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Abstract 

A major class of antimalarial drugs act by increasing levels of free haem, Fe(III)PPIX, within the malaria 

parasite. While Fe(III)PPIX is known to be toxic, the manner in which it brings about parasite death is not 

entirely clear. Furthermore, it is unknown as to whether the antimalarial drugs which interact with Fe(III)PPIX, 

modulate its toxicity. The work presented here aims to address these uncertainties. The first part of this work 

focusses on the interactions between clinically relevant antimalarial drugs and Fe(III)PPIX.  Spectrophotometric 

titrations were used to investigate drug-Fe(III)PPIX complex formation under three biologically relevant 

environments, namely an aqueous environment (pH 7.4) representative of the malaria parasite cytosol; 

acetonitrile which mimics the non-aqueous interior of a lipid and the detergent SDS was used to model a lipid-

water interface system, that is present at membrane surfaces. Three antimalarial drugs chloroquine (CQ), 

quinidine (QD) and artemisinin (Art), belonging to three distinct classes, were investigated to determine binding 

strength between the antimalarial drug and Fe(III)PPIX. Strong association constants for the interaction of 

Fe(III)PPIX with QD and CQ were determined in the aqueous (log K = 5.8 ± 0.1 and 6.5 ± 0.1), aqueous SDS 

system (log K = 6.2 ± 0.1 and 6.5 ± 0.1) and acetonitrile (log K = 5.92 ± 0.1 and 5.3 ± 0.2). An association 

constant for the interaction of Fe(III)PPIX with Art could, however, only be determined in acetonitrile (log K = 

4.48 ± 0.04) owing to a weakened interaction in aqueous media. Furthermore, the first crystal structure of the 

complex formed between Fe(III)PPIX and the QD analogue, cinchonine, was obtained following slow 

evaporation from a solution of acetonitrile. 

To probe the possible mechanism of toxicity of Fe(III)PPIX, its peroxidase activity was investigated using the 

chromogenic substrate, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). The oxidation of ABTS 

to ABTS˙+ by Fe(III)PPIX and hydrogen peroxide (H2O2) was investigated in an aqueous and aqueous SDS 

solvent system. Radical production was found to be more stable in the aqueous SDS system, and furthermore, 

the rate of radical production was also found to be lower in this system compared to aqueous solution. From the 

available experimental data, attempts were made to determine a preliminary kinetic model for the oxidation of 

ABTS by Fe(III)PPIX and H2O2 in aqueous solution.  

The modulatory effect of CQ, QD and Ar on the oxidation of ABTS by Fe(III)PPIX was monitored in both 

aqueous solution and aqueous SDS. Both CQ and QD were found to significantly inhibit the rate of radical 

production in aqueous solution by 30% and 80%, respectively. While the rate of ABTS oxidation is lower, CQ 

was found to extend the life of Fe(III)PPIX by reducing the rate of its degradation by H2O2 by 70%, while QD 

reduced the rate of degradative attack by 90%. Consequently, Fe(III)PPIX has reduced peroxidative activity but 

is present for a longer period. The same was true for QD in the aqueous SDS system, however, CQ was found to 
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have minimal effect on the yield of radical production compared to Fe(III)PPIX in aqueous SDS, however, the 

rate was still reduced. Art was found to have the opposite effect of CQ and QD and enhanced radical production 

by three times that of Fe(III)PPIX. This is thought to be related to the presence of the endoperoxide bridge in the 

structure of Art and it is proposed that the induction of oxidative stress is one of its possible mechanisms of 

action. 

The results obtained in this study provide insight into the mechanism of drug-Fe(III)PPIX interaction. 

Furthermore, valuable information regarding the ABTS oxidation catalytic cycle was determined through careful 

consideration of the kinetic model and the assay could be used to provide insight into the mechanism of toxicity 

of CQ, QD and Ar.    
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Uittreksel 

‘n Hoof klas van antimalariese dwelms tree op deur bykomende vlakte van vrye heem, Fe(III)PPIX, binne die 

malaria parasiet. Terwyl Fe(III)PPIX bekend is as giftig, is die manier hoe dit die dood in die parasiet 

bewerkstellig hoegenaamd nie duidelik nie. Die werk wat hier aangebied word, beoog om die onsekerhede aan te 

spreek. In die eerste deel van hierdie werkstuk word daar gefokus op die interaksie tussen kliniese relevante teen 

malaria dwels en Fe(III)PPIX. Spektrofotometriese titrasies was gebruik om die Fe(III)PPIX-dwelm komplekse 

vormasie te ondersoek onder drie biologiese relevante omgewings, naamlik ‘n waterige omgewing (pH 7.4) 

verteenwoordigend na die malaria parasiet sitisol; acetonitrile wat die nie-waterige interne lipied naboots en die 

reinigingsmiddel, SDS, was gebruik om ‘n lipied-water koppelvlak sisteem te modeliseer, wat by die membraan 

oppervlakte teenwoordig is. Drie teen-malariese dwelms, chlorokien (CQ), kinidien (QD) en artemisinin (Art), 

wat aan drie unieke klasse behoort, was ondersoek om die bindende sterkte tussen die teen-malariese dwelms en 

Fe(III)PPIX te bepaal. Sterk assosiasiese konstantes vir die interaksie van Fe(III)PPIX met QD en CQ was 

bepaal in die waterige (log K = 5.8 ± 0.1 and 6.5 ± 0.1), waterige SDS sisteem (log K = 6.2 ± 0.1 and 6.5 ± 0.1) 

en acetonitril (log K = 5.92 ± 0.1 and 5.3 ± 0.2). ‘n Assosiasie konstante vir die interaksie van Fe(III)PPIX met 

Art kon egter slegs in acetonitrile (log K = 4.48 ± 0.04) bepaal word te wyte aan ‘n verswakte interaksie in die 

waterige media. Verder was die eerste kristal struktuur met die komplekse vorm tussen Fe(III)PPIX en die QD 

analoog, cinchonine verkry deur ‘n stadige evaporasie van die acetonitrile oplossing. 

Om die moontlike meganisme van toksisiteit van Fe(III)PPIX te ondersoek , was die peroksidase aktiwiteit 

ondersoek deur die chromogeniese substraat 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) te 

gebruik. Die oksidasie van ABTS na ABTS˙+ deur Fe(III)PPIX en waterstof peroksied (H2O2) was ondersoek in 

‘n waterige oplossing en waterige SDS oplossing. Radikale produksie was gevind wat meer stabile was in die 

waterige SDS sisteem, die koers van radikale produksie was egter betekenisvol stadiger wanneer vergelyk word 

met die van die waterige SDS sisteem. Verder was ‘n poging tot die bepaaling van ‘n voorlopige kinetiese model 

vir die oksidasie van ABTS deur Fe(III)PPIX en H2O2 in ‘n waterige oplossing uitgevoer. 

Die modulatoriese effek van CQ, QD en Ar op die oksidase van ABTS deur Fe(III)PPIX was gemonitor in beide 

die waterige oplossing en waterige SDS. Beide CQ en QD was gevind om radikale produksie beduidende te 

inhibeer by 30% en 80%, onderskeidelik. Terwyl die koers van ABTS oksidasie verlaag is, verleng CQ die lewe 

van Fe(III)PPIX deur die koers van sy agteruitgang deur H2O2 by 70% te inhibeer, terwyl QD dit by 90% 

geinhibeer het. Gevolglik, het Fe(III)PPIX peroxidatiewe aktiwiteite verminder, maar bly teenwoordig vir ‘n 

langer tydperk. Dieselfde is gevind vir QD in die waterige SDS stelsel, CQ was egter gevind dat dit ‘n minimale 

effek het op die opbrengs van radikale produksie vergelykend met Fe(III)PPIX in waterige SDS terwyl die koers 
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steeds verminder het. Dit was gevind dat Art die teenoorgestelde effek van CQ en QD en gevorderde radikale 

produksie drie keer meer as Fe(III)PPIX.  Die gedagte is dat dit verwant is aan die teenwoordigheid van ‘n 

endoperoksied brug in die struktuur van Art en dit word aanbeveel dat die induksie van oksidatiewe spanning 

een van die moontlike meganismes van aksie is. 

Die resultate wat in hierdie studie gevind is versksaf insig in die meganisme van die dwelm-Fe(III)PPIX se 

interaksie. Verder, was waardevolle inligting ten opsigte van die ABTS oksidasie katalitiese siklus ontdek deur 

sorgvuldige oorweging van die kinetiese model en die toets kon gebruik word om insig te beverkstellig in di 

meganisme van toksisiteit van CQ, QD en Ar.   
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Fe(III)PPIX-CQ complex. Reproduced with permission from reference 123 and 124, respectively. 

Figure 1.18 The catalytic cycle of Fe(III)PPIX peroxidases redrawn based on reference 126. The porphyrin 

macrocyle is represented as a rectangle, and connecting lines from each of the four corners represent 

coordination of the metal centre via the four nitrogen atoms. 

Figure 1.19 The UV-Visible spectrum of ABTS (purple). Upon oxidation, the formation of the emerald green 

radical cation (ABTS˙+) commences which can be measured at 414, 660 and 720 nm (green), as indicated by the 

arrows. 

Figure 3.1 Fe(III)PPIX speciation in aqueous and non-aqueous solution. The UV-visible spectrum of 

Fe(III)PPIX in aqueous solution (Tris buffer, 50.0 mM, pH 7.4) (-), acetonitrile (-) and aqueous SDS solution (-
). The position of the charge-transfer (~600-630 nm) and Soret bands (~380-400 nm) are marked by black, green 

and red dotted lines for the aqueous, organic and SDS solutions respectively. Peaks positions of the Soret and 

charge-transfer bands are the same in purely aqueous and aqueous SDS solution and thus black and blue dotted 

lines overlap. 

Figure 3.2 The UV-visible spectrum of Fe(III)PPIX in solution before (–) and after (–) spectrophotometric 

titration with QD in (a) aqueous solution (50 mM Tris buffer, pH 7.4), (b) acetonitrile and (c) aqueous SDS (50 

mM Tris buffer, pH 7.4) solution. The spectrum of Fe(III)PPIX before titration (–) and after each subsequent 

addition of QD (purple to blue) can be seen in spectra (a), (b) and (c). For clarity, the enlarged spectra show the 

spectrum of Fe(III)PPIX in the region between 550 and 650 nm before (–) and after (–) the titration. The 

position of the charge-transfer band in the Fe(III)PPIX π-π dimer and QD-Fe(III)PPIX complex are marked by 

black and blue dotted lines, respectively. Arrows indicate the direction of spectroscopic change during titration.  

Figure 3.3 The UV-visible spectra of Fe(III)PPIX in solution before (–) and after (–) addition of CQ. The 

conditions were (a) aqueous solution (50 mM Tris buffer, pH 7.4), (b) acetonitrile, and (c) aqueous SDS (50 mM 

Tris buffer, pH 7.4). The position of the Soret and charge-transfer band of the Fe(III)PPIX π-π dimer and that of 

the species after addition of CQ are marked by a black and blue dotted lines respectively and arrows indicate 

direction of spectroscopic change during titration. 
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Figure 3.4 The UV-visible spectrum of Fe(III)PPIX before (–) and after (–) titration with (a) artemisinin in 

acetonitrile and (b) artesunate in 1 mM aqueous SDS solution. The position of the Soret and charge-transfer 

band of the Fe(III)PPIX species before and after titration are marked by a black and blue dotted lines 

respectively. Arrows indicate direction of spectroscopic change during the titration.  

Figure 3.5 Hydrogen bonds (red dashed lines) in the crystal packing of the Cn-Fe(III)PPIX complex. (i) An 

intramolecular hydrogen bond between the protonated quinuclidine hydrogen of Cn and the propionate group of 

Fe(III)PPIX and (ii) intermolecular hydrogen bond between the propionic acid group of one Fe(III)PPIX 

molecule and the propionate group of the neighbouring Fe(III)PPIX molecule. Non-relevant hydrogen atoms 

have been removed for clarity. Atom colour coding: H-white, C-grey, N-blue, O-red and Fe-cyan. 

Figure 3.6 The crystal packing of Cn-Fe(III)PPIX viewed along the crystallographic a-axis. Hydrogen atoms are 

omitted for clarity. Atom colour coding: C-grey, N-blue, O-red and Fe-cyan. 

Figure 4.1 The reaction between Fe(III)PPIX and H2O2. Spectroscopic changes for the reaction between 10.0 

µM Fe(III)PPIX and 100.0 µM H2O2 in (a) aqueous and (b) aqueous SDS solution over a period of 30 minutes. 

The black line represents the spectrum of Fe(III)PPIX before the addition of H2O2 and the subsequent spectra at 

each time point are shown from purple to dark blue. Shifts in absorbance are indicated with arrows. Plots (c) and 

(d) show the trace at 380 nm (black circles) for the reactions in (a) and (b), respectively, fitted with a two-phase 

exponential decay function (blue line). 

Figure 4.2 (a) The UV-visible spectrum of ABTS (black) and the ABTS˙+ (green). Beer-Lambert Law Plots for 

(b) ABTS and (c) ABTS˙+. The extinction coefficients are 40399 ± 626 and 12807 ± 150 M-1 cm-1 respectively. 

Figure 4.3 The effect of pH on the oxidation of ABTS. (a) The change in absorbance monitored at 660 nm over 

time at pH 11 (-), 9 (-), 8 (-), 7.5 (-), 7 (-) and 6.5(-) in the presence of 3.0 mM ABTS, 1.0 µM Fe(III)PPIX and 

100.0 µM H2O2 and (b) the absorbance for pH 6.5 over a period of 12 hours. (c) The initial 150 seconds of the 

reaction in (a) plotted as a function of increasing time. (d) The maximum yield for the reactions described in (a) 

as a function of pH fitted with a sigmoidal function.  

Figure 4.4 Effects of Fe(III)PPIX concentration on the oxidation of ABTS by H2O2. (a) ABTS radical 

production plotted as a function of increasing time. Experiments were carried out using 300.0 µM H2O2, 3.0 mM 

ABTS and Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) 2.0 (-), 2.5 (-) and 4.0 (-) µM. (b) 

Maximal yield of ABTS•+ in (a) as a function of increasing Fe(III)PPIX concentration.  

Figure 4.5 The effect of H2O2 on the oxidation of ABTS in aqueous solution. The conditions are 3.0 mM ABTS 

and (a) 50.0, (b) 100.0, (c) 200.0 and (d) 300.0 µM H2O2. In each set of experiments, the concentration of 

Fe(III)PPIX was varied as follows: 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The maximum yield of 

ABTS˙+(maximum concentration in 60 minutes) and the overall reaction rate (f) in the presence of 1.0 µM 

Fe(III)PPIX and 3.0 mM ABTS as a function of increasing H2O2 concentration. 

Figure 4.6 The effect of ABTS concentration on the oxidation of ABTS in aqueous solution. The conditions are 

100 µM H2O2 and (a) 0.8, (b) 1.0, (c) 1.5, (d) 2.0 and (e) 3.0 mM ABTS. In each set of experiments, the 

concentration of Fe(III)PPIX was varied as follows: 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. The maximum yield 

and reaction rate in the presence of 100 µM H2O2 and 1.0 µM Fe(III)PPIX are plotted as a function of ABTS 

concentration in (f) and (g), respectively. 

Figure 4.7 The effect of ABTS concentration on the oxidation of ABTS in aqueous solution. The conditions are 

1.0 µM Fe(III)PPIX in the presence of (a) 0.8, (b) 1.0, (c) 1.5, (d) 2.0 mM ABTS. In each experiment, the 

concentration of H2O2 was varied as follows: 25 (-), 50 (-), 100 (-) and 200 (-) µM. Dashed lines indicate the 

time at which [ABTS˙+] starts to decay in the case of 200 µM H2O2. The maximum yield of ABTS˙+ obtained in 
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the presence of 1.0 µM Fe(III)PPIX and (e) 100 µM H2O2
 plotted as a function of increasing [ABTS] and (f) 

plotted as a function of increasing [H2O2] in the presence of 0.8 (black) and 2.0 mM (grey) ABTS.   

