 27,16 
DC4 vs. DC1 **** <0,0001 28 21,85 Q3C10 vs. DC11 **** <0,0001 28 10,98 
DC6 vs. DC1 **** <0,0001 28 15,1 Q3C11 vs. DC11 ns >0,9999 28 1,226 
DC8 vs. DC1 ns 0,9997 28 1,782 Q3C12 vs. DC11 **** <0,0001 28 27,31 
DC9 vs. DC1 **** <0,0001 28 11,89 Chloroquine vs. DC11 ns 0,8928 28 2,975 
DC11 vs. DC1 **** <0,0001 28 26,61 DC13 vs. DC12 **** <0,0001 28 17,11 
DC12 vs. DC1 **** <0,0001 28 26,81 DC14 vs. DC12 ns >0,9999 28 1,17 
DC13 vs. DC1 **** <0,0001 28 9,699 DC15 vs. DC12 *** 0,0007 28 8,145 
DC14 vs. DC1 **** <0,0001 28 27,98 PHYD1 vs. DC12 **** <0,0001 28 21,32 
DC15 vs. DC1 **** <0,0001 28 18,66 PHYD2 vs. DC12 **** <0,0001 28 26,32 
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PHYD1 vs. DC1 ns 0,0709 28 5,487 PHYD3 vs. DC12 **** <0,0001 28 26,48 
PHYD2 vs. DC1 ns 0,8723 28 3,046 PHYD9 vs. DC12 **** <0,0001 28 27,42 
PHYD3 vs. DC1 ns >0,9999 28 0,3266 Q3C3 vs. DC12 ns >0,9999 28 1,45 
PHYD9 vs. DC1 ns >0,9999 28 0,6065 Q3C7 vs. DC12 ns >0,9999 28 0,7167 
Q3C3 vs. DC1 **** <0,0001 28 25,36 Q3C8 vs. DC12 **** <0,0001 28 13,38 
Q3C7 vs. DC1 **** <0,0001 28 26,09 Q3C9 vs. DC12 **** <0,0001 28 27,36 
Q3C8 vs. DC1 **** <0,0001 28 13,43 Q3C10 vs. DC12 **** <0,0001 28 11,18 
Q3C9 vs. DC1 ns >0,9999 28 0,5506 Q3C11 vs. DC12 ns >0,9999 28 1,028 
Q3C10 vs. DC1 **** <0,0001 28 15,63 Q3C12 vs. DC12 **** <0,0001 28 27,51 
Q3C11 vs. DC1 **** <0,0001 28 27,84 Chloroquine vs. DC12 ns 0,9421 28 2,758 
Q3C12 vs. DC1 ns >0,9999 28 0,6999 DC14 vs. DC13 **** <0,0001 28 18,28 
Chloroquine vs. DC1 **** <0,0001 28 32,13 DC15 vs. DC13 *** 0,0002 28 8,966 
DC3 vs. DC2 ns >0,9999 28 1,122 PHYD1 vs. DC13 ns 0,3829 28 4,212 
DC4 vs. DC2 * 0,0267 28 6,095 PHYD2 vs. DC13 ** 0,002 28 7,579 
DC6 vs. DC2 ns >0,9999 28 0,6551 PHYD3 vs. DC13 **** <0,0001 28 9,373 
DC8 vs. DC2 **** <0,0001 28 13,98 PHYD9 vs. DC13 **** <0,0001 28 10,31 
DC9 vs. DC2 ns 0,5309 28 3,871 Q3C3 vs. DC13 **** <0,0001 28 15,66 
DC11 vs. DC2 **** <0,0001 28 10,85 Q3C7 vs. DC13 **** <0,0001 28 16,39 
DC12 vs. DC2 **** <0,0001 28 11,05 Q3C8 vs. DC13 ns 0,5944 28 3,733 
DC13 vs. DC2 * 0,0283 28 6,06 Q3C9 vs. DC13 **** <0,0001 28 10,25 
DC14 vs. DC2 **** <0,0001 28 12,22 Q3C10 vs. DC13 * 0,0348 28 5,935 
DC15 vs. DC2 ns 0,9106 28 2,906 Q3C11 vs. DC13 **** <0,0001 28 18,14 
PHYD1 vs. DC2 **** <0,0001 28 10,27 Q3C12 vs. DC13 **** <0,0001 28 10,4 