Figure 4.8 The effect of ABTS concentration on the initial five minutes of ABTS oxidation in aqueous solution. 

The conditions are 1.0 µM Fe(III)PPIX in the presence of (a) 0.8, (b) 1.0, (c) 1.5 and (d) 2.0 mM ABTS in the 

presence of 25.0 (-), 50.0 (-), 100.0 (-) and 200.0 (-) µM H2O2. Dashed lines indicate what appears to be two 

different stages in the initial five minutes of the reaction. 

Figure 4.9 The oxidation of ABTS in 60% (v/v) aqueous/acetonitrile. The conditions are 3.0 mM ABTS, 1.0 µM 

Fe(III)PPIX and 300.0 µM H2O2. The absorbance trace is observed to decrease in intensity which indicates poor 

stability of ABTS˙+ in the solvent system. 

Figure 4.10 Beer-Lambert Law Plots for (a) ABTS and (b) ABTS˙+ in aqueous SDS. The extinction coefficients 

were found to be 19580 ± 121.9 and 24910 ± 834.8 M-1 cm-1, respectively. The Beer-Lambert law plots obtained 

above for ABTS and ABTS˙+ in aqueous solution are shown for comparison as grey, dashed lines in (a) and (b), 

respectively. 

Figure 4.11 Kinetics of ABTS˙+ formation in the aqueous (grey) and aqueous SDS (black) system. The 

experiment was carried out using 1.0 µM Fe(III)PPIX, 3.0 mM ABTS and 300.0 µM H2O2. 

Figure 4.12 Effects of Fe(III)PPIX concentration on the oxidation of ABTS by H2O2 in aqueous SDS solution. 

(a) ABTS radical production plotted as a function of increasing time. Experiments were carried out using 300.0 

µM H2O2, 3.0 mM ABTS and Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (b) Maximal 

yield of ABTS˙+ in (a) as a function of increasing Fe(III)PPIX concentration. The trend obtained in aqueous 

solution is shown in grey.  

Figure 4.13 The effect of varying H2O2 concentration on the oxidation of ABTS in aqueous SDS solution. The 

conditions are 3.0 mM ABTS in the presence of (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 and 

Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The maximum yield (maximum 

concentration in 90 minutes) and overall reaction rate (f) obtained in the presence of 3.0 mM ABTS and 1.0 µM 

Fe(III)PPIX plotted as a function of increasing H2O2 concentration. 

Figure 4.14 The effect of varying ABTS concentration on the oxidation of ABTS in aqueous SDS solution. The 

conditions are 100.0 µM H2O2 in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM ABTS and Fe(III)PPIX 

concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The yield of ABTS˙+ and (f) the overall reaction rate 

in the presence of 1.0 µM Fe(III)PPIX is plotted as a function of increasing ABTS concentration in. 

Figure 4.15 The effect of varying ABTS concentration on the oxidation of ABTS in aqueous SDS solution. The 

conditions are 100.0 µM H2O2 in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM ABTS and H2O2 

concentrations of 100.0 (-), 200.0 (-), 300.0 (-) and 400.0 (-) µM. The maximum yield of ABTS˙+ obtained in 

the presence of 1.0 µM Fe(III)PPIX and (e) 100.0 µM H2O2
 plotted as a function of increasing [ABTS] and (f) 

plotted as a function of increasing [H2O2] in the presence of 1.0 (black) and 5.0 mM (grey) ABTS. 

Figure 4.16 The effect of ABTS concentration on the initial five minutes of ABTS oxidation in aqueous 

solution. The conditions are 1.0 µM Fe(III)PPIX in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM 

ABTS in the presence of 25.0 (-), 50.0 (-), 100.0 (-) and 200.0 (-) µM H2O2. 

Figure 4.17 The reaction between Fe(III)PPIX and H2O2. The experimental data (black), fitted to a non-linear 

least-squares function (blue) at 340nm. 

Figure 4.18 The concentration of monomeric (-), dimeric (-) and oxidized (-) Fe(III)PPIX present in aqueous 

solution for the reaction described in Equation 4.8 and 4.9 at a wavelength of 340nm. 
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Figure 4.19 The disproportionation of ABTS˙+. The experimental data (circles) fitted with a non-linear least-

squares fit at 340nm for the reaction between ABTS and ABTS++ for ABTS++ concentrations of 0.1 (-), 0.2(-), 

0.4 (-) and 0.5 (-) mM. 

Figure 4.20 The rate model. The experimental trace (black) of absorbance as a function of time in the presence 

of 1.0 mM ABTS, 1 µM Fe(III)PPIX and H2O2 concentrations of (a) 25.0 and (b) 200.0 µM. The theoretical 

absorbance calculated according to the proposed rate model is shown in blue.  

Figure 5.1 The percentage drug-Fe(III)PPIX complex formed (-) (relative to free Fe(III)PPIX (-)) in aqueous 

solution as a function of drug concentration for (a) CQ and (b) QD. A 2:1 Fe(III)PPIX: drug binding model was 

used in the case of CQ, while a 1:1 model was used for QD. Both plots were generated using a Fe(III)PPIX 

concentration of 10.0 µM. Dotted lines indicate the concentration of drug required to ensure 95% Fe(III)PPIX 

complexation. 

Figure 5.2 The percentage of QD-Fe(III)PPIX complex formed (-) (relative to Fe(III)PPIX (-)) in aqueous SDS 

solution as a function of QD concentration using a Fe(III)PPIX concentration of 10.0 µM and a 1:1 Fe(III)PPIX: 

QD binding model. Dotted lines indicate the concentration of drug required to ensure 95% Fe(III)PPIX 

complexation. 

Figure 5.3 The change in the spectrum of 10.0 µM CQ-Fe(III)PPIX (a) and QD-Fe(III)PPIX complexes (b) in 

aqueous solution (100.0 µM H2O2) monitored over 60 minutes (black to blue). The region between 550 and 700 

nm has been enlarged for clarity. Plots (c) and (d) show the trace of the absorbance at 380 nm (black circles) for 

the plots in (a) and (b) respectively, fitted with a two-phase exponential decay function (blue line). 

Figure 5.4 The change in the spectrum of 10.0 µM CQ-Fe(III)PPIX (a), QD-Fe(III)PPIX (c) and Fe(III)PPIX-Ar 

(e) in the presence of 100.0 µM H2O2 monitored over 60 minutes (black to blue). The region between 550 and 

700 nm has been enlarged for clarity. Plots (b), (d) and (f) show the trace of the absorbance at 380 nm (black) of 

the Fe(III)PPIX drug complex shown in (a), (c) and (e), respectively. All data (black circles) were fit with a two- 

phase exponential decay function (blue line). 

Figure 5.5 The calculated concentration of O=Fe(IV)PPIX as a function of time in (a) aqueous solution and (b) 

aqueous SDS solution for Fe(III)PPIX (black), CQ-Fe(III)PPIX (purple), QD-Fe(III)PPIX (turquoise) and Ar-

Fe(III)PPIX (orange). 

Figure 5.6 The effect of H2O2 concentration on ABTS oxidation by the CQ-Fe(III)PPIX complex in aqueous 

solution. The conditions are (a) 50.0, (b) 100.0, (c) 200.0 and (d) 300.0 µM H2O2 in the presence of 3.0 mM 

ABTS, 30.0 μM CQ and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM Fe(III)PPIX. (e) The maximum yield, calculated 

as the maximum concentration of ABTS˙+ reached within the 60 minute time period, and (f) the overall reaction 

rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM CQ-Fe(III)PPIX and 3.0 mM 

ABTS. 

Figure 5.7 The effect of H2O2 concentration on ABTS oxidation by the QD-Fe(III)PPIX complex in aqueous 

solution. The conditions are (a) 200.0, (b) 250.0, (c) 300.0 and (d) 500.0 µM H2O2 in the presence of 3.0 mM 

ABTS, 30.0 μM QD and 1.0 (-), 1.3 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX.  (e) The maximum yield, calculated 

as the maximum concentration of ABTS˙+ reached within the 60 minute time period, and (f) the overall reaction 

rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM QD-Fe(III)PPIX and 3.0 mM 

ABTS.  

Figure 5.8 Comparative effects of CQ and QD on the kinetics of Fe(III)PPIX-catalysed ABTS oxidation in 

aqueous solution. ABTS˙+ production as a function of time catalysed by 1.0 µM Fe(III)PPIX (-), CQ-

Fe(III)PPIX (-) and QD-Fe(III)PPIX (-). ABTS and H2O2 concentrations were 3.0 mM and 300.0 µM, 

respectively.  
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Figure 5.9 The effect of H2O2 concentration on ABTS oxidation by the CQ-Fe(III)PPIX complex in aqueous 

SDS solution. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the presence of 3.0 

mM ABTS and 0.6 (-), 1.0 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX. The dotted line indicates the final yield in the 

absence of drug in the aqueous SDS system in the presence of 1.0 µM Fe(III)PPIX and 3.0 mM ABTS. (e) The 

maximum yield, calculated as the maximum concentration of ABTS˙+ reached within the 90 minute time period, 

and (f) the overall reaction rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM CQ-

Fe(III)PPIX and 3.0 mM ABTS. 

Figure 5.10 The effect of H2O2 concentration on ABTS oxidation by the QD-Fe(III)PPIX complex in aqueous 

SDS solution. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the presence of 3.0 

mM ABTS and 1.0 (-), 1.3 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX. (e) The maximum yield, calculated as the 

maximum concentration of ABTS˙+ reached within the 90 minute time period, and (f) the overall reaction rate, is 

plotted as a function of H2O2 concentration. The conditions were 1.0 µM QD-Fe(III)PPIX and 3.0 mM ABTS. 

Figure 5.11 ABTS•+ production in the absence and presence of antimalarial drugs in the aqueous SDS system. 

The conditions are 1.0 µM Fe(III)PPIX (-), CQ- (-), QD- (-) and Ar-Fe(III)PPIX (-), 3.0 mM ABTS and 300.0 

µM H2O2.  

Figure 5.12 The effect of H2O2 on ABTS oxidation catalysed by Ar-Fe(III)PPIX in aqueous SDS. The 

conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the presence of 3.0 mM ABTS, 1.0 mM 

Ar and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM Fe(III)PPIX.  (e) The maximum yield, calculated as the maximum 

concentration of ABTS˙+ reached within the 90 minute time period, and (f) the overall reaction rate is plotted as 

a function of H2O2 concentration. The conditions were 1.0 µM Fe(III)PPIX, 1.0 mM Ar and 3.0 mM ABTS. 

Figure 5.13 The oxidation of ABTS by Ar-Fe(III)PPIX. An enlargement of the first five minutes of the 

oxidation of ABTS in the presence of Ar-Fe(III)PPIX. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 

400.0 µM H2O2 in the presence of 3.0 mM ABTS, 1.0 mM Ar and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM 

Fe(III)PPIX. 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



xxiii 

 

List of Tables 

Table 1.1 Association constants for the interaction of urohemin I, N-AcMP8 and Fe(III)PPIX with CQ and QD. 

Table 1.2 Association constants for the interaction between Fe(III)PPIX and a selection of antimalarial drugs, 

determined in 40% (v/v) aqueous DMSO according to a 1:1 binding model at 25 °C, pH 7.5. 

Table 2.1 Chemicals used and their commercial source. 

Table 2.2 The computer programmes and software used to analyse data. 

Table 3.1 Log K values calculated for the association of Fe(III)PPIX with QD, CQ and Art in aqueous solution, 

acetonitrile and 1 mM aqueous SDS solution. 

Table 3.2 Hydrogen bonding in the Cn-Fe(III)PPIX complex. 

Table 3.3 Crystal data, experimental and refinement parameters for the Cn-Fe(III)PPIX complex. 

Table 4.1 Composition of components required to investigate the peroxidase activity of Fe(III)PPIX in aqueous 

solution (pH 7.5). 

Table 4.2 The volumes of Fe(III)PPIX and H2O2 (x and y, respectively) used to determine the effect of ABTS on 

ABTS˙+ production at 660 nm. 

Table 4.3 The composition of each component required to investigate the peroxidase activity of Fe(III)PPIX in 

aqueous SDS solution (pH 7.5). 

Table 4.4 The volume of Ce(SO4) and ABTS used to obtain the required concentration of ABTS++, together with 

the volume of ABTS required to initiate the formation of ABTS˙+. 

Table 4.5 A comparison of the kinetic parameters obtained for the reaction of Fe(III)PPIX with H2O2 in aqueous 

and aqueous SDS solutions. 

Table 4.6 Summary of the reaction rate and yield obtained for the reaction described in Figure 4.11 for the 

oxidation of ABTS by Fe(III)PPIX in aqueous and aqueous SDS solutions. The maximum yield was taken as the 

maximum concentration of ABTS˙+ obtained within the 100 minute period. 

Table 4.7 Molar extinction coefficients (340 nm) determined following the simulation of the multi-step reaction 

rate model for the reaction between Fe(III)PPIX and H2O2 using Equations 4.10-4.13. 

Table 4.8 Rate constants determined following the simulation of the multi-step reaction rate model for the 

reaction between Fe(III)PPIX and H2O2 using Equations 4.10-4.13. 

Table 4.9 The extinction coefficients (520 nm) calculated for ABTS++, ABTS and ABTS+ for the reaction shown 

in Equation 4.14a. 

Table 4.10 The rates of the forward and reverse reactions for the reaction shown in Equation 4.14a at each 

relevant ABTS++ concentration. 

Table 4.11 The rate constant obtained for the oxidation of ABTS by Fe(III)PPIX and H2O2 (Equation 4.35) in 

aqueous solution together with the extinction coefficient of ABTS˙+ determined, following simulation of the 

kinetic model. 

Stellenbosch University  https://scholar.sun.ac.za



xxiv 

 

Table 5.1 Buffer stock solutions used in the oxidation of ABTS by drug-Fe(III)PPIX complexes. 

Table 5.2 Composition of components required to investigate the peroxidase activity of Fe(III)PPIX in 

aqueous solution (pH 7.5). The concentration of the stock solution utilised in the experiments are 

shown in brackets. 

Table 5.3 The composition of each component required to investigate the peroxidase activity of 

Fe(III)PPIX in aqueous SDS solution (pH 7.5). The concentration of the stock solution utilised in the 

experiments are shown in brackets. 

Table 5.4 Rate constants (10-4 s−1) obtained for the reaction between the complexes of Fe(III)PPIX with CQ, QD 

and Ar with H2O2. 

Table 5.5 A summary of the observed rate constants (𝑘𝑜𝑏𝑠) (×10-4 µM/s), calculated using a one-phase 

exponential function, and maximum yield obtained for the oxidation of ABTS by Fe(III)PPIX, CQ-Fe(III)PPIX 

and QD-Fe(III)PPIX for the reaction described in Figure 5.8 

Table 5.6 A summary of the observed rate constants (𝑘𝑜𝑏𝑠) (×10-4 µM/s), calculated using a one-phase 

exponential function, and yield obtained for the oxidation of ABTS by Fe(III)PPIX, CQ-Fe(III)PPIX, QD-

Fe(III)PPIX and Fe(III)PPIX-Ar for the reaction described in Figure 5.10. 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University  https://scholar.sun.ac.za



1 

 

Chapter 1. Literature Review 

1.1 Haem and Haemoproteins 

Iron(II)protoporphyrin(IX), more commonly referred to as haem, is arguably one of life’s most central 

molecules and is involved in a number of biological processes.1 Its structure, shown in Figure 1.1, consists of 

four pyrrole rings coordinated to an iron atom through their nitrogen atoms. Attached to the pyrrole rings are 

four methyl substituents as well as two propionic acid and two vinyl groups.1 These structural features imbue 

this small molecule with both hydrophobic and hydrophilic character. This amphiphilic nature allows haem 

to associate with hydrophobic environments, as in haemoglobin and cytochrome c enzymes, but also 

facilitates the formation of hydrogen bonding with amino acids, and covalent bonds with enzymes and 

proteins.1 Haem is also planar and aromatic which gives rise to π-stacking capabilities. A further versatility 

of haem is its iron centre which is able to adopt a number of oxidation states, with +2 and +3 oxidation states 

being the most stable. This enables haem and haem enzymes to take part in electron transport processes as 

well as oxidation/reduction reactions.1 The iron centre is also able to coordinate one or two axial ligands, to 

form five- and six-coordinate complexes, respectively. This key feature allows haem to be incorporated into 

proteins to form haemoproteins which are able to bind small molecules such as oxygen and carbon 

monoxide, or chelate to protein amino acids such as histidine, methionine and tyrosine. Examples of such 

haemoproteins include cytochrome c, the electron transport protein; myoglobin, responsible for iron storage 

and buffering intracellular oxygen concentrations in the human body; haem oxygenases, the producers of 

neuromodulators such as carbon monoxide and nitric oxide; and cytochrome p450 (Figure 1.2 (a)) which is 

involved in the metabolism of drugs as well as the synthesis of steroid hormones and lipids.1,2,3,4,5 The most 

well-known haemoprotein is, however, haemoglobin (Hb), the structure of which can be seen in Figure 1.2 

(b). Hb contains four equivalents of the haem prosthetic group which, consequently, play a key role in the 

functioning of this protein.6 Haem is responsible for the oxygen-binding properties of Hb, which allows for 

the transport of oxygen from the lungs to all other organs in the body.  
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Figure 1.1 The haem prosthetic group and the diversity of its functionality. The redox active metal centre, 

which facilitates coordination, is shown in orange, while the green colour represents the hydrophilic 

periphery necessary for hydrogen bonding. 

 

 

Figure 1.2 Haemoproteins found in the human body. (a) The structure of cytochrome p450 and (b) the 

structure of adult haemoglobin in solution obtained from the Protein Data Bank (PBD),7 PDB ID: 2F9Q8 and 

2H35,9 respectively.  

 

Hydrophobic core

Redox Active and 
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1.2 Haem Toxicity 

While the versatility and reactivity of haem is important for enzyme activity, drug detoxification and signal 

transduction pathways,10 these same characteristics present toxicological problems, particularly when haem 

exists in the unbound or free state. The iron centre in free haem is readily oxidised, giving rise to an 

accumulation of Fe(III)PPIX. Indeed, in recent years the accumulation of free haem has been implicated in a 

number of diseases, including severe haemolysis occurring in a number of diseases including sickle cell 

disease and haemolytic anaemia (see Figure 1.3).11,12 The manner in which haem exerts its toxicity is 

discussed in the subsequent section. 

1.2.1 Sources of Toxicity 

The toxic manner in which excess amounts of Fe(III)PPIX affect cells is thought to be related to its 

hydrophobic nature, previously discussed in Section 1.1.13 For this reason, Fe(III)PPIX is able to easily 

access membranes, enhancing permeability and increasing the susceptibility to haemolysis.11 Indeed, 

Fe(III)PPIX has been shown to enhance potassium loss and swelling in erythrocytes which impedes their 

ability to preserve crucial cation gradients and, consequently, causes haemolysis.14 This haemolytic process is 

thought to occur in two phases. The first phase involves potassium loss and subsequent ATP depletion, while 

the second is thought to be associated with a substantial loss of haemoglobin.14 It has further been shown 

that, when saturated with Fe(III)PPIX, red cell ghosts were completely disrupted and, furthermore, important 

interactions such as lipid-protein associations were impaired.15 

Reactive oxygen species (ROS), derived from the redox active iron centre of Fe(III)PPIX, have been closely 

associated with haemolysis and related diseases. In the malaria parasite for example, the production of these 

ROS poses a threat to cells containing haem through oxidative stress. During this process, haem is thought to 

aggregate in lipid membranes and, through the production of ROS, cause lipid oxidation. During this 

process, unsaturated lipids, present within cell membranes, are converted to lipid radicals and, eventually, in 

the presence of oxygen to hydroperoxides which cause cell disruption.11,16,17,18,19 Furthermore, the production 

of ROS has also been implicated in protein damage which can lead to the production of cytotoxic products.20 

In the case of membrane-bound proteins, their oxidation has been shown to occur independently of lipid 

peroxidation. Fe(III)PPIX mediated ROS generation has also been shown to influence gene expression in 

various cell systems. It has been shown to degrade DNA, converting supercoiled plasmid DNA to open circle 

and linear forms and, with longer incubation times, into even smaller pieces.21 Inhibition of DNA scission in 

the presence of hydroxide radical scavengers has implicated these radicals in DNA damage.11, 21  
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Figure 1.3 The toxic effects of Fe(III)PPIX. Redrawn from reference 11. The blue arrows at the top of the 

figure indicate diseases that contribute to an accumulation of Fe(III)PPIX, while the yellow, orange, green 

and blue arrows extending from Fe(III)PPIX indicate various toxic effects of Fe(III)PPIX. 

ROS generation by Fe(III)PPIX is thought to occur via reduction of Fe(III)PPIX to Fe(II)PPIX, followed by 

reaction with oxygen in a manner similar to the Fenton reaction. The first step of this process (see Equation 

(1.1)), during which Fe(III) is reduced to Fe(II) by superoxide, proceeds in a manner similar to the Haber 

Weiss equation.22 The Fenton-type reaction between hydrogen peroxide (H2O2) (produced via Equation 1.2), 

and Fe(II)PPIX follows Equation 1.3 in which hydroxide radicals and ferric iron are produced. This reaction 

pathway has been referred to as the “superoxide driven Fenton reaction”.22   

O2
∙-+ Fe3+→ O2+ Fe

2+ (1.1) 

2O2
∙-+ 2H+→ O2+ H2O2 (1.2) 

H2O2+ Fe
2+→ Fe3++ OH−+ ˙OH (1.3) 

Haemolysis
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Owing to this toxic threat Fe(III)PPIX poses to biological systems, humans have evolved a means to detoxify 

haem. This is discussed in the following section.  

1.2.2 Mechanisms of Fe(III)PPIX Detoxification 

Under normal conditions, protective mechanisms ensure the survival of organisms in redox active 

environments through Fe(III)PPIX detoxification. In humans, the haem oxygenase (HO) system plays an 

essential role in maintaining the levels of iron under physiological conditions.23 The iron released during 

haem detoxification by HO is incorporated into ferritin (responsible for iron storage) or transferrin 

(responsible for iron transport).24 In addition, it is an important antioxidant defence and has been shown to 

play a role in signalling pathways.25 Currently, three HO isoforms in mammals have been identified of which 

HO-1 is responsible for the detoxification of Fe(III)PPIX.26 HO isoforms have also been identified in plants 

and a number of other species including birds and bacteria. The mechanism of Fe(III)PPIX detoxification in 

humans is shown in Figure 1.4. During this process, Fe(III)PPIX is first oxidized to α-meso-hydroxyhaem. 

On deprotonation, this molecule can react with oxygen to produce verdohaem and carbon monoxide (CO). 

The final step of the reaction, catalysed by oxygen NADPH–cytochrome-P450-reductase, yields end 

products biliverdin and iron.23 This detoxification mechanism consumes three molecules of oxygen and 

seven electrons.  

Haem detoxification mechanisms are particularly essential for blood-sucking organisms which utilize Hb as 

a source of iron.27 To cope with the large quantities of haem released during Hb catabolism, these organisms 

employ a series of unique detoxification mechanisms which include haem containment; degradation of 

Fe(III)PPIX into iron and other non-toxic intermediates; or the sequestration of haem into an inert crystalline 

solid.27 The toxicity of haem and organism-specific detoxification methods can, however, be used to 

advantage in combating blood-feeding pathogens. Indeed, haem detoxification plays a crucial role in 

antimalarial chemotherapy, the details of which are discussed in the following section.  

 
Figure 1.4 The mechanism of Fe(III)PPIX detoxification in humans by the HO-1 enzyme. Red arrows 

indicate sites of enzymatic alteration. Redrawn from reference 23.   

Haem α-meso-hydroxyhaem Verdohaem Biliverdin
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1.3 Haem Toxicity in the Malaria Parasite 

1.3.1 History and Overview of Malaria 

Malaria is a life-threatening parasitic disease that affects roughly 3.2 billion people throughout the world, the 

most vulnerable of which are children and pregnant women.28 Since as early as 2700 BC, much debate 

regarding the source malaria transmission has permeated the literature.29,30,31 It was only in the late 1800s 

when it was discovered that malaria can only be transmitted through the bite of a female Anopheles 

mosquito.32 The World Health Organization estimated that, in 2015, there were 214 million reported cases of 

malaria of which 438 000 resulted in death.28 While 88% of these cases occurred in Sub-Saharan Africa, 

roughly 40% of the world’s population may be at risk of contracting malaria.28,33 This is worrying since 

antimalarial drug resistance (which emerged in the 1970’s) is a recurring problem leading to multi-drug 

resistance throughout the world. Consequently, there is a constant interest in developing new drugs to 

overcome resistance and eliminate malaria, however, this has been hampered by an incomplete 

understanding regarding the mechanism of action of known antimalarial drugs.  

1.3.2  Lifecycle of the Malaria Parasite 

Plasmodia are a group of parasites which cause infection through invasion of host erythrocytes.28,33 P. 

falciparum, P. malariae, P. ovale and P. vivax are the four species of Plasmodium which cause malaria in 

humans.28,29  Cases of human malaria transmitted by P. knowlesi have also been reported but this species 

more commonly infects monkeys in South-East Asia.28 Of the five species, P. falciparum is the most 

common in Africa, while P. vivax is the prevailing parasite in countries outside of sub-Saharan Africa. These 

two species thus pose the biggest threat, with P. falciparum being responsible for most deaths.28 

The life cycle of the malaria parasite is complex and involves five different stages.33 Malaria infection 

commences with a bite from an infected female Anopheles mosquito. (Figure 1.5 (a)).34 During this process, 

sporozoites are injected with the saliva of the infecting mosquito which travel through the human 

bloodstream until they reach the liver hepatocytes.35 Here they proceed through a stage of asymptomatic 

asexual reproduction (Figure 1.5 (b)) where each sporozoite differentiates into thousands of uninucleate 

merozoites. The merozoites are then released into the blood stream to commence the second stage of asexual 

reproduction in the red blood cell (RBC) (Figure 1.5 (c)) which is referred to as the blood cycle. Merozoites 

undergo further development into ring, trophozoite and shizont forms before multiplying to produce a further 

16-32 merozoites which proceed to invade other erythrocytes, thereby continuing this phase of the life cycle. 

The blood cycle occurs every 48 hours and is responsible for the characteristic symptoms associated with the 

disease – headaches, fever, chills and vomiting.1 As the infection proceeds, some merozoites develop into 

male or female gametocytes which circulate in the blood stream until they are taken up by the female 
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Anopheles mosquito during its blood meal (Figure 1.5 (d)).36 Once within the mosquito, sexual reproduction 

occurs (Figure 1.5 (e)) followed by maturation of the gametocytes into male and female gametes which, 

through fertilization, form ookinetes. The ookinete penetrates the gut wall of the mosquito to begin 

sporogony resulting in the formation of sporozoites which travel to the mosquito salivary glands to be 

injected during the next blood meal.34,35,36 While each stage of the parasite life cycle is of importance, the 

blood cycle is of greatest relevance to antimalarial chemotherapies which target haem detoxification.  

 

Figure 1.5 The life cycle of a malaria parasite. (a) A bite from the female Anopheles mosquito releases 

sporozoites which travel through the blood stream until they reach the liver (b) where asexual reproduction 

commences producing merozoites which enter RBCs to once again reproduce asexually during the blood 

cycle (c). Some of these merozoites develop into male or female gametocytes and are released into the blood 

stream where they are (d) taken up by the mosquito during a blood meal to (e) undergo sexual reproduction 

producing sporozoites to be released during the subsequent blood meal. Reproduced from reference 35 with 

permission.35 

1.3.3  The Blood Cycle 

During the blood cycle, the parasite feeds on host Hb which is transported from the RBC cytoplasm into a 

specialized organelle in the parasite known as the digestive vacuole (DV).37,38 While up to 65% of the Hb is 

digested, only 16% is used for its own protein synthesis.39 Degradation of the remaining 49% is thought to 

provide space for the parasites’ own growth.38 In the DV, Hb degradation is undertaken by a number of 

proteolytic enzymes including aspartic proteases, three cysteine proteases as well as a zinc metalloprotease 

known as falsilysin.37,40,41,42 The globin moiety of Hb is metabolized to yield amino acids, some of which are 

used by the parasite for growth, while the haem cofactor is released into the acidic (pH 5) aqueous milieu. 

Here, it is readily oxidized to Fe(III)PPIX.38 As discussed above (see section 1.2), Fe(III)PPIX is toxic owing 

to its tendency to permeate membranes and generate ROS. To circumvent this toxicity, the parasite 

(a)

(b)

(c)

(d)

(e)
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sequesters Fe(III)PPIX in the form of an inert crystalline solid known as haemozoin or, more commonly, 

malaria pigment.  A schematic representation of this stage of the parasite life cycle can be seen in Figure 1.6. 

 

Figure 1.6 A schematic representation of the processes that occur during the blood cycle in the digestive 

vacuole (DV) of the malaria parasite, within the RBC of the human host. Haemoglobin (Hb) is ingested by 

the parasite (a) and transported to the DV (b). Hb is digested to peptides (c) and further into amino acids (d) 

used for parasite growth and survival. Fe(II)PPIX is released as a side product of Hb degradation (e) which is 

immediately oxidized (f) to Fe(III)PPIX and poses a toxic threat to the parasite. As a result, it is sequestered 

(g) in the form of an inert crystalline solid, haemozoin (malaria pigment). Redrawn based on reference 38.   

Haemozoin formation is not unique to the malaria parasite but also occurs in other blood-feeding pathogens. 

It has been observed in the midgut of Rhodnius prolixus, a vector involved in the transmission of 

Chagas’disease, as well as in Schistosoma mansoni, the causative agent of schistosomiasis in humans.43,44  

Investigating the formation of haemozoin has therefore been an essential step in understanding these 

diseases. 

1.3.4  Haemozoin Formation 

Determining the structure of haemozoin has been a controversial process, however, by means of high 

resolution powder X-ray diffraction, a study showed that the crystalline material consists of discrete dimers 

that form via coordination of the iron centre of one Fe(III)PPIX molecule to the carboxylate side chain of the 

Red Blood Cell

Parasite

Digestive Vacuole (DV)

Hb

Fe(II)PPIX

Fe(III)PPIX

Malaria Pigment

(Haemozoin)
Transport 

Vesicles

Peptides

Amino 

Acids

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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partner Fe(III)PPIX molecule and vice versa (see Figure 1.7).45 The individual dimers, called μ-propionato 

dimers, then pack in the solid state through hydrogen bonding and π-stacking, to form haemozoin. While the 

structure of the haemozoin µ-propionato cyclic dimer has been conclusively proven, the mechanism of 

crystal growth is often incorrectly referred to as polymerisation, even today. 

The mechanism of haemozoin formation has been a topic of great interest and debate. In recent years, two 

hypotheses for the formation of haemozoin have been proposed, namely that histidine-rich proteins (HRP) or 

lipids mediate its formation.38 While previous studies have provided evidence for the presence of HRP in the 

parasite,46,47  another has shown that haemozoin is still formed in parasite clones which do not contain the 

genes coding for HRP.48 Consequently, the idea of lipid-mediated haemozoin formation has gained favour. 