PHYD2 vs. DC2 **** <0,0001 28 14,22 Chloroquine vs. DC13 **** <0,0001 28 21,5 
PHYD3 vs. DC2 **** <0,0001 28 15,43 DC15 vs. DC14 **** <0,0001 28 9,315 
PHYD9 vs. DC2 **** <0,0001 28 16,37 PHYD1 vs. DC14 **** <0,0001 28 22,49 
Q3C3 vs. DC2 **** <0,0001 28 9,6 PHYD2 vs. DC14 **** <0,0001 28 27,6 
Q3C7 vs. DC2 **** <0,0001 28 10,33 PHYD3 vs. DC14 **** <0,0001 28 27,65 
Q3C8 vs. DC2 ns 0,9895 28 2,327 PHYD9 vs. DC14 **** <0,0001 28 28,59 
Q3C9 vs. DC2 **** <0,0001 28 16,31 Q3C3 vs. DC14 ns 0,9637 28 2,62 
Q3C10 vs. DC2 ns >0,9999 28 0,125 Q3C7 vs. DC14 ns 0,9993 28 1,887 
Q3C11 vs. DC2 **** <0,0001 28 12,08 Q3C8 vs. DC14 **** <0,0001 28 14,55 
Q3C12 vs. DC2 **** <0,0001 28 16,46 Q3C9 vs. DC14 **** <0,0001 28 28,53 
Chloroquine vs. DC2 **** <0,0001 28 14,86 Q3C10 vs. DC14 **** <0,0001 28 12,35 
DC4 vs. DC3 ns 0,1504 28 4,974 Q3C11 vs. DC14 ns >0,9999 28 0,1418 
DC6 vs. DC3 ns 0,9997 28 1,777 Q3C12 vs. DC14 **** <0,0001 28 28,68 
DC8 vs. DC3 **** <0,0001 28 15,1 Chloroquine vs. DC14 ns >0,9999 28 1,476 
DC9 vs. DC3 ns 0,1465 28 4,992 PHYD1 vs. DC15 **** <0,0001 28 13,18 
DC11 vs. DC3 **** <0,0001 28 9,731 PHYD2 vs. DC15 **** <0,0001 28 17,4 
DC12 vs. DC3 **** <0,0001 28 9,929 PHYD3 vs. DC15 **** <0,0001 28 18,34 
DC13 vs. DC3 ** 0,0041 28 7,182 PHYD9 vs. DC15 **** <0,0001 28 19,27 
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DC14 vs. DC3 **** <0,0001 28 11,1 Q3C3 vs. DC15 ** 0,0096 28 6,694 
DC15 vs. DC3 ns 0,9997 28 1,784 Q3C7 vs. DC15 ** 0,0026 28 7,428 
PHYD1 vs. DC3 **** <0,0001 28 11,39 Q3C8 vs. DC15 ns 0,1039 28 5,233 
PHYD2 vs. DC3 **** <0,0001 28 15,45 Q3C9 vs. DC15 **** <0,0001 28 19,22 
PHYD3 vs. DC3 **** <0,0001 28 16,55 Q3C10 vs. DC15 ns 0,8769 28 3,031 
PHYD9 vs. DC3 **** <0,0001 28 17,49 Q3C11 vs. DC15 *** 0,0001 28 9,173 
Q3C3 vs. DC3 *** 0,0004 28 8,479 Q3C12 vs. DC15 **** <0,0001 28 19,36 
Q3C7 vs. DC3 *** 0,0001 28 9,212 Chloroquine vs. DC15 **** <0,0001 28 11,68 
Q3C8 vs. DC3 ns 0,7221 28 3,449 PHYD2 vs. PHYD1 ns 0,8956 28 2,964 
Q3C9 vs. DC3 **** <0,0001 28 17,43 PHYD3 vs. PHYD1 ns 0,1155 28 5,16 
Q3C10 vs. DC3 ns >0,9999 28 1,247 PHYD9 vs. PHYD1 * 0,0268 28 6,093 
Q3C11 vs. DC3 **** <0,0001 28 10,96 Q3C3 vs. PHYD1 **** <0,0001 28 19,87 
Q3C12 vs. DC3 **** <0,0001 28 17,58 Q3C7 vs. PHYD1 **** <0,0001 28 20,61 