Indeed, it has been shown that unsaturated lipids that contain no proteins efficiently promote β-haematin 

(synthetic haemozoin) formation in vitro.49,50,51,52,53 Further support for lipid-mediated haemozoin formation 

has been reported by a number of authors who have shown haemozoin crystals either closely associated with 

the inner DV membrane or within neutral lipid bodies present within the DV of the parasite.54,55 

Uncertainties do however still remain regarding the exact mechanism of haemozoin formation which has 

hampered understanding rational design of antimalarial drugs that act by inhibiting haemozoin formation. 

 

Figure 1.7 Haemozoin consists of μ-propionato cyclic dimers of Fe(III)PPIX. Two of these dimers are 

shown in black and grey, and the hydrogen bonding that occurs between them in the solid state is highlighted 

in red. Redrawn from reference 38. 
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1.4 Antimalarial Drugs 

Quinoline antimalarial drugs are by far the most successful for the treatment of malaria. Malaria 

chemotherapy dates as far back as the 1600s where a powder, obtained from grinding the bark of a Cinchona 

tree was mixed with a liquid and drunk by the patient.56 It was only in 1820, however, that the two active 

alkaloids quinine (QN) and cinchonine (Cn), were isolated from the bark of the Cinchona tree.57,58 QN was 

subsequently used as the standard treatment for recurrent fevers until the 1940s, however, due to the high 

demand for QN, the need to develop new antimalarial drugs intensified.57,58 The first attempts to prepare 

synthetic antimalarial drugs were based on the observation that methylene blue exhibited antimalarial 

activity.58,59 This subsequently led to the first synthetic antimalarial drug, pamaquine in the 1920s.58,60 

Thereafter, quinacrine and, finally, chloroquine (CQ) was synthesised.58 CQ became the mainstay drug for 

treatment of malaria, however, in the 1970s, the emergence of CQ resistant parasite strains increased the 

need for development of new antimalarial drugs. Consequently, amodiaquine was introduced as an 

alternative for over 40 years. Later, the development of the QN analogues mefloquine (MQ), a quinoline 

methanol, and halofantrine (Hf), a 9-phenanthrenemethanol, were introduced to treat CQ-resistant strains of 

malaria (see Figure 1.8).58 

Following the emergence of drug resistance, arteminisin (an endoperoxide originally isolated from the 

Artemisia annua plant species) used in combination with other classes of antimalarial drugs has become the 

mainstay of treatment.57,61 This combination therapy has greatly reduced drug resistance by introducing 

active ingredients targeting separate pathways. Worryingly, resistance to arteminisin has been documented 

and thus new antimalarial drugs are needed to combat malaria.62 Rational design, however, has been 

hampered by an incomplete understanding of the mechanism of antimalarial drug action. 

Stellenbosch University  https://scholar.sun.ac.za



11 

 

 

Figure 1.8 Molecular structures of 1-quinine (QN), 2-cinchonine (Cn), 3-chloroquine (CQ), 4-amodiaquine 

(AQ), 5-mefloquine(MQ), 6-halofantrine (Hf) and 7-artemesinin (Art).  
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1.4.1 Postulated Mechanisms of Action of Clinically Relevant Antimalarial Drugs 

The majority of antimalarial drugs exert their toxicity against the blood stage of the parasite life cycle, 

although the site of their action varies. They can be divided into five classes based on their mechanism of 

action, namely (i) the type I and II folate antagonists; (ii) napthoquinones; (iii) 4-aminoquinolines; (iv) 

quinoline methanols; and (v) endoperoxides.63 Examples of each drug class are shown in Figure 1.9. The first 

class of antimalarial drug (i) targets the nucleic acid metabolism pathway. More specifically, these 

compounds inhibit enzymes involved in the folate pathway and, as a result, impair parasite DNA synthesis. 

The second class of drug (ii) is thought to target the electron transport chain of the mitochondria.63,64 The 4-

aminoquinolines and the quinoline methanols (class iii and iv) are the most commonly used antimalarials. 

These are thought to act on the Fe(III)PPIX detoxification pathway (see Section 1.2.2) by inhibiting 

haemozoin formation.65 Some studies have also suggested that CQ may enhance oxidative stress within the 

parasite.66 The final class (v) contain an endoperoxide bridge and differs greatly from the aforementioned 

drugs in structure. The exact mechanism of action of artemisinin has not been confirmed, however, some 

proposed mechanisms include protein alkylation, inhibition of calcium ATP-ase (PfATP-6), inhibition of the 

mitochondrial electron transport chain and accumulation in parasite lipid membranes which leave it 

vulnerable to a build-up of ROS.67 The effectiveness of these antimalarial drugs have, however, been 

hampered by their increased tolerance in P. falciparum. Such mechanisms of resistance are discussed in the 

following section. 

 

Figure 1.9 A schematic representation of the different classes of antimalarial drugs and their purported 

mechanisms of action or drug target in the blood stage of the malaria parasite life cycle. 

Nucleic Acid Metabolism

Fe(III)PPIX Detoxification Pathway

Oxidative Stress
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1.4.2 Antimalarial Drug Resistance 

The majority of studies have focused on the DV as the most likely target of antimalarial drug action and have 

shown that resistance arises from reduced drug accumulation in the DV rather than a change in the drug 

target. This was confirmed in the case of CQ by Krogstad et al. who found that efflux of this drug occurred 

at a rate 50 times faster in CQR parasite strains when compared to CQS strains.68 It was initially suggested 

that increased vacuolar pH caused drug efflux by reducing the concentration of charged drug species and 

allowing them to diffuse out the DV. Studies have shown, however, that there is minimal variance in the pH 

of CQR and CQS parasites.69,70 Several authors have implicated reduced vacuolar accumulation of CQ in 

resistance to this drug.68,69  

It is now widely accepted that CQ resistance arises from mutations in the P. falciparum CQ resistant 

transporter (PfCRT) protein – a transmembrane protein situated in the DV membrane.71,72,73 While a number 

of mutations are necessary to confer resistance and are variable between strains, a mutation at position 76 in 

the amino acid sequence encoding the change from lysine to threonine (K76T) is almost always conserved.74 

This mutation is thought to facilitate CQ movement out of the DV by removing cationic charge repulsion 

associated with the lysine residue.75 While beneficial for CQ resistance, variations in PfCRT can greatly 

affect parasite fitness and impact the susceptibility of P. falciparum to drug treatment.76 Indeed, CQR 

parasites no longer under CQ pressure will revert to CQS strains in time due to the fitness cost of this 

mutation. In addition to PfCRT, overexpression of the P. falciparum multidrug resistance gene 1 (Pfmdr1) 

which is responsible for encoding the P-glycoprotein homologue 1 protein (Pgh1), has also been associated 

with CQ resistance, although it is thought to only modulate sensitivity towards CQ.77 The same 

overexpression has been implicated in MQ, QN and Hf resistance, however, the details regarding how this 

affects sensitivity are not fully understood.78  

The emergence of Art resistance has been a recent development which was first identified in regions of 

Cambodia. As of July 2016, Art resistance has been confirmed in Cambodia, the Lao People’s Democratic 

Republic, Myanmar, Thailand and Viet Nam.28 In 2014, researchers obtained information that suggested that 

Art resistance was related to a mutation on chromosome 13 in P. falciparum, namely kelch13.79 Details of 

how this mutation affects clearance of the parasite is, however, not understood. The threat of increased 

resistance to all commonly used antimalarial drugs has been the drive for continued research in this area. 

 

 

Stellenbosch University  https://scholar.sun.ac.za



14 

 

1.4.3 Interactions of Quinoline Antimalarial Drugs with Fe(III)PPIX 

Quinoline antimalarial drugs have been shown to inhibit β-haematin formation, 47,80,81,82, Further evidence for 

this mechanism of action was reported by Egan and co-workers for CQ.83 These authors reported a dose-

dependent decrease in haemozoin formed within the malaria parasite which corresponded to a decrease in 

parasite survival (see Figure 1.10 (a)). Moreover, a dose-dependent increase in free Fe(III)PPIX present in P. 

falciparum was also observed (see Figure 1.10 (b)) which could be closely correlated to the parasite survival 

inhibition dose-response curve (see Figure 1.10 (c)).83 Furthermore, the authors provided evidence that, 

although Fe(III)PPIX is released in the DV of P. falciparum, it is subsequently redistributed to the parasite 

cytosol (pH 7.5).  

 

Figure 1.10 The percentage of (a) haemozoin formation and (b) free Fe(III)PPIX in P. falciparum as a 

function of increasing CQ concentration. (c) Percentage parasite survival (left axis) and Fe(III)PPIX (right 

axis) as a function of CQ concentration. Intersection occurs near the measured IC50 of CQ. Adapted with 

permission from reference 83. © 2016 ACS.   

Presently, the exact mechanism of action of these antimalarial drugs is still unclear, however, two main 

hypotheses regarding the mechanism of haemozoin inhibition permeate literature. The first hypothesis is that 

haemozoin inhibition involves complex formation between free Fe(III)PPIX and the antimalarial drug in the 

DV of the parasite. The second proposal is that the antimalarial drugs adsorb onto the fastest growing face of 

haemozoin, thereby inhibiting further growth and increasing levels of toxic Fe(III)PPIX.47,84 Drug-

Fe(III)PPIX complex formation still plays an important role in this latter mechanism of action despite not 

being directly associated with haemzoin inhibition. Instead, these complexes likely influence the subsequent 

toxicity experienced by the parasite owing to the build-up of free Fe(III)PPIX in the DV where large 

concentrations of drug persist. Consequently, the nature of drug-Fe(III)PPIX complexes remains of 

considerable interest.  

(a) (b) (c)
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1.4.3.1  The Nature of Fe(III)PPIX in Solution 

Initially, haem was thought to be highly aggregated in aqueous solution existing as a µ-oxo dimer.85,86,87 This 

has been proved incorrect in a comprehensive study by Egan and co-workers who provided strong evidence 

for the formation of a Fe(III)PPIX π-π dimer in aqueous solution.88 Reason for this discrepancy stems from 

high sensitivity of speciation to experimental conditions. The form of this species consists of two five 

coordinate Fe(III)PPIX monomers which are associated through π-π interactions between the unligated faces 

of the porphyrin. This species can easily be distinguished from the µ-oxo dimer by means of UV-visible 

spectra and magnetic susceptibility measurements.  

Egan and co-workers further investigated Fe(III)PPIX speciation in aqueous solution as well as in mixed 

aqueous-organic solutions using a range of spectroscopic techniques. They reported that the speciation of 

Fe(III)PPIX is complex and highly dependent on a number of factors including the concentration, pH and 

nature of the solvent (see Figure 1.11).89 The presence of monomeric Fe(III)PPIX, characterized by a sharp 

Soret band, was only observed at very low Fe(III)PPIX concentrations or in a solution containing a high 

percentage of organic solvent. The authors also confirmed that the Fe(III)PPIX π-π dimer is present in 

aqueous or protic solvents, regardless of the pH of the solution. On the other hand, formation of the µ-oxo 

dimer of Fe(III)PPIX was found to be entropically driven, but only under high pH conditions and in mixed 

aqueous-aprotic solvents. The reason for this is that aprotic solvents have a reduced ability to form hydrogen 

bonds with the axial ligand of Fe(III)PPIX. Further hydrogen bond formation is brought about by water, 

which consequently increases the water density around the hydroxide ligand. This entropically unfavourable 

process results in the release of the axial ligand and formation of the µ-oxo dimer species. Despite mounting 

evidence that the Fe(III)PPIX π-π dimer is the dominant species, recent authors still incorrectly report the µ-

oxo dimer as the major Fe(III)PPIX species in aqueous solution.90 Understanding the speciation of 

Fe(III)PPIX in solution has important implications in understanding drug-Fe(III)PPIX complex formation, 

which is discussed in the following section.    
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Figure 1.11 A representation of the complex speciation of Fe(III)PPIX in aqueous and mixed aqueous 

solutions. Redrawn from reference 89. 

1.4.3.2  Drug-Haem Complex Formation 

Drug-Haem Complexes in Solution 

The first report of complex formation between Fe(III)PPIX and CQ was in the 1960s by Cohen et al.91,92 This 

observation was based on changes observed in the UV-visible spectrum of Fe(III)PPIX upon titration with 

CQ. This study, however, served only to provide evidence that complex formation does occur, with no 

quantitative data reported. Later, Chou and Fitch reported the first equilibrium constants for the association 

of Fe(III)PPIX with CQ and a series of quinoline antimalarial drugs using equilibrium dialysis.93 However, 

the difficulties noted by the authors in interpreting data and observations that aqueous Fe(III)PPIX solutions 

change with time, rendered these results somewhat unreliable. 94,95,96,97,98  

To circumvent such problems, quinoline association studies were conducted using iron porphyrins that 

exhibit a lower tendency to aggregate in aqueous solution. Constantinides and Satterlee reported association 

studies on the interaction between the antimalarial drugs CQ and QN with urohemin I (Figure 1.12 (a)) and 

uroporphyrin I, two iron porphyrins that satisfy the above critera.99,100 Urohaemin I is a planar molecule with 

a five coordinate iron centre which, under the conditions of the study, remained monomeric. 99,100,101, Another 

monomeric porphyrin used to study association interactions of quinoline antimalarial drugs was ferric haem-

octapeptide, N-acetylmicroperoxidase-8 (N-AcMP8), see Figure 1.12 (b).102 The results obtained between the 
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two individual studies show great variation and are not in agreement with the findings reported for drug-

Fe(III)PPIX associations in aqueous solution (refer to Table 1.1). In fact, the binding constants determined 

for the association of CQ and QN with N-AcMP8 are lower than that of urohaemin I and Fe(III)PPIX. Egan 

and co-workers have postulated that the iron centre of N-AcMP8 is displaced towards the proximal histidine 

ligand and, as a result, the coordination of a second ligand to the sixth position is problematic.102  

 

Figure 1.12 The structures of monomeric porphyrin species, (a) urohemin I and (b) N-

acetylmicroperoxidase-8 (N-AcMP8), used to investigate the drug complexation.99,100,102  

Table 1.1 Association constants for the interaction of urohemin I, N-AcMP8 and Fe(III)PPIX with CQ and 

QN. 

Antimalarial Drug Urohaemin I† N-AcMP8ǂ Fe(III)PPIX* 

CQ 8.90 ± 0.02 - 5.52 ± 0.03 

QN 8.60 ± 0.02 2.55 ± 0.02 4.10 ± 0.02 

† Determined by Constantinides and Satterlee.99,100 
ǂ  Determined by Marques et al.102 

*Determined by Egan et al.103 

The inconsistency of the above results demonstrated the need to perform association studies with 

Fe(III)PPIX itself. Consequently, a 40% (v/v) aqueous DMSO solvent system was used to monomerise 

Fe(III)PPIX and investigate its interactions with quinoline antimalarial drugs (Figure 1.13).103,104,105 The 

strong quenching of the Soret band of monomeric Fe(III)PPIX upon addition of drug provided an ideal 

method for determining association constants (Table 1.2).92 

 Binding stoichiometry and thermodynamic properties have also been determined under these conditions. 

103,106,107,108,109 Many studies have been devoted to uncovering the structure of these complexes. 

(a) (b)
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Figure 1.13 Spectrophotometric titration of CQ with Fe(III)PPIX. (a) The spectroscopic changes in the Soret 

band observed when Fe(III)PPIX is titrated with CQ. (b) The change in absorbance of Fe(III)PPIX as a 

function of increasing CQ concentration indicated by the data points. The solid line shows the best fit of the 

1:1 Fe(III)PPIX:CQ binding model. Reproduced with permission from reference 103. 

Table 1.2 Association constants for the interaction between Fe(III)PPIX and a series of antimalarial drugs, 

determined in 40% (v/v) aqueous DMSO according to a 1:1 binding model at 25 °C, pH 7.5. 

Antimalarial Drug log K 

Chloroquine 5.52 ± 0.03† 

Amodiaquine 5.39 ± 0.04† 

Quinine 4.10 ± 0.02† 

Quinidine 5.02 ± 0.03* 

Mefloquine 3.90 ± 0.08† 

Halofantrine 5.29 ± 0.02* 

† Determined by Egan et al.103 

*Determined by Egan et al.106 

Quinoline Methanol Complexes with Fe(III)PPIX 

Only within the last 8 years, has the structure of quinoline methanol drugs and their analogues with 

Fe(III)PPIX been firmly established using single crystal X-ray diffraction (SCD) and spectroscopic methods. 

QN, QD, MQ and Hf have been found to coordinate to Fe(III)PPIX through their deprotonated alcohol group 

forming a five-coordinate complex in the solid state. π-Stacking of aromatic rings with the porphyrin and 

hydrogen bonding between tertiary amine groups of the drug and propionate side chains of Fe(III)PPIX also 

feature (Figure 1.14).110,111,112 Fe(III)PPIX-coordinated complexes have been shown to exist in non-aqueous 

solution using UV-visible spectroscopy and EXAFS measurements. In the former, characteristic shifts in the 
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charge transfer-band are indicative of coordination, while the latter has shown the distance between Fe and O 

(drug) to be consistent with a coordinated alkoxide (Figure 1.15).113,114,115 These shifts were in good 

agreement with those previously reported as 402 and 600 nm for the QN-Fe(III)PPIX coordination complex 

in benzene.116   

 

Figure 1.14 (a) The crystal structures of Hf-Fe(III)PPIX, thermal ellipses are drawn at 50% probability. The 

single crystal structures of (b) QN-Fe(III)PPIX and (c) QD-Fe(III)PPIX, solvent molecules and non-relevant 

hydrogen atoms were removed for clarity. Atom colour coding: C, grey; H, white; Cl, yellow; F, light blue; 

Fe, cyan; N, dark blue and O, red. Reproduced with permission from reference 110 and 111 respectively. 

 

Figure 1.15 The UV-visible spectra of Fe(III)PPIX in solution before (turquoise) and after (black) titration 

with (a) QD in acetonitrile and (b) QN in pentanol. Reproduced with permission from reference 111. 

4-Aminoquinoline Complexes with Fe(III)PPIX 

While the structure of quinoline methanol complexes with Fe(III)PPIX is well established, that of the CQ-

Fe(III)PPIX complex is still controversial. A number of conflicting structures have been proposed (Figure 

1.16). de Dios et al. carried out a nuclear magnetic resonance (NMR) study which suggested a CQ-

Fe(III)PPIX complex was formed in which the quinoline nitrogen atom of CQ coordinates to the iron centre 

of monomeric Fe(III)PPIX (Figure 1.16 (a)).117 By contrast, Leed et al. used NMR inversion recovery 

experiments to show that, depending on the protonation state of the antimalarial drug, the distance between 

the iron centre of Fe(III)PPIX and drug H differs.118 Using this observation, they proposed that CQ forms a 

non-covalent complex with the Fe(III)PPIX µ-oxo dimer in solution (Figure 1.16 (b)). Subsequently, 
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Schwedhelm et al. proposed that the complex instead consisted of two Fe(III)PPIX µ-oxo dimers 

coordinated through the propionate side chains of adjacent Fe(III)PPIX molecules and that two CQ 

molecules π-stacked with the outer, unligated faces of this Fe(III)PPIX tetramer adduct (Figure 1.16 (c)).119 

In 2009, a contrasted study showed that the CQ molecules act as molecular spacers and, through dispersion 

interactions, bind noncovalently to the unligated faces of the Fe(III)PPIX µ-oxo dimer via π-π interactions 

(Figure 1.16 (d)).120 Earlier NMR studies performed by Moreau et al. had come to the same conclusion.121 

Further complication surrounding the CQ-Fe(III)PPIX complex occurred in 2014 when Acharige and 

Durrant proposed another binding mode in which hydrogen bonding occurs between the axial hydroxide or 

water ligand of a monomeric Fe(III)PPIX species and the 4-amino group of CQ as well as between the 

tertiary amine group of CQ and the propionate side chain of Fe(III)PPIX (Figure 1.16 (e)).122      

A recent, thorough investigation, however, has provided convincing evidence using multiple techniques for 

CQ-µ-oxo dimer formation in the solid and solution state (Figure 1.17 (a))).123 Instead of a π-stacking 

complex, however, the authors proposed a structure in which CQ is positioned between Fe(III)PPIX 

porphyrin rings and hydrogen bonds with the oxide bridge (Figure 1.17 (b)).124 This structure was the only 

one that could explain the reduction in Fe-O-Fe IR stretching frequency and adequately fit solution-state 

EXAFS measurements of the CQ-µ-oxo complex.  
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Figure 1.16 The structures previously proposed for the Fe(III)PPIX-CQ complex. (a) The coordination of 

CQ to monomeric Fe(III)PPIX,117 (b) π-stacking of CQ to µ-oxo dimeric Fe(III)PPIX,118 (c) µ-oxo tetramer 

Fe(III)PPIX adduct π-stacked with two CQ molecules,119 (d) CQ molecules π-stacked between Fe(III)PPIX 

µ-oxo dimers120 and (e) hydrogen bonded CQ to Fe(III)PPIX.122 Reproduced with permission from reference 

124. 

 

Figure 1.17 (a) The UV-visible spectrum of the Fe(III)PPIX π-π dimer (grey dashed line) compared to that 

of the µ-oxo dimer (grey) and the CQ-Fe(III)PPIX complex (black). (b) The recently proposed structure of 

the Fe(III)PPIX-CQ complex. Reproduced with permission from reference 123 and 124, respectively. 
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1.5 Toxicity of Drug-Fe(III)PPIX Complexes 

Drug-Fe(III)PPIX complex formation within the parasite have been suggested to cause parasite death. 

Consequently, the mechanisms of how such complexes exert their toxicity is of great interest. 

1.5.1 Measuring Fe(III)PPIX Toxicity 

A mechanism often employed to investigate the toxicity of Fe(III)PPIX has been through the measure of 

peroxidase activity. Peroxidases are defined as haem enzymes which catalyse the peroxide dependent 

oxidation of a variety of organic and inorganic molecules.125 While the structures of these enzymes differ 

substantially from one peroxidase class to another, the catalytic cycle is homologous (Figure 1.18).126  In the 

first step of the cycle, H2O2 binds to the iron center of Fe(III)PPIX where it subsequently oxidises 

Fe(III)PPIX to produce an organic cation radical and releases water. This radical is known as Compound I 

and consists of an oxyferryl center, Fe(IV)=O, and a radical situated on the porphyrin ring. The second step 

involves a one electron reduction of the porphyrin radical by a substrate molecule. This produces a substrate 

radical and Compound II which retains the oxyferryl center but is no longer a radical itself. Finally, in what 

is thought to be the rate-determining step of the reaction, Compound II is once again reduced to the ferric 

state. During this final step, an additional substrate molecule undergoes a one electron oxidation, resulting in 

the production of additional substrate radicals.127  

A useful substrate employed to monitor peroxidase reactions is, 2,2’-azinobis(3-ethylbenzothiazoline-6-

sulfonate) (ABTS). This substrate meets the criteria for being specific for peroxidase, stable and non-toxic. 

ABTS is thought to act as a trapping agent for the iron(IV)-oxo species and, at higher pH, catabolises H2O2 

via a catalase mechanism (refer to Equation (1.4)). Oxidation of ABTS yields a radical product that is stable 

and possess a unique visible absorption spectrum (see Figure 1.19). Its prominent absorption at 414, 660 and 

720 nm gives it a characteristic emerald green colour, readily differentiating it from its reduced form which 

is yellow and absorbs around 400 nm.128 
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Figure 1.18 The catalytic cycle of Fe(III)PPIX peroxidases redrawn based on reference 126. The porphyrin 

macrocyle is represented as a rectangle, and connecting lines from each of the four corners represent 

coordination of the metal centre via the four nitrogen atoms. 

2H2O2
Catalase
→      2H2O+ O2 

(1.4) 

 

Figure 1.19 The UV-visible spectrum of ABTS (purple). Upon oxidation, the formation of the emerald green 

radical cation (ABTS˙+) commences which can be measured at 414, 660 and 720 nm (green), as indicated by 

the arrows. 
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While ABTS has been used extensively to probe peroxidase activity of Fe(III)PPIX in a number of 

metalloproteins, there are few studies which have investigated the activity outside a protein environment. 

Unbound Fe(III)PPIX has not been used in investigations as a result of its innate nature to dimerise in 

solution, causing complications in the interpretation of results. Indeed, several studies on the peroxidase 

activity of water soluble, monomeric and non-µ-oxo dimer forming metalloporphyrins have instead been 

employed.129,130,131,132,  

1.5.2 The Influence of Antimalarial Drugs on Fe(III)PPIX Toxicity 

The first report that antimalarial drugs may influence Fe(III)PPIX toxicity was in 1980 by Chou and Fitch.133 

The authors alluded to complex formation which they thought enhanced the toxicity of Fe(III)PPIX through 

membrane damage. Later, in 1995 a study by da Costa Ferreira and co-workers reported a reduction in the 

peroxidase activity of Fe(III)PPIX in the presence of CQ.134 In this study, the authors also reported a 

decrease in degradative attack against Fe(III)PPIX. To our knowledge, this has been the most detailed 

investigation into the peroxidase activity of Fe(III)PPIX and antimalarial drugs using ABTS as a reducing 

substrate. However, the study was performed before a clear understanding of Fe(III)PPIX solution-state 

behaviour was established and was not conducted under biologically relevant conditions.134 A year later, 

Berman and Adams investigated the effect of Art on the peroxidase activity of Fe(III)PPIX.135 The authors 

incubated the drug with Fe(III)PPIX at 30 °C, pH 7.4 for varying time periods and reported an increase in 

peroxidase activity, however, no details of this reaction were described. In a follow-up paper, by da Costa 

Ferreira and co-workers the effect of a series of antimalarial drugs, including CQ and QD, on the catalase 

activity of Fe(III)PPIX (Equation 1.4) was investigated.136 They reported a substantial inhibition of the 

catalase activity of Fe(III)PPIX in the presence of the antimalarial drugs, resulting in a build-up of H2O2, 

detrimental to the parasite. Subsequently, Loria et al. reported that the antimalarial drugs CQ and quinacrine 

inhibited the peroxidative destruction of Fe(III)PPIX, which, consequently leads to an increase in toxic 

Fe(III)PPIX within the parasite, causing their death.137 To date, however, no significant information 

regarding the extent of the peroxidase activity of Fe(III)PPIX and its complexes with clinically relevant 

antimalarial drugs have been reported under conditions relevant to the malaria parasites. This is particularly 

true since it is now known that the lipid environment is important for haemozoin formation. Therefore, 

investigating toxicity under conditions that can mimic a lipid-water interface is crucial for to understanding 

mechanisms of action of drugs. In light of the above findings, and to better understand the possible 

mechanism(s) of antimalarial drugs, a thorough investigation of their modulatory effects towards 

Fe(III)PPIX toxicity is required. 
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1.6 Aims and Objectives 

1.6.1 Aims 

Following a thorough review of the literature on malaria, Fe(III)PPIX toxicity and the mechanisms of action 

of artemisinin and the quinoline antimalarial drugs, the aim of the study was to: 

Investigate the peroxidase activity of Fe(III)PPIX under biologically relevant conditions and to 

compare this effect with that of Fe(III)PPIX in the presence of the clinically relevant antimalarial 

drugs, CQ, QD and Art. 

The aim is underpinned by the hypothesis that quinoline antimalarial drugs act by inhibiting 

haemozoin formation, thereby increasing the concentration of Fe(III)PPIX present in the parasite 

which, in turn, enhances the oxidative stress on the parasite. 

1.6.2 Objectives 

In order to achieve the aforementioned aim, the specific objectives of the current work were to: 

1. Investigate the association of Fe(III)PPIX with CQ, QD and Art in aqueous solution. 

2. Compare the strength of drug-Fe(III)PPIX association with that obtained in an environment that 

mimics the lipid-water interface. 

3. Optimize an ABTS assay to be used as a measure of Fe(III)PPIX peroxidase activity under 

biologically relevant conditions. 

4. Investigate the peroxidase activity of Fe(III)PPIX in an aqueous environment as well as in an 

environment mimicking the lipid-water interface. 

5. Investigate the effect of CQ, QD and Art on the peroxidase activity of Fe(III)PPIX in both 

aforementioned environments.    
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Chapter 2. Materials, Instrumentation and General Methods 

2.1 Materials 

The materials used in this project were obtained commercially and were of highest purity and analytical 

grade. All chemicals were used without any further purification and are listed in Table 2.1. 

Table 2.1 Chemicals used and their commercial source. 

MATERIALS SOURCE 

Solids  

Ammonium Persulfate 

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) 

Haematin (porcine)  

Haemin (bovine) 

Sodium dodecyl sulfate (SDS) 

Sodium hydroxide pellets 

Tris(hydroxymethyl)aminomethane (Tris)  

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Liquids and Solvents  

Acetone 

Acetonitrile 

Dimethyl Sulfoxide (DMSO) 

Hydrochloric acid 

Hydrogen Peroxide solution 

Nitric Acid 

Kimix Chemicals 

Sigma-Aldrich 

Sigma-Aldrich 

Kimix Chemicals 

Sigma-Aldrich 

Kimix Chemicals 

Antimalarial drugs  

Artemisinin 

Artesunate 

Chloroquine diphosphate (CQ) 

Cinchonine (CN)  

Quinidine sulfate dihydrate (QD) 

Quinidine (QD)  

Quinine hemisulfate monohydrate (QN) 

Quinine (QN)  

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Departmental Store 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 
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2.2 Instrumentation 

2.2.1  Analytical Balance 

An A&D HR-200 analytical balance was used to weigh off all materials. 

2.2.2  Magnetic Stirrer Hot Plate 

JK-MSH-Pro and Heidolph MR-2002 standard magnetic stirrer hot plates were used to stir solutions. 

2.2.3  Micro Glass Syringes 

Hamilton micro glass syringes (25 and 50 µL) were used for delivery of small volumes to solutions. 

2.2.4  pH Meter 

All pH measurements were recorded using a Mettler Toledo FE20 pH meter. The pH meter was calibrated 

with buffer solutions (pH 7 and pH 4) obtained from CRISON before use. 

2.2.5  Single- and Multi-Channel Micro-pipettes 

Gilson Pipetman single-channel (P-20, P-200, P-1000 and P-5000) and multi-channel (P8X20 and P8X200) 

pipettes were routinely used for delivery to solutions. 

2.2.6 UV-Visible Spectrophotometer 

UV-Vis spectra were recorded using a Shimadzu UV-1800 Spectrophotometer with an electronically thermo-

controlled homeothermal cell holder. Cuvettes of 1 cm path length, made of Quartz from SUPRASIL, 

Hellma, were used in the spectrophotometer. 

2.2.7  Vortex 

A BOECO Vortex Mixer V1 Plus was used to mix solutions. 

Stellenbosch University  https://scholar.sun.ac.za



28 

 

2.3 Computer Software 

The different computer programmes and software used to analyse experimental data in this study are listed in 

Table 2.2. 

Table 2.2 The computer programmes and software used to analyse data. 

 

2.4 General Precautions and Washing of Glassware  

Distilled water was used in the preparation of all water solvent solutions. All used glass- and plastic-ware 

were washed with soap and water followed by thorough rinsing with distilled water and finally, acetone. 