Chloroquine vs. DC3 **** <0,0001 28 13,63 Q3C8 vs. PHYD1 ** 0,001 28 7,945 
DC6 vs. DC4 ** 0,0087 28 6,75 Q3C9 vs. PHYD1 * 0,0294 28 6,037 
DC8 vs. DC4 **** <0,0001 28 20,07 Q3C10 vs. PHYD1 **** <0,0001 28 10,15 
DC9 vs. DC4 **** <0,0001 28 9,966 Q3C11 vs. PHYD1 **** <0,0001 28 22,35 
DC11 vs. DC4 ns 0,2011 28 4,757 Q3C12 vs. PHYD1 * 0,0229 28 6,187 
DC12 vs. DC4 ns 0,1543 28 4,955 Chloroquine vs. PHYD1 **** <0,0001 28 26,12 
DC13 vs. DC4 **** <0,0001 28 12,16 PHYD3 vs. PHYD2 ns 0,9539 28 2,688 
DC14 vs. DC4 * 0,0254 28 6,125 PHYD9 vs. PHYD2 ns 0,6045 28 3,711 
DC15 vs. DC4 ns 0,825 28 3,19 Q3C3 vs. PHYD2 **** <0,0001 28 24,73 
PHYD1 vs. DC4 **** <0,0001 28 16,37 Q3C7 vs. PHYD2 **** <0,0001 28 25,54 
PHYD2 vs. DC4 **** <0,0001 28 20,89 Q3C8 vs. PHYD2 **** <0,0001 28 11,67 
PHYD3 vs. DC4 **** <0,0001 28 21,53 Q3C9 vs. PHYD2 ns 0,6327 28 3,649 
PHYD9 vs. DC4 **** <0,0001 28 22,46 Q3C10 vs. PHYD2 **** <0,0001 28 14,08 
Q3C3 vs. DC4 ns 0,6977 28 3,505 Q3C11 vs. PHYD2 **** <0,0001 28 27,45 
Q3C7 vs. DC4 ns 0,3725 28 4,238 Q3C12 vs. PHYD2 ns 0,5574 28 3,813 
Q3C8 vs. DC4 *** 0,0004 28 8,423 Chloroquine vs. PHYD2 **** <0,0001 28 32,51 
Q3C9 vs. DC4 **** <0,0001 28 22,4 PHYD9 vs. PHYD3 ns >0,9999 28 0,9332 
Q3C10 vs. DC4 * 0,0217 28 6,22 Q3C3 vs. PHYD3 **** <0,0001 28 25,03 
Q3C11 vs. DC4 * 0,0321 28 5,983 Q3C7 vs. PHYD3 **** <0,0001 28 25,77 
Q3C12 vs. DC4 **** <0,0001 28 22,55 Q3C8 vs. PHYD3 **** <0,0001 28 13,11 
Chloroquine vs. DC4 *** 0,0007 28 8,186 Q3C9 vs. PHYD3 ns >0,9999 28 0,8772 
DC8 vs. DC6 **** <0,0001 28 13,32 Q3C10 vs. PHYD3 **** <0,0001 28 15,31 
DC9 vs. DC6 ns 0,8156 28 3,216 Q3C11 vs. PHYD3 **** <0,0001 28 27,51 
DC11 vs. DC6 **** <0,0001 28 11,51 Q3C12 vs. PHYD3 ns >0,9999 28 1,026 
DC12 vs. DC6 **** <0,0001 28 11,71 Chloroquine vs. PHYD3 **** <0,0001 28 31,77 
DC13 vs. DC6 ns 0,0804 28 5,405 Q3C3 vs. PHYD9 **** <0,0001 28 25,97 
DC14 vs. DC6 **** <0,0001 28 12,88 Q3C7 vs. PHYD9 **** <0,0001 28 26,7 
DC15 vs. DC6 ns 0,6728 28 3,561 Q3C8 vs. PHYD9 **** <0,0001 28 14,04 
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PHYD1 vs. DC6 **** <0,0001 28 9,617 Q3C9 vs. PHYD9 ns >0,9999 28 0,05599 
PHYD2 vs. DC6 **** <0,0001 28 13,5 Q3C10 vs. PHYD9 **** <0,0001 28 16,24 
PHYD3 vs. DC6 **** <0,0001 28 14,78 Q3C11 vs. PHYD9 **** <0,0001 28 28,44 