Fe(III)PPIX has been shown to adsorb onto glass and plastic surfaces.88,89 Special precautions were thus 

required to ensure complete removal of Fe(III)PPIX from the surface of cuvettes and glassware used to store 

Fe(III)PPIX solutions. To do this, the glassware was thoroughly washed in 0.1 M NaOH followed by 

extensive rinsing with distilled water. Following this, the glassware and cuvettes were washed with 0.1 M 

HNO3 and again extensively rinsed with water. 

2.5 General Preparations 

This section describes the preparation of solutions that were used frequently throughout this study. All 

materials used in the preparation of these solutions have been previously listed in Table 2.1. 

2.5.1 0.10 M NaOH Stock Solution 

Sodium hydroxide pellets (1.00 g, 250.0 mmol) were dissolved in distilled water to a volume of 250.0 mL in 

a volumetric flask.  

Programme Version Use 

ChemDraw 

CurveFit 

GraphPad Prism 

HypSpec 

Hyperquad Simulation and Speciation (HySS) 

MATLAB 

Mendely 

Microsoft Excel 

UV Probe  

11.0 

1.00 

6.0 

2014 

2009 

2010 

1.16.1 

2013 

2.43 

Drawing of chemical structures 

Fitting Titration Data 

Graphing 

Determining Association Constants 

Determining Percentage Complexation 

Kinetic Analysis 

Referencing 

Data analysis 

Program for recording UV-Vis spectra 
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2.5.2 1.0 M Nitric Acid Stock solution 

A 1.0 M nitric acid stock solution was prepared by slowly adding 50 mL nitric acid (55 %) to 400 mL 

distilled water in a 500.0 mL volumetric flask. The solution was then made to volume with distilled water. 

2.5.3  1.0 M Hydrochloric Acid Stock Solution 

A 1.0 M hydrochloric acid stock solution was prepared by slowly adding 991 µL of 32 % hydrochloric acid 

solution to 5.0 mL distilled water. The solution was then made to a volume with distilled water in a 10.0 mL 

volumetric flask. 

2.5.4 Tris Buffer Stock Solutions 

A: A 130.0 mM Tris Buffer stock solution was prepared by dissolving the solid (1.57 g, 13.0 mmol) in 80 

mL distilled water. The pH was adjusted to 7.5 through the addition of 1.0 M HCl in a dropwise manner. The 

solution was then made to volume in a 100.0 mL volumetric flask.  

B: A 250.0 mM Tris Buffer stock solution was prepared by dissolving the solid (3.02 g, 25.0 mmol) in 70.0 

mL distilled water. The pH was adjusted to 7.5 through the addition of 1.0 M HCl in a dropwise manner. The 

solution was then made to volume in a 100.0 mL volumetric flask.  
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Chapter 3. Speciation and Structure of Drug-Fe(III)PPIX Complexes 

3.1 Introduction 

The interactions between antimalarial drugs and Fe(III)PPIX have been of considerable interest in the 

past.88,91,93,102,111,116 Many studies have suggested that association plays a role in antimalarial activity, with the 

resultant drug-Fe(III)PPIX complex responsible, in some way, for the inhibition of β-haematin formation, or 

itself as the cause of toxicity in the parasite.138,139,140 Most work has been conducted in a predominantly 

aqueous medium, however, more recent literature suggests that a lipid environment is important for β-

haematin formation.54 Drug-Fe(III)PPIX association in such an environment has not been investigated 

extensively.  In addition to studies performed in non-aqueous solution, solid state structures have also been 

determined for the complexes formed between Fe(III)PPIX and Halofantrine (Hf),54 Quinidine (QD) and 

Quinine (QN),111 however, it is not known whether the interactions observed in the solid state persist in 

solution.  

In this work, association experiments where undertaken with three antimalarial drugs known to have 

differing interactions with Fe(III)PPIX. The study was conducted at 37 °C in three different media in order to 

mimic biological environments: i) an organic solvent (acetonitrile) was used to represent a lipid environment 

by means of its low dielectric constant; ii) an aqueous medium buffered at pH 7.4 was selected to represent 

the parasite cytosol; and iii) an aqueous solution (pH 7.4) containing the water-soluble detergent SDS 

provided a two-component system mimicking a lipid-water interface. In addition to these solution-state 

investigations, the interaction of cinchonine (Cn)-Fe(III)PPIX in the solid state could be characterised using 

X-ray crystallography and the first crystal structure of this complex is reported. 
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3.2 Experimental Methods  

3.2.1 The Association of CQ, QD and Art with Fe(III)PPIX in Solution 

3.2.1.1  Preparation of Solutions  

SDS Stock Solution 

A 10.0 mM stock solution was prepared by dissolving SDS (28.8 mg, 100.0 µmol) in distilled water to a 

volume of 10.0 mL in a volumetric flask. 

Fe(III)PPIX Stock Solutions 

A: A 1.0 mM Fe(III)PPIX stock solution was prepared by dissolving haematin (6.3 mg, 10.0 µmol) in 0.1 M 

NaOH to a volume of 10.0 mL in a volumetric flask. 

B: A 20.0 mM Fe(III)PPIX stock solution was prepared by dissolving haematin (63.3 mg, 100.0 µmol) in 0.1 

M NaOH to a volume of 5.0 mL in a volumetric flask. 

C: A 1.0 mM Fe(III)PPIX stock solution was prepared by dissolving 500 µL of Fe(III)PPIX stock solution B 

in 4 mL of Tris buffer stock solution A (see section 2.5) and made to volume with distilled water in a 10.0 

mL volumetric flask. 

D: A 1.2 mM Fe(III)PPIX stock solution was prepared by dissolving haematin (7.8 mg, 12.30 µmol) in 

DMSO to a volume of 10.0 mL in a volumetric flask. 

E: A 1.0 mM Fe(III)PPIX stock solution was prepared by dissolving 500 µL of Fe(III)PPIX stock solution B 

in 4 mL of Tris buffer stock solution A (see section 2.5), 1 mL SDS (10.0 mM stock solution) and made to 

volume with distilled water in a 10.0 mL volumetric flask. 

QD Stock Solutions 

A: A 2.0 mM QD stock solution was prepared by dissolving QD sulfate salt (3.2 mg, 20.0 µmol) in 4 mL of 

Tris buffer stock solution A and made to volume with distilled water in a 10.0 mL volumetric flask. 

B: A 2.0 mM QD stock solution was prepared by dissolving the free base (6.5 mg, 20.0 µmol) in acetonitrile 

to a volume of 10.0 mL in a volumetric flask. 
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C: A 2.0 mM QD stock solution was prepared by dissolving QD sulfate salt (15.7 mg, 20.0 µmol) in 4 mL of 

Tris buffer stock solution A, 1 mL SDS (10.0 mM stock solution) and made to volume with distilled water in 

a 10.0 mL volumetric flask. 

CQ Stock Solution 

A: A 1.0 mM CQ stock solution was prepared by dissolving CQ diphosphate salt (5.2 mg, 10.0 µmol) in 

distilled water to a volume of 10.0 mL in a volumetric flask. 

B: A 1.0 mM CQ stock solution was prepared by dissolving the free base (8.0 mg, 25.0 µmol) in acetonitrile 

to a volume of 25.0 mL in a volumetric flask. The free base form of CQ was obtained through the addition of 

concentrated NaOH to an aqueous solution of the commercially available salt to yield a precipitate which 

was centrifuged, washed with distilled water and, subsequently, recovered after drying for five days in the 

presence of phosphorus pentoxide. 

Art/Ar Stock Solution 

A: A 2.0 mM Art stock solution was prepared by dissolving artemisinin (5.7 mg, 20.0 µmol) in acetonitrile 

to a volume of 10.0 mL in a volumetric flask. 

B: A 2.0 mM Ar stock solution was prepared by dissolving artesunate (7.7 mg, 20.0 µmol) in 4 mL of Tris 

buffer stock solution A (Section 2.5.4), 1 mL SDS (10.0 mM stock solution) and made to volume with 

distilled water in a 10.0 mL volumetric flask. 

3.2.1.2  Experimental Procedures 

General Spectrophotometric Titration Procedure 

All titrations were carried out in cuvettes with 1 cm pathlength at 37 °C. Working solutions were prepared in 

the cuvette to a volume of 2.5 mL. To this, aliquots of drug or Fe(III)PPIX stock solutions were added using 

Hamilton syringes (25.0 and 50.0 µL) and the resulting spectra recorded between 300 and 800 nm after each 

addition. The results were analysed with HypSpec141 using a 1:1 drug:Fe(III)PPIX binding model for QD, 

Art and Ar, while a 2:1 Fe(III)PPIX:drug binding model was used for CQ. All Fe(III)PPIX stock solutions 

were prepared daily and stored in the dark to prevent degradation. All glassware that came into contact with 

Fe(III)PPIX was washed according to the procedure described in section 2.4 to prevent a build-up of 

Fe(III)PPIX on the surface. 
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The Association of QD and CQ with Fe(III)PPIX in Aqueous Solution 

Spectrophotometric titrations of Fe(III)PPIX with QD were carried out by adding aliquots of QD stock 

solution A to a 10 μM Fe(III)PPIX working solution (975 µL Tris buffer stock solution A, 25 µL of 

Fe(III)PPIX stock solution A and 1555 µL distilled water) as well as to the reference cuvette (where the 

volume of Fe(III)PPIX stock solution A was replaced with 0.1 M NaOH). Absorbance of the solution in the 

reference cuvette was automatically subtracted from that of the working cuvette. The final volume after 

titration was 2610 µL.   

In the case of CQ, aliquots of Fe(III)PPIX stock solution C were titrated into a 20 μM CQ working solution 

(975 µL Tris buffer stock solution A, 1475 µL distilled water and 50 µL of CQ stock solution A) to a final 

volume of 2560 µL. Reasons for the altered procedure in the case of CQ are discussed in detail further on in 

the text. A reference cuvette was not used in this instance in order to avoid obtaining a negative absorbance 

reading. Instead, the spectrum of Fe(III)PPIX was taken into account when processing the data in HypSpec. 

The Association of QD, CQ and Art with Fe(III)PPIX in Acetonitrile 

Owing to the poor solubility of Fe(III)PPIX in pure acetonitrile, a 1:99 (v/v) DMSO/acetonitrile solvent 

system was used instead. Aliquots of the stock solutions of Art (A), CQ (B) or QD (B) were titrated into a 

9.8 μM Fe(III)PPIX working solution (20 µL Fe(III)PPIX stock solution D, 2.48 mL acetonitrile) and 

reference cuvette (20 µL DMSO, 2.48 mL acetonitrile). In each case, the final volume after titration did not 

exceed 2700 µL.  

The Association of CQ, QD and Ar with Fe(III)PPIX in Aqueous SDS 

The association of Fe(III)PPIX with both QD and CQ, was investigated in the same manner as in aqueous 

solution with the exception that the experiment was carried out in 1 mM SDS. In the case of QD, QD stock 

solution C was titrated into the 10 μM Fe(III)PPIX working solution, while for CQ, the Fe(III)PPIX stock 

solution E was titrated into the 20 μM CQ working solution.  

Owing to weaker association, spectrophotometric titrations of Fe(III)PPIX with Ar had to be conducted using 

a Fe(III)PPIX working solution with initial volume of 2.00 mL to allow a greater volume of Ar solution to be 

added. Aliquots of Ar stock solution B were titrated into the 8 μM Fe(III)PPIX working solution (500 µL of 

Tris buffer stock solution B, 16 µL of Fe(III)PPIX stock solution A, 14 µL 0.1 M NaOH, 250 µL SDS stock 

solution and 1220 µL distilled water) and the reference cuvette where Fe(III)PPIX was replaced with 0.1 M 

NaOH. The final volume after titration was 3.0 mL. 
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3.2.2  The Crystal Structure of the Cn-Fe(III)PPIX Complex 

3.2.2.1 Experimental Method 

A 3.08 mM Cn stock solution was prepared by dissolving Cn free base (9.1 mg, 30.8 µmol) in 10.0 mL 

acetonitrile. A 3.07 mM Fe(III)PPIX stock solution was prepared by dissolving haemin (10.0 mg, 15.3 μmol) 

in 500 µL DMSO. Following thorough mixing, the Fe(III)PPIX solution was made to volume with 

acetonitrile in a 10.0 mL volumetric flask. This mixture exists as a suspension owing to the poor solubility of 

Fe(III)PPIX in acetonitrile. The crystallisation medium was then prepared by adding 400 µL of this 

Fe(III)PPIX stock solution to 1 mL of the Cn stock solution. An additional 4 mL of acetonitrile was added to 

the solution after which the mixture was stirred for 30 minutes and filtered through a polytetrafluoroethylene 

filter disk to remove excess undissolved Fe(III)PPIX. The filtrate was recovered and stored in a glass vial 

which was covered with parafilm and punctured with two needle-sized holes to aid in slow evaporation of 

the solvent. The sample was then left to stand at room temperature for five days after which small needle-like 

crystals were observed on the bottom of the vial. 

3.3 Results 

3.3.1 The Association of QD, CQ and Art with Fe(III)PPIX in Solution 

To determine the solution interaction of three clinically relevant antimalarial drugs with Fe(III)PPIX, three 

solvent systems were selected. The first was used to mimic the aqueous parasite cytosol and thus consisted of 

an aqueous medium buffered at pH 7.4. While a number of previous studies reported unreliable results 

conducting similar investigations in aqueous solution, this most likely has been due to a lack of 

understanding of the aggregation effects of Fe(III)PPIX in such a medium. This led to later studies being 

conducted in solvent systems not biologically relevant in order to ensure Fe(III)PPIX remained strictly 

monomeric. For example, Egan et al. previously investigated the association of Fe(III)PPIX with five 

clinically relevant antimalarial drugs at a pH of 7.5 and 25 °C in a 40 % aqueous DMSO solvent 

system.103,106 The aggregation of Fe(III)PPIX in aqueous solution, however, is now well established.89 In 

order to gain insight into the interactions that are relevant in vivo, it is therefore essential to carry out 

association studies under conditions that closely resemble the biological environment. Considering that the 

proposed site of action for antimalarial drugs has recently shifted from an aqueous to a lipid environment,54 

the second solvent system investigated was used to represent a non-aqueous lipid environment. Acetonitrile 

was selected to mimic the lipid environment owing to its low dielectric constant. Furthermore, changes in the 

UV-visible spectra following titration of quinoline methanol antimalarial drugs into a solution of Fe(III)PPIX 

have been shown to be the same in acetonitrile and 1-pentanol, which is also a model compound for a 
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lipid.111 Finally, a third detergent-based solvent system was used to provide a medium containing both 

aqueous and lipid-like components, representing a lipid-water interface which is present at membranes, such 

as in the digestive vacuole of the malaria parasite where β-haematin is presumed to form.54 The water-

soluble detergent SDS was selected owing to a recent study by Wright and co-workers which showed that an 

aqueous SDS solution under biological conditions could facilitate β-haematin formation from Fe(III)PPIX.142 

To probe drug-Fe(III)PPIX complexation in these three solvent systems, the association of representative 

compounds from three different classes of antimalarial drugs with Fe(III)PPIX were investigated. These 

included a 4-aminoquinoline (CQ), a quinoline methanol (QD) and the endoperoxide Artemisinin (Art).  