PHYD9 vs. DC6 **** <0,0001 28 15,71 Q3C12 vs. PHYD9 ns >0,9999 28 0,09332 
Q3C3 vs. DC6 **** <0,0001 28 10,26 Chloroquine vs. PHYD9 **** <0,0001 28 32,79 
Q3C7 vs. DC6 **** <0,0001 28 10,99 Q3C7 vs. Q3C3 ns >0,9999 28 0,7335 
Q3C8 vs. DC6 ns 0,9999 28 1,672 Q3C8 vs. Q3C3 **** <0,0001 28 11,93 
Q3C9 vs. DC6 **** <0,0001 28 15,65 Q3C9 vs. Q3C3 **** <0,0001 28 25,91 
Q3C10 vs. DC6 ns >0,9999 28 0,53 Q3C10 vs. Q3C3 **** <0,0001 28 9,725 
Q3C11 vs. DC6 **** <0,0001 28 12,73 Q3C11 vs. Q3C3 ns 0,9792 28 2,478 
Q3C12 vs. DC6 **** <0,0001 28 15,8 Q3C12 vs. Q3C3 **** <0,0001 28 26,06 
Chloroquine vs. DC6 **** <0,0001 28 15,58 Chloroquine vs. Q3C3 ns 0,331 28 4,346 
DC9 vs. DC8 **** <0,0001 28 10,11 Q3C8 vs. Q3C7 **** <0,0001 28 12,66 
DC11 vs. DC8 **** <0,0001 28 24,83 Q3C9 vs. Q3C7 **** <0,0001 28 26,64 
DC12 vs. DC8 **** <0,0001 28 25,03 Q3C10 vs. Q3C7 **** <0,0001 28 10,46 
DC13 vs. DC8 ** 0,0011 28 7,917 Q3C11 vs. Q3C7 ns 0,9998 28 1,745 
DC14 vs. DC8 **** <0,0001 28 26,2 Q3C12 vs. Q3C7 **** <0,0001 28 26,79 
DC15 vs. DC8 **** <0,0001 28 16,88 Chloroquine vs. Q3C7 ns 0,6808 28 3,543 
PHYD1 vs. DC8 ns 0,6073 28 3,705 Q3C9 vs. Q3C8 **** <0,0001 28 13,98 
PHYD2 vs. DC8 ns >0,9999 28 1,094 Q3C10 vs. Q3C8 ns 0,9945 28 2,202 
PHYD3 vs. DC8 ns >0,9999 28 1,456 Q3C11 vs. Q3C8 **** <0,0001 28 14,41 
PHYD9 vs. DC8 ns 0,9859 28 2,389 Q3C12 vs. Q3C8 **** <0,0001 28 14,13 
Q3C3 vs. DC8 **** <0,0001 28 23,58 Chloroquine vs. Q3C8 **** <0,0001 28 17,41 
Q3C7 vs. DC8 **** <0,0001 28 24,31 Q3C10 vs. Q3C9 **** <0,0001 28 16,18 
Q3C8 vs. DC8 **** <0,0001 28 11,65 Q3C11 vs. Q3C9 **** <0,0001 28 28,39 
Q3C9 vs. DC8 ns 0,9892 28 2,333 Q3C12 vs. Q3C9 ns >0,9999 28 0,1493 
Q3C10 vs. DC8 **** <0,0001 28 13,85 Chloroquine vs. Q3C9 **** <0,0001 28 32,73 
Q3C11 vs. DC8 **** <0,0001 28 26,06 Q3C11 vs. Q3C10 **** <0,0001 28 12,2 
Q3C12 vs. DC8 ns 0,9788 28 2,482 Q3C12 vs. Q3C10 **** <0,0001 28 16,33 
Chloroquine vs. DC8 **** <0,0001 28 30,17 Chloroquine vs. Q3C10 **** <0,0001 28 15 
DC11 vs. DC9 **** <0,0001 28 14,72 Q3C12 vs. Q3C11 **** <0,0001 28 28,54 
DC12 vs. DC9 **** <0,0001 28 14,92 Chloroquine vs. Q3C11 ns >0,9999 28 1,631 
DC13 vs. DC9 ns 0,9949 28 2,189 Chloroquine vs. Q3C12 **** <0,0001 28 32,89 
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Appendix C: Larvicidal Activity 

Table C1: The percentage larval mortality at 24 hours for each of the test compounds in comparison with positive control DDT at 0.5 

µM.  

Compound 
% Larval 

Mortality at 
24 hours 

Compound 
% Larval 

Mortality at 
24 hours 

Compound 
% Larval 

Mortality at 
24 hours 

DC1 0,00 PHYD1 3,33 Q3C1 0,00 
DC2 1,67 PHYD2 0,00 Q3C2 1,67 
DC3 0,00 PHYD3 5,00 Q3C3 0,00 
DC4 0,00 PHYD4 1,67 Q3C4 0,00 
DC5 0,00 PHYD5 0,00 Q3C5 0,00 
DC6 0,00 PHYD6 0,00 Q3C6 0,00 
DC7 1,67 PHYD7 1,67 Q3C7 0,00 
DC8 1,67 PHYD8 0,00 Q3C8 0,00 
DC9 0,00 PHYD9 3,33 Q3C9 3,33 

DC10 0,00 PHYD10 3,33 Q3C10 0,00 
DC11 3,33 PHYD11 1,67 Q3C11 0,00 
DC12 0,00 PHYD12 1,67 Q3C12 1,67 
DC13 0,00 PHYD13 0,00  
DC14 1,67 PHYD14 0,00 DDT 100.00 
DC15 3,33 PHYD15 0,00  
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Table C2: The percentage larval mortality at 48 hours for each of the test compounds in comparison with positive control DDT at 0.5 

µM.  

Compound 
% Larval 

Mortality at 
48 hours 

Compound 
% Larval 

Mortality at 
48 hours 

Compound 
% Larval 

Mortality at 
48 hours 

DC1 1,67 PHYD1 3,33 Q3C1 5,00 
DC2 5,00 PHYD2 1,67 Q3C2 1,67 
DC3 0,00 PHYD3 5,00 Q3C3 1,67 
DC4 5,00 PHYD4 3,33 Q3C4 1,67 
DC5 0,00 PHYD5 0,00 Q3C5 5,00 
DC6 0,00 PHYD6 0,00 Q3C6 3,33 
DC7 1,67 PHYD7 3,33 Q3C7 3,33 
DC8 5,00 PHYD8 1,67 Q3C8 5,00 
DC9 3,33 PHYD9 3,33 Q3C9 5,00 

DC10 1,67 PHYD10 5,00 Q3C10 3,33 
DC11 3,33 PHYD11 5,00 Q3C11 3,33 
DC12 0,00 PHYD12 5,00 Q3C12 5,00 
DC13 0,00 PHYD13 1,67  
DC14 1,67 PHYD14 1,67 DDT 100.00 
DC15 3,33 PHYD15 0,00  
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Figure C1: Larvicidal DDT EC50 Analysis Screenshot 
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Table C3: The percentage pupae formation at 24, 48 and 72 hours for each of the test compounds in comparison with positive control 

DDT at 0.5 µM.  

 % Larval pupation  % Larval pupation  % Larval pupation 

Compound 24 
hours 

48 
hours 

72 
hours Compound 24 

hours 
48 

hours 
72 

hours Compound 24 
hours 

48 
hours 

72 
hours 

DC1 0 0 0 PHYD1 0 0 0 Q3C1 0 0 2.5 
DC2 0 2.5 2.5 PHYD2 0 0 0 Q3C2 0 0 0 
DC3 0 0 0 PHYD3 0 0 2.5 Q3C3 0 0 0 
DC4 0 0 0 PHYD4 0 0 2.5 Q3C4 0 0 5 
DC5 0 5 7.5 PHYD5 0 0 5 Q3C5 0 0 0 
DC6 0 2.5 5 PHYD6 0 0 0 Q3C6 0 0 0 
DC7 2.5 0 2.5 PHYD7 0 0 2.5 Q3C7 0 0 5 
DC8 2.5 5 10 PHYD8 0 0 0 Q3C8 0 0 2.5 
DC9 0 0 2.5 PHYD9 0 0 7.5 Q3C9 0 0 0 

DC10 0 10 12.5 PHYD10 0 0 2.5 Q3C10 0 0 2.5 
DC11 2.5 2.5 2.5 PHYD11 0 0 0 Q3C11 0 0 7.5 
DC12 5 2.5 2.5 PHYD12 0 0 2.5 Q3C12 0 0 5 
DC13 0 0 0 PHYD13 0 0 0    

DC14 0 0 5 PHYD14 0 0 2.5 DDT    0 0 0 

DC15 0 0 0 PHYD15 0 0 5 Untreated 0 0 7 
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Appendix D: Ovicidal Activity 

Table D1: The percentage of unhatched eggs after being exposed to the test compounds at 0.5 

µM for 72 hours in comparison with positive control formalin (1% v/v).  