3.3.1.1 Speciation of Fe(III)PPIX in Solution 

The UV-visible spectra of Fe(III)PPIX (before the addition of drug) in all three solvent systems employed in 

the current study show a broadened Soret band (Figure 3.1), indicative of a π-π dimer in which two 

Fe(III)PPIX monomers interact through π-stacking. With the exception of a general hypochromism, the 

addition of SDS to aqueous solution (Figure 3.1, red spectrum) produced no discernible change to the 

Fe(III)PPIX species in aqueous media (Figure 3.1, black spectrum). On the other hand, differences do arise 

in the spectra of Fe(III)PPIX recorded in aqueous solutions and acetonitrile (Figure 3.1, green spectrum), 

particularly in the region between 450 and 650 nm. The position of the charge transfer band in aqueous and 

aqueous SDS solutions at ~ 612 nm shifts in acetonitrile to ~ 628 nm. Shifts in this region are commonly 

related to solvent composition, pH and the characteristics of the interacting species.103 The shift in the charge 

transfer band from water to acetonitrile is consistent with a change from a coordinating to a non-coordinating 

solvent, which may indicate different interactions at the iron centre. (Figure 3.1).108 A notable red shift is also 

observed in the Soret band near 400 nm. 
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Figure 3.1 Fe(III)PPIX speciation in aqueous and non-aqueous solution. The UV-visible spectrum of 

Fe(III)PPIX in aqueous solution (Tris buffer, 50.0 mM, pH 7.4) (-), acetonitrile (-) and aqueous SDS 

solution (Tris buffer, 50.0 mM, pH 7.4) (-). The position of the charge-transfer (~600-630 nm) and Soret 

bands (~380-400 nm) are marked by black, green and red dotted lines for the aqueous, organic and SDS 

solutions respectively. Peaks positions of the Soret and charge-transfer bands are the same in purely aqueous 

and aqueous SDS solution and thus black and blue dotted lines overlap. 

3.3.1.2 Effects of QD on the Speciation of Fe(III)PPIX in Solution 

Titration of QD into an aqueous solution of Fe(III)PPIX (Figure 3.2 (a)) produced no marked difference in 

the charge-transfer band, however, a pronounced hypochromic effect as well as bathochromic shift of the 

Soret band of Fe(III)PPIX was observed. A slight, but noticeable bathochromic shift in the Q-band as well as 

a reduction in its intensity was also observed. Analysis of the data indicated a strong association occurred, 

for which the association constant (K) was quantified (on a log scale) as 5.8 ± 0.1. This compares well with 

the association constants previously reported for the interaction of Fe(III)PPIX with QD in acetonitrile (room 

temperature) (log K = 5.7 ± 0.1).112 The titration performed in acetonitrile showed much more distinctive 

characteristics (Figure 3.2 (b)). The initial broad shaped Soret band resolved into a slightly sharper feature at 

398 nm with a lower intensity shoulder region on the low wavelength side. A marked blue shift from ~ 628 

to 600 nm could also be seen for the charge transfer band. This latter spectroscopic feature is characteristic of 

a coordinated QD-Fe(III)PPIX complex, the association constant for which, in this organic medium, was 

determined as 5.92 ± 0.09 (log scale).111 This association constant obtained under the current conditions is 

larger than that which was previously described (log K = 5.7 ± 0.1). This difference can be ascribed to the 

increased temperature used in the current work since a titration carried out at 25 ºC revealed an association 

constant that is in agreement with previous work (log K = 5.82 ± 0.08) was obtained, however these three 

values overlap within three standard deviations of each other.112  In the detergent system, titration of QD 

produced a more marked shift in the Fe(III)PPIX Soret band in comparison with both the aqueous and 

organic solvent systems (Figure 3.2 (c)). It is interesting to note that the intensifying and blue shifting of the 

charge transfer band in aqueous SDS is similar to that observed in acetonitrile. Notably, such features do not 
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occur in water. This observation may indicate that an element of coordination may be occurring in this 

solvent system, although further investigation would be required to confirm this. A somewhat stronger 

association constant of 6.2 ± 0.1(log scale) was determined under these conditions. 

 

Figure 3.2 The UV-visible spectrum of Fe(III)PPIX in solution before (–) and after (–) spectrophotometric 

titration with QD in (a) aqueous solution (50 mM Tris buffer, pH 7.4), (b) acetonitrile and (c) aqueous SDS 

(50 mM Tris buffer, pH 7.4) solution. The spectrum of Fe(III)PPIX before titration (–) and after each 

subsequent addition of QD (purple to blue) can be seen in spectra (a), (b) and (c). For clarity, the enlarged 

spectra show the spectrum of Fe(III)PPIX in the region between 550 and 650 nm before (–) and after (–) the 

titration. The position of the charge-transfer band of the Fe(III)PPIX π-π dimer and QD-Fe(III)PPIX complex 

are marked by black and blue dotted lines, respectively. Arrows indicate the direction of spectroscopic 

change during titration.  

3.3.1.3 Effects of CQ on the Speciation of Fe(III)PPIX in Solution 

While arduous attempts were made in determining the association constants for the interaction of 

Fe(III)PPIX with CQ in the same manner as conducted for QD, the data from these titrations could not be 

successfully fit. Recently, a study suggested that complex Fe(III)PPIX speciation may occur when 

Fe(III)PPIX is present in excess over CQ.123 Such conditions are present at the beginning of the titration and 

thus may account for the inability to fit the data. The same study suggested that association constants could 

instead be obtained by titrating Fe(III)PPIX into a solution containing excess CQ in order to counteract this 

problem. Performing titrations in this manner resulted in data that could be successfully fit and an association 

constant for the interaction of Fe(III)PPIX with CQ was determined (log K = 6.5 ± 0.1). While QD has been 

shown to coordinate to Fe(III)PPIX,111 previous studies indicate that CQ associates with the porphyrin 

through π-π interactions and is unable to coordinate.93,123 It has also been proposed that, while QD acts in a 

1:1 ratio with Fe(III)PPIX, two Fe(III)PPIX equivalents are believed to associate with one molecule of 

CQ.123 Findings from this study confirm this 2:1 Fe(III)PPIX:CQ stoichiometric ratio as data was unable to 

fit a 1:1 binding model. 

The UV-visible spectrum of Fe(III)PPIX in the presence of CQ showed a reduction in absorbance of the 

Soret band accompanied by a broadening in the region between ~400 and 500nm. This can be seen in Figure 

3.3 (a) which shows the spectrum of Fe(III)PPIX in the absence of CQ and the spectrum of the complex 
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determined by HypSpec.141 In addition to this, a slight blue shift in the charge transfer band was observed. 

The changes in the spectrum of Fe(III)PPIX in aqueous SDS solution in the presence of CQ resemble those 

observed in aqueous solution (Figure 3.3 (c)). The Soret band of Fe(III)PPIX in aqueous SDS solution, 

however, exhibits a much sharper peak accompanied by a greater shift and increased intensity in the charge 

transfer band. The association constant for the interaction of Fe(III)PPIX with CQ in aqueous SDS was 

determined to be 6.5 ± 0.1 (log scale), identical to that determined in aqueous solution. These results are in 

good agreement with a previously reported study.123  Interestingly, titrations of CQ into a solution of 

Fe(III)PPIX in acetonitrile did not appear to suffer from the same speciation issue as observed in aqueous 

solution. Association of CQ and Fe(III)PPIX in acetonitrile was found to be weaker than in water. Upon 

addition of CQ to Fe(III)PPIX in acetonitrile, a general hypochromic effect was observed, together with a 

broadening in the Soret band (Figure 3.3 (b)). A log K value of 5.3 ± 0.2 was determined for the association 

of Fe(III)PPIX with CQ in acetonitrile, comparable to the value reported for the association of Fe(III)PPIX 

with CQ in 40 % aqueous DMSO (5.52 ± 0.03).  

 

Figure 3.3 The UV-visible spectra of Fe(III)PPIX in solution before (–) and after (–) addition of CQ. The 

conditions were (a) aqueous solution (50.0 mM Tris buffer, pH 7.4), (b) acetonitrile, and (c) aqueous SDS 

(50.0 mM Tris buffer, pH 7.4). The position of the Soret and charge-transfer band of the Fe(III)PPIX π-π 

dimer and that of the species after addition of CQ are marked by black and blue dotted lines, respectively and 

arrows indicate direction of spectroscopic change during titration. 

3.3.1.4 Effects of Art on the Speciation of Fe(III)PPIX in Solution 

By contrast to the quinoline antimalarial drugs, the spectrum of Fe(III)PPIX did not undergo significant 

change in the presence of artemisinin. Titrations performed in acetonitrile induced no shift in the Soret band 

nor the charge transfer region (Figure 3.4 (a)). There was, however, a reduction in the Soret band and the 

association constant was calculated to be 4.48 ± 0.04 (log K). Difficulties arose with the solubility of 

artemisinin in water and as a result, the water soluble derivative, artesunate (the sodium hemisuccinyl ester), 

was used instead. Upon addition of ± 80-fold excess of artesunate over Fe(III)PPIX, no significant changes 

were observed in the spectrum of Fe(III)PPIX (Figure 3.4 (b)). The UV-visible spectrum of Fe(III)PPIX 

exhibited a general hypochromism in addition to marginal shifts in the Soret and charge transfer bands. 

Several attempts were made in determining the association of Fe(III)PPIX with Ar in this manner, however, 
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under the described conditions, presumably due to its weak binding in addition to its low solubility in water, 

log K values could not be determined. Attempts were made in titrating aliquots of Fe(III)PPIX into a solution 

of excess artesunate, however, similar complications were encountered. All the association constants 

obtained in this portion of work are summarised in Table 3.1. A comparison of the experimental and 

calculated drug-Fe(III)PPIX complex spectra are summarised in Addendum 1. 

 

Figure 3.4 The UV-visible spectrum of Fe(III)PPIX before (–) and after (–) titration with (a) artemisinin in 

acetonitrile and (b) artesunate in 1 mM aqueous SDS solution. The position of the Soret and charge-transfer 

band of the Fe(III)PPIX species before and after titration are marked by a black and blue dotted lines 

respectively. Arrows indicate direction of spectroscopic change during the titration.  

Table 3.1 Log K values calculated for the association of Fe(III)PPIX with QD, CQ and Art in aqueous 

solution, acetonitrile and 1 mM aqueous SDS solution. † 

Antimalarial Drug Binding model Aqueous Acetonitrile 1 mM SDS 

QD 1:1 5.78 ± 0.09 5.92 ± 0.01 6.2 ± 0.1 

CQ 2:1 6.5 ± 0.1 5.3 ± 0.2 6.5 ± 0.1 

Art 1:1 NDǂ 4.48 ± 0.04 NDǂ 

†Error calculated as standard error of the mean (SEM), following three experimental repeats. 

ǂNot determinable – weak association and insolubility prevented determination of an association constant. 

3.3.2 The Crystal Structure of the Cn-Fe(III)PPIX Complex 

Attempts were made to grow crystals of the CQ-Fe(III)PPIX complex in acetonitrile since that of the QD-

Fe(III)PPIX complex has already been elucidated. These attempts were, however, unsuccessful. In addition 

to this, a QD analogue, Cn was investigated in an effort to determine if it could form a similar solid state 

complex as was found for the QD-Fe(III)PPIX complex. Crystals of Cn-Fe(III)PPIX were obtained 
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following slow evaporation of solvent from a solution of Fe(IIII)PPIX and free base Cn in acetonitrile. 

Following five days of evaporation at room temperature, small, needle-like crystals were observed at the 

bottom of the glass vial and a single crystal of dimensions 0.09 × 0.11 × 0.20 mm was selected for single 

crystal X-ray diffraction. Analysis revealed that Cn-Fe(III)PPIX crystallises in the orthorhombic crystal 

system, with space group P212121.   

In the asymmetric unit, coordination occurs between the alkoxide of Cn and the iron centre of Fe(III)PPIX. 

In addition to this there is π-stacking between quinoline ring of the drug and the Fe(III)PPIX porphyrin. 

Intramolecular hydrogen bonding exists between the protonated quinuclidine nitrogen atom of Cn and the 

propionate group of Fe(III)PPIX. Furthermore, there is intermolecular hydrogen bonding between a 

propionic acid group of one Fe(III)PPIX molecule and the propionate group of a neighbouring Fe(III)PPIX 

molecule. These features are identical to that reported for the QN- and QD-Fe(III)PPIX complexes.111 The 

hydrogen bonds in the crystal structure are shown in Figure 3.5 and their geometries are reported in Table 

3.2. Important crystal structure parameters are summarised in Table 3.3. The total volume of the crystal 

structure is 9217 Å and the crystal packing, viewed along the a-axis, is shown in Figure 3.6. This view shows 

the π-stacking between adjacent complexes. 

 

Figure 3.5 Hydrogen bonds (red dashed lines) in the crystal packing of the Cn-Fe(III)PPIX complex. (i) An 

intramolecular hydrogen bond between the protonated quinuclidine hydrogen of Cn and the propionate group 

of Fe(III)PPIX and (ii) intermolecular hydrogen bond between the propionic acid group of one Fe(III)PPIX 

molecule and the propionate group of the neighbouring Fe(III)PPIX molecule. Non-relevant hydrogen atoms 

have been removed for clarity. Atom colour coding: H-white, C-grey, N-blue, O-red and Fe-cyan.  

Table 3.2 Hydrogen Bonding in the Cn-Fe(III)PPIX complex. 

Bond D-H⋯A D-H (Å) H⋯A (Å) D⋯A (Å) D-H⋯A ( °) 

i (A) N5-H5N⋯O2 0.93 1.73 2.648 (8) 165 

  (B) N5-H5N⋯O2 0.93 1.76 2.667 (8) 165 

ii O4-H4⋯O1 0.84 1.66 2.452(9) 156 
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Table 3.3 Crystal data, experimental and refinement parameters for the Cn-Fe(III)PPIX complex. 

Formula 2 (C53 H49 Fe1 N6 O6) 

Molecular Weight 1843.66 

Crystal System and Space Group Orthorhombic, P212121 

Unit Cell Dimensions (Å)  a = 15.5177 

 b = 23.0510 

 c = 25.7674 

Z 4 

µ (mm-1) 0.386 

Temperature (K) 100 

Rint 0.226 

Final R indices R1 = 0.0848, wR2 = 0.2450 

Goodness of Fit, S 1.03 
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Figure 3.6 The crystal packing of Cn-Fe(III)PPIX viewed along the crystallographic a-axis. Hydrogen atoms 

are omitted for clarity. Atom colour coding: C-grey, N-blue, O-red and Fe-cyan. 
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3.4 Discussion 

The focus of this section of work has been to spectrophotometrically determine the association constants for 

the interaction between Fe(III)PPIX and three clinically relevant antimalarial drugs in both aqueous and non-

aqueous solvent systems. These experiments were carried out in order to determine the interactions of 

Fe(III)PPIX with QD, CQ and Art under biological conditions that mimic the lipid, parasite cytosol and 

lipid-water interface found within the malaria parasite. Association constants for the interaction of 

Fe(III)PPIX with QD and CQ were successfully determined in organic, aqueous and aqueous SDS solutions. 