Compound 
% Unhatched 

Eggs @ 0.5 
µM 

Compound % Unhatched 
Eggs @ 0.5 µM Compound 

% 
Unhatched 
Eggs @ 0.5 

µM 

DC1 5 ± 5 PHYD1 6.25 ± 1.25 Q3C1 13.12 ± 
3.12 

DC2 6.25 ± 1.25 PHYD2 0 ± 0 Q3C2 2.5 ± 2.5 

DC3 1.25 ± 1.25 PHYD3 11.25 ± 11.25 Q3C3 13.12 ± 
3.12 

DC4 2.5 ± 2.5  PHYD4 0 ± 0 Q3C4 8.75 ± 
8.75  

DC5 3.75 ± 3.75 PHYD5 5 ± 5 Q3C5 3.34 ± 
2.09 

DC6 5 ± 5 PHYD6 
0 ± 0 

Q3C6 18.12 ± 
8.12 

DC7 0 ± 0 PHYD7 0 ± 0 Q3C7 8.12 ± 
3.12  

DC8 
0 ± 0 

PHYD8 3.12 ± 1.87 Q3C8 10.62 ± 
5.62 

DC9 0 ± 0 PHYD9 15.62 ± 15.62 Q3C9 18.12 ± 
8.12 

DC10 0 ± 0 PHYD10 0.62 ± 0.62  Q3C10 8.12 ± 
8.12 

DC11 10 ± 10 PHYD11 10.62 ± 10.62 Q3C11 8.12 ± 
8.12 

DC12 0 ± 0 PHYD12 28.7 ± 3.7 Q3C12 15 ± 15 
DC13 7.5 ± 7.5 PHYD13 10.62 ± 0.62  

DC14 16.25 ± 
13.75 PHYD14 23.89 ± 23.89 Formalin 

(1% v/v) 100 ± 0 

DC15 0 ± 0 PHYD15 8.12 ± 8.12  
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Table D2: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the most 

active ovicidal test compounds obtained at 0.5 µM after 72 hours of exposure. 

Tukey's multiple comparisons test Summary Adjusted P Value DF q 

DC15 vs. DC14 ns 0,8496 8 1,933 
PHYD12 vs. DC14 ns 0,9521 8 1,481 
PHYD14 vs. DC14 ns 0,9967 8 0,909 
Q3C6 vs. DC14 ns >0,9999 8 0,2225 
Q3C9 vs. DC14 ns >0,9999 8 0,2225 
Q3C12 vs. DC14 ns >0,9999 8 0,1487 
Formalin vs. DC14 ** 0,0016 8 9,964 
PHYD12 vs. DC15 ns 0,3439 8 3,415 
PHYD14 vs. DC15 ns 0,5273 8 2,842 
Q3C6 vs. DC15 ns 0,7784 8 2,156 
Q3C9 vs. DC15 ns 0,7784 8 2,156 
Q3C12 vs. DC15 ns 0,8903 8 1,785 
Formalin vs. DC15 *** 0,0005 8 11,9 
PHYD14 vs. PHYD12 ns 0,9998 8 0,5723 
Q3C6 vs. PHYD12 ns 0,9789 8 1,259 
Q3C9 vs. PHYD12 ns 0,9789 8 1,259 
Q3C12 vs. PHYD12 ns 0,9256 8 1,63 
Formalin vs. PHYD12 ** 0,0045 8 8,483 
Q3C6 vs. PHYD14 ns 0,9994 8 0,6865 
Q3C9 vs. PHYD14 ns 0,9994 8 0,6865 
Q3C12 vs. PHYD14 ns 0,9919 8 1,058 
Formalin vs. PHYD14 ** 0,003 8 9,055 
Q3C9 vs. Q3C6 ns >0,9999 8 0 
Q3C12 vs. Q3C6 ns >0,9999 8 0,3712 
Formalin vs. Q3C6 ** 0,0018 8 9,742 
Q3C12 vs. Q3C9 ns >0,9999 8 0,3712 
Formalin vs. Q3C9 ** 0,0018 8 9,742 
Formalin vs. Q3C12 ** 0,0014 8 10,11 
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Appendix E: Haemolysis Statistical Analysis 

Table E1: Ordinary one-way ANOVA statistical analysis multiple comparisons table for the 

Haemolysis values obtained at 50 µM 

Tukey's multiple comparisons test Summary Adjusted P 
Value DF q 

DC3 vs. Quinine ns >0,9999 27 1,072 
DC4 vs. Quinine ns 0,9933 27 1,683 
DC6 vs. Quinine ns >0,9999 27 0,8887 
DC10 vs. Quinine ns 0,9903 27 1,754 
DC11 vs. Quinine ns >0,9999 27 0,9539 
DC13 vs. Quinine ns >0,9999 27 0,0237 
PHYD2 vs. Quinine ns >0,9999 27 0,7939 
PHYD3 vs. Quinine ns >0,9999 27 0,3259 
PHYD10 vs. Quinine ns >0,9999 27 0,1659 
Q3C2 vs. Quinine ns >0,9999 27 0,5628 
Q3C9 vs. Quinine ns >0,9999 27 0,09479 
Chloroquine vs. Quinine ns 0,9977 27 1,495 
Triton-X vs. Quinine **** <0,0001 27 58,98 
DC4 vs. DC3 ns >0,9999 27 0,6823 
DC6 vs. DC3 ns >0,9999 27 0,2053 
DC10 vs. DC3 ns >0,9999 27 0,7617 
DC11 vs. DC3 ns >0,9999 27 0,1325 
DC13 vs. DC3 ns 0,9998 27 1,172 
PHYD2 vs. DC3 ns >0,9999 27 0,3113 
PHYD3 vs. DC3 ns >0,9999 27 0,8346 
PHYD10 vs. DC3 ns 0,9989 27 1,384 
Q3C2 vs. DC3 ns >0,9999 27 0,5697 
Q3C9 vs. DC3 ns 0,9994 27 1,305 
Chloroquine vs. DC3 ns >0,9999 27 0,4729 
Triton-X vs. DC3 **** <0,0001 27 64,74 
DC6 vs. DC4 ns >0,9999 27 0,8876 
DC10 vs. DC4 ns >0,9999 27 0,07949 
DC11 vs. DC4 ns >0,9999 27 0,8147 
DC13 vs. DC4 ns 0,9845 27 1,855 
PHYD2 vs. DC4 ns >0,9999 27 0,9936 
PHYD3 vs. DC4 ns 0,9974 27 1,517 
PHYD10 vs. DC4 ns 0,9637 27 2,067 
Q3C2 vs. DC4 ns 0,9996 27 1,252 
Q3C9 vs. DC4 ns 0,973 27 1,987 
Chloroquine vs. DC4 ns >0,9999 27 0,2093 
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Triton-X vs. DC4 **** <0,0001 27 64,06 
DC10 vs. DC6 ns >0,9999 27 0,9671 
DC11 vs. DC6 ns >0,9999 27 0,07286 
DC13 vs. DC6 ns >0,9999 27 0,9671 
PHYD2 vs. DC6 ns >0,9999 27 0,106 
PHYD3 vs. DC6 ns >0,9999 27 0,6293 
PHYD10 vs. DC6 ns 0,9998 27 1,179 
Q3C2 vs. DC6 ns >0,9999 27 0,3643 
Q3C9 vs. DC6 ns >0,9999 27 1,1 
Chloroquine vs. DC6 ns >0,9999 27 0,6783 
Triton-X vs. DC6 **** <0,0001 27 64,95 
DC11 vs. DC10 ns >0,9999 27 0,8942 
DC13 vs. DC10 ns 0,9782 27 1,934 
PHYD2 vs. DC10 ns >0,9999 27 1,073 
PHYD3 vs. DC10 ns 0,9958 27 1,596 
PHYD10 vs. DC10 ns 0,9523 27 2,146 
Q3C2 vs. DC10 ns 0,9993 27 1,331 
Q3C9 vs. DC10 ns 0,9637 27 2,067 
Chloroquine vs. DC10 ns >0,9999 27 0,2888 
Triton-X vs. DC10 **** <0,0001 27 63,98 
DC13 vs. DC11 ns >0,9999 27 1,04 
PHYD2 vs. DC11 ns >0,9999 27 0,1788 
PHYD3 vs. DC11 ns >0,9999 27 0,7021 
PHYD10 vs. DC11 ns 0,9996 27 1,252 
Q3C2 vs. DC11 ns >0,9999 27 0,4372 
Q3C9 vs. DC11 ns 0,9998 27 1,172 
Chloroquine vs. DC11 ns >0,9999 27 0,6054 
Triton-X vs. DC11 **** <0,0001 27 64,87 
PHYD2 vs. DC13 ns >0,9999 27 0,8611 
PHYD3 vs. DC13 ns >0,9999 27 0,3378 
PHYD10 vs. DC13 ns >0,9999 27 0,212 
Q3C2 vs. DC13 ns >0,9999 27 0,6028 
Q3C9 vs. DC13 ns >0,9999 27 0,1325 
Chloroquine vs. DC13 ns 0,9945 27 1,645 
Triton-X vs. DC13 **** <0,0001 27 65,91 
PHYD3 vs. PHYD2 ns >0,9999 27 0,5233 
PHYD10 vs. PHYD2 ns >0,9999 27 1,073 
Q3C2 vs. PHYD2 ns >0,9999 27 0,2583 
Q3C9 vs. PHYD2 ns >0,9999 27 0,9936 
Chloroquine vs. PHYD2 ns >0,9999 27 0,7843 
Triton-X vs. PHYD2 **** <0,0001 27 65,05 
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PHYD10 vs. PHYD3 ns >0,9999 27 0,5498 
Q3C2 vs. PHYD3 ns >0,9999 27 0,265 
Q3C9 vs. PHYD3 ns >0,9999 27 0,4703 
Chloroquine vs. PHYD3 ns 0,9994 27 1,308 
Triton-X vs. PHYD3 **** <0,0001 27 65,58 
Q3C2 vs. PHYD10 ns >0,9999 27 0,8147 
Q3C9 vs. PHYD10 ns >0,9999 27 0,07949 
Chloroquine vs. PHYD10 ns 0,9843 27 1,857 
Triton-X vs. PHYD10 **** <0,0001 27 66,13 
Q3C9 vs. Q3C2 ns >0,9999 27 0,7352 
Chloroquine vs. Q3C2 ns >0,9999 27 1,043 
Triton-X vs. Q3C2 **** <0,0001 27 65,31 
Chloroquine vs. Q3C9 ns 0,9891 27 1,778 
Triton-X vs. Q3C9 **** <0,0001 27 66,05 
Triton-X vs. Chloroquine **** <0,0001 27 64,27 
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Appendix F: 24 hour nauplii mortality 

Table F1: The percentage Ar. franciscana nauplii mortality at 24 hours for each of the test 

compounds (0.5 µM) in comparison with positive control potassium dichromate at 50 µM. 

Compound 
% Nauplii 

Mortality at 
24 hours 

Compound 
% Nauplii 

Mortality at 
24 hours 

Compound 
% Nauplii 

Mortality at 
24 hours 

DC1 0.00 PHYD1 3.33 Q3C1 0.00 
DC2 1.67 PHYD2 0.00 Q3C2 1.67 
DC3 0.00 PHYD3 5.00 Q3C3 0.00 
DC4 0.00 PHYD4 1.67 Q3C4 0.00 
DC5 0.00 PHYD5 0.00 Q3C5 0.00 
DC6 0.00 PHYD6 0.00 Q3C6 0.00 
DC7 1.67 PHYD7 1.67 Q3C7 0.00 
DC8 1.67 PHYD8 0.00 Q3C8 0.00 
DC9 0.00 PHYD9 3.33 Q3C9 3.33 

DC10 0.00 PHYD10 3.33 Q3C10 0.00 
DC11 3.33 PHYD11 1.67 Q3C11 0.00 
DC12 0.00 PHYD12 1.67 Q3C12 1.67 

DC13 0.00 PHYD13 0.00 K2Cr2O7 
(0.5µM) 

0.91 

DC14 1.67 PHYD14 0.00 K2Cr2O7 
(50µM) 

1.97 

DC15 3.33 PHYD15 0.00 DDT 0.21 
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Appendix G: The summary of the activity for test compound Q3C8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G1: The summary of the activity for test compound Q3C8. The activity of Q3C8 across this study divided into its antimalarial, antioxidant and 
iron chelating, and toxicity properties. 
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