Since haem precipitates under acidic conditions, the interaction between antimalarial drugs and haem cannot 

be investigated under conditions that mimic the DV of the malaria parasite, however, a study by Egan and 

co-workers has shown that haem redistributes to the cytoplasm of P. falciparum and therefore, the 

appropriate experiments were performed at pH 7.4 to mimic the parasite cytosol.83 

A strong interaction between Fe(III)PPIX and QD was determined in acetonitrile. The UV-visible spectrum 

of the QD-Fe(III)PPIX coordination complex has previously been reported in benzene and later in three 

different organic environments.111,116 These studies provided evidence of characteristic spectroscopic features 

that were used to confirm the presence of the QD-Fe(III)PPIX coordination complex in acetonitrile described 

in the above work. The charge transfer band of the QD-Fe(III)PPIX complex at ~603 nm, similar to that of 

HO-Fe(III)PPIX, provides evidence for the coordination between the metal centre of the porphyrin and the 

benzylic alcohol functional group of the quinoline methanol drug.88,111 The association constant determined 

under these conditions is in good agreement with the value previously reported in our laboratory.112 The 

spectrum obtained in aqueous solution indicates that a different complex is formed under these conditions. A 

weakened association between Fe(III)PPIX and QD determined in aqueous solution corresponds to the 

absence of the unique spectroscopic features of the QD-Fe(III)PPIX complex in the UV-visible spectrum of 

Fe(III)PPIX. Changes in the spectrum of Fe(III)PPIX upon titration with QD in aqueous solution correspond 

well with previous reports in literature.102,103 The slight hypochromic effect on the Soret band bears 

resemblance to that which was previously reported for the interaction between Fe(III)PPIX and QN or CQ in 

40% aqueous DMSO.103 In the latter system, however, Fe(III)PPIX was shown to exist as a monomer and the 

hypochromic shift was much more pronounced. Egan has postulated that the diminished hypochromicity in 

purely aqueous solution stems from the dimerisation of Fe(III)PPIX, which in itself promotes a hypochromic 

effect.92 A minor bathochromic shift of the Soret band was also reported in aqueous solution and in ethanol, 

congruent with the present study.100,102,108  The interaction between Fe(III)PPIX and quinoline antimalarial 

drugs in detergent systems has not previously been reported. Interestingly, the interaction between 

Fe(III)PPIX and QD in the aqueous SDS system is comparable to that obtained in organic solution. The 

increased association constant under these conditions lends support to the recent proposal that complex 

formation between Fe(III)PPIX and QD is more likely to occur at a lipid-water interface and may therefore 

influence, or even bring about, inhibition of 𝛽-haematin formation.54 Further support for a lipid environment 

as the site of antimalarial drug action was provided in the crystal structure of Cn-Fe(III)PPIX obtained 

Stellenbosch University  https://scholar.sun.ac.za



44 

 

following slow evaporation from a solution of acetonitrile. The key interactions include coordination of the 

alkoxide group of the drug to the iron centre of Fe(III)PPIX, hydrogen bond formation between the 

propionate and propionic acid groups of two neighbouring Fe(III)PPIX molecules as well as intermolecular 

hydrogen bonding between the quinuclidine nitrogen of protonated Cn and the propionate group of 

Fe(III)PPIX. These key interactions are identical to those previously reported for the Hf-, QD- and QN-

Fe(III)PPIX complexes.110,111 These results lend favour to the idea that, in a lipid environment, drug-

Fe(III)PPIX complexation is an important step in the hosts’ defence against the parasite. 

The UV-visible spectrum of Fe(III)PPIX in the presence of CQ shows a significant decrease in the Soret 

band in all three solvent systems, similar to what has previously been reported.103 Egan postulated that this 

decrease in absorbance could either be attributed to the aggregation of Fe(III)PPIX or its association with 

CQ.103 Since the UV-visible spectrum of Fe(III)PPIX in the presence of CQ differs from that of the 

aggregated Fe(III)PPIX species, together with the fact that the changes in the charge-transfer band bear a 

resemblance to those observed upon addition of QN to N-AcMP-8, it was proposed that the changes in the 

spectrum arise from the association with CQ and not Fe(III)PPIX aggregation.102,103 Recently, Kuter et al 

showed that, in the presence of CQ, a CQ-µ-[Fe(III)PPIX]2O complex is formed.  The formation of this 

complex is strong in aqueous solution and remains unchanged in the aqueous SDS system, however, a much 

weaker association was determined in organic solution. This finding is in agreement with what was reported 

by Egan et al. who found that the interactions of CQ with Fe(III)PPIX in 40% aqueous DMSO were 

weakened upon addition of acetonitrile.103 The association constants for CQ and QD with Fe(III)PPIX 

presently determined in aqueous solution are greater than those obtained in 40% (v/v) aqueous DMSO. The 

increased strength of association in aqueous solution may suggest that hydrophobic factors are important in 

the formation of these complexes, particularly in the case of CQ.103  These observations once again confirm 

that the nature of the solvent plays a crucial role in the strength of association constants. 

Owing to weak binding and poor solubility in aqueous solution, Fe(III)PPIX-Art association constants could 

only be determined in acetonitrile. The interaction of Art with Fe(III)PPIX has proven to be much more 

complicated and showed a much weaker binding in the organic system, in comparison to both CQ and QD, 

with little change observed in the spectrum of Fe(III)PPIX upon addition of artesunate in the SDS system. 

Association constants could furthermore not be determined in aqueous solution as a result of the insolubility 

of artesunate. The great difference in structure of artemisinin in comparison with the quinoline antimalarial 

drugs has led to the idea that artemisinin possesses a different mode of action.143 Several studies have led to 

the proposal that artemisinin forms a covalent adduct with Fe(III)PPIX as opposed to a coordination complex 

as was seen previously in the case of the quinoline methanols. 138,144,145 It has been suggested that this 

covalent linkage involves the generation of a free radical through the cleavage of the endoperoxide bridge of 

artemisinin followed by carbon alkylation of the porphyrin ring of  Fe(III)PPIX.146 The formation of this 

covalent bond involves minimal interaction with the iron centre and therefore shifts in the charge transfer 

region of the UV-visible spectrum of Fe(III)PPIX would not be expected. Contrary to this, however, Adams 
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and Berman performed an extensive study on the kinetics of the interaction between Fe(III)PPIX and 

artesunate and obtained results consistent with a three-step, time dependent, mechanism involving the 

coordination of oxygen to the iron centre followed by cleavage of the endoperoxide bridge and subsequent 

degradation of the porphyrin, however, association constants were not reported.138 A definitive increase in 

absorbance at approximately 416 nm was described in their study, similar to what has previously been 

reported for Fe(III)PPIX-peroxo intermediates.147,148 The equilibrium constant for the reaction between H2O2 

and an iron(III) octa-anionic porphyrin complex at pH 8 has been previously reported as 3.29 ± 0.08 (log 

scale).130 This weakened binding correlates well with the difficulties that were encountered when trying to 

determine the binding constants for the reaction between artesunate and Fe(III)PPIX in the detergent 

solution, however, the exact nature of the interaction that occurs between Fe(III)PPIX and Art is not fully 

resolved. It is, however, clear from the present study that Art interacts with Fe(III)PPIX in a manner that is 

different to that reported for the quinoline antimalarial drugs in both aqueous and organic solutions. The 

results also suggest that the site of action for Art is a more lipid-based environment, as the association proved 

to be at least measurable in organic solution. 

Although the general structures of CQ and QD shows great similarity, their interaction with Fe(III)PPIX 

differs considerably, which in turn, suggests varying modes of action. Furthermore, the interaction of 

Fe(III)PPIX with CQ and QD is markedly stronger than that of Fe(III)PPIX with Art, however, the 

interaction of Fe(III)PPIX with QD and Art in organic solution strongly support the proposal that their site of 

action is in a non-aqueous, lipid-mediated environment, while the formation of the CQ-Fe(III)PPIX 

association complex is largely favourable in aqueous environments.  
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3.5 Conclusion 

UV-visible spectroscopy was used to determine the association constants of three clinically relevant 

antimalarial drugs with Fe(III)PPIX in aqueous and non-aqueous solutions. The manner in which these 

antimalarial drugs interact with Fe(III)PPIX is largely reliant on the environment in which the association 

takes place. The strengthened interaction of QD and Art with Fe(III)PPIX in acetonitrile suggest that it is 

more likely that these drugs exert their toxicity in a lipid environment, while CQ may rely more greatly on 

hydrophobic interactions for complex formation. Furthermore, the first single crystal X-ray diffraction 

structure for the Cn-Fe(III)PPIX complex could be determined through evaporation from a solution of 

acetonitrile, an environment thought to be a lipid mimic.   The chemical structure of the antimalarial drug is 

also important when considering the mechanism of association with Fe(III)PPIX. While QD has been shown 

to coordinate to the iron centre of Fe(III)PPIX in acetonitrile, in the presence of the 4-amino group of CQ, no 

coordination took place, but, rather, π-π interactions between the porphyrin ring and the drug have been 

proposed. Details of the interaction between Fe(III)PPIX and Art are not well understood, however, the 

present results rule out the formation of a Fe(III)PPIX-Art coordination complex, and suggest a more 

intricate interaction. These results supply important information relating to the complexes that may be 

formed in vivo, as well as the relative strength of the interaction under the different environments proposed 

for drug action. The differences in Fe(III)PPIX interaction could be expected to cause differences in toxicity 

of the complex. This is explored in Chapter 4. 
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Chapter 4. The Peroxidase Activity of Fe(III)PPIX 

4.1 Introduction 

Fe(III)PPIX toxicity is a topic of considerable interest as a result of its relevance to a number of diseases 

including atherosclerosis, hemolytic anemia, and vasculitis.11 The mechanism of Fe(III)PPIX toxicity is 

thought to be related to its ability to generate superoxide radials as a by-product of Fe(II) oxidation to Fe(III) 

in a mechanism known as the superoxide driven Fenton reaction (see Section 1.5.1 for details).38 Extensive 

studies of peroxidase, a haemoprotein enzyme which catalyses the oxidation of organic compounds by 

hydrogen peroxide (H2O2), have been carried out proving its usefulness in a number of biological 

assays.129,147,149 The peroxidase reaction is of significant importance because H2O2 can be utilized in assays 

involving the oxidation of certain chromogens.147  

The generation of reactive oxygen species (ROS), including hydroxyl radicals, is frequently used as a 

measure of toxicity brought about by Fe(III)PPIX. The reaction of iron (III) porphyrins with H2O2 has been 

investigated as a model for the enzyme peroxidase in a number of studies.128,134,149 The reaction involves the 

oxidation of the substrate (XH) by the iron porphyrin in the presence of H2O2 (4.1).  2,2’-Azino-bis-(3-

ethylbenzothiazoline-6-sulphonate) (ABTS) has routinely been used as a chromogenic reducing substrate for 

the peroxidase reaction. After oxidation of the substrate, the green ABTS˙+ radical is produced (4.2), which 

can be monitored spectrophotometrically at 660 nm.149 

2XH+ H2O2
Catalyst
→     2X + 2H2O 

 

(4.1) 

 

(4.2) 

In order to investigate the toxicity of drug-Fe(III)PPIX complexes, the peroxidase activity of Fe(III)PPIX 

needs to be determined as a baseline by which to compare drug induced toxicity. In this chapter, kinetic 

studies of the oxidation of ABTS by Fe(III)PPIX and H2O2 have been carried out under biological conditions 

(37 °C, pH 7.5). Kinetic parameters for the oxidation of ABTS by Fe(III)PPIX in aqueous solution were 

determined and compared to those obtained by Ribeiro et al., who have previously investigated the kinetics 

of ABTS oxidation by Fe(III)PPIX at 30 °C and pH 6.86.134 These results were then used to optimize the 

assay in an aqueous SDS system so as to mimic the proposed environment for haemozoin formation, where it 

is thought that antimalarial drugs exert their toxicity.  
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4.2 Experimental Methods 

4.2.1 The Reaction Between Fe(III)PPIX with H2O2 

4.2.1.1 Preparation of Solutions 

Fe(III)PPIX Stock Solution 

A 1.0 mM Fe(III)PPIX stock solution was prepared by dissolving haematin (3.2 mg, 5.05 µmol) in 0.10 M 

NaOH to a volume of 5.0 mL in a volumetric flask. 

H2O2 Stock Solution 

A 1.0 mM H2O2 stock solution was prepared by diluting 5.0 µL of the commercial solution (30 wt. %) with 

distilled water to a volume of 50.0 mL in a volumetric flask. 

SDS Stock Solution 

A 13.0 mM SDS stock solution was prepared by dissolving the solid (37.5 mg, 130 µmol) in distilled water 

to a volume of 10.0 mL in a volumetric flask. 

4.2.1.2 Experimental Procedure 

Degradation of Fe(III)PPIX by H2O2 (in the absence of ABTS) was investigated spectroscopically by 

monitoring the decrease in absorbance of Fe(III)PPIX as a function of time. Working solutions consisted of 

975 µL Tris buffer stock solution A (see section 2.5.4), 25 µL Fe(III)PPIX (stock solution A) and 1250 µL 

distilled water, to which 250 µL of the H2O2 stock solution (100.0 µM) was added to initiate Fe(III)PPIX 

degradation. The spectrum of Fe(III)PPIX was recorded every 60 seconds (300 to 800 nm) for a total of 30 

minutes. The absorbance at 380 nm was also monitored every 10 seconds for a period of 10 minutes. The 

degradation of Fe(III)PPIX in an aqueous SDS solvent system (1.0 mM) was investigated in the same 

manner as described above. 200 µL of the SDS stock solution was introduced to the system as part of the 

distilled water component. All experiments were conducted in duplicate. 
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4.2.2 The Peroxidase Activity of Fe(III)PPIX in Aqueous Solution 

4.2.2.1 Preparation of Solutions 

ABTS Stock Solution  

A: A 2.0 mM ABTS stock solution was prepared by dissolving ABTS (5.5 mg, 10.0 µmol) in distilled water 

in a 5.0 mL volumetric flask. 

B: A 5.0 mM ABTS stock solution was prepared by dissolving ABTS (13.7 mg, 25.0 µmol) in distilled water 

in a 5.0 mL volumetric flask.  

C: A 7.5 mM ABTS stock solution was prepared by dissolving ABTS (41.2 mg, 75.0 µmol) in distilled 

water to a volume of 10.0 mL in a volumetric flask.  

Ammonium Persulfate Stock Solution 

A 2.6 mM ammonium persulfate stock solution was prepared by dissolving ammonium persulfate (3.0 mg, 

13.15 µmol) in distilled water to a volume of 5.0 mL in a volumetric flask. 

ABTS Radical Stock Solution 

A stock solution of ABTS radical with a theoretical concentration of 2.0 mM was prepared by adding 4.0 mL 

of ABTS stock solution A to 3.8 mL of the ammonium persulfate stock solution.138 The solution was then 

made to a final volume of 10.0 mL in a volumetric flask with distilled water and stored at 4 °C for at least 12 

hours before use. 

Tris Buffer Stock Solutions 

Stock solutions of Tris buffer (130.0 mM) were prepared by dissolving Tris (394.0 mg, 3.25 mmol) in 15.0 

mL distilled water. The pH was adjusted to 6.5, 7.0, 8.0 and 9.0 with a 1.0 M HCl stock solution and to pH 

11 with concentrated NaOH. Solutions having the required pH were then made up to 25 mL with distilled 

water in a volumetric flask. 
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Fe(III)PPIX Stock Solutions 

A: A 1.0 mM Fe(III)PPIX stock solution was prepared by dissolving haematin (3.2 mg, 5.05 µmol) in 0.10 

M NaOH to a volume of 5.0 mL in a volumetric flask. 

B: A 0.2 mM Fe(III)PPIX stock solution was prepared by diluting 2.1 mL of Fe(III)PPIX stock solution A 

with 0.10 M NaOH to a volume of 10.0 mL in a volumetric flask. 

H2O2 Stock Solutions 

A: A 1.0 mM H2O2 stock solution was prepared by diluting 5.0 µL of the commercial solution (30 wt. %) 

with distilled water to a volume of 50.0 mL in a volumetric flask. 

B: A 5.0 mM H2O2 stock solution was prepared by diluting 5.0 µL of the commercial solution (30 wt. %) 

with distilled water to a volume of 5.0 mL in a volumetric flask. 

4.2.2.2 Experimental Procedure 

All experiments were performed in quartz cuvettes with 1 cm pathlength at 37 °C and contained working 

solutions with a volume of 2.5 mL at pH 7.5 (Tris buffer, 50.7 mM), unless otherwise stated. Total 

composition of each component in the working solution are given in Table 4.1. When smaller volumes of a 

component were added, the required volume of the appropriate solvent (see above) was used to ensure the 

composition of each component remained constant throughout experiments. All samples were mixed 

thoroughly using a fine needle insert, before the absorbance was recorded at 660 nm, which corresponds to 

the maximum absorbance peak in the spectrum of the ABTS radical. All experiments were carried out in 

duplicate unless otherwise stated. 

Table 4.1 Composition of components required to investigate the peroxidase activity of Fe(III)PPIX in 

aqueous solution (pH 7.5). 

Component Volume (µL) 

Tris Buffer 

ABTS 

Fe(III)PPIX 

H2O2 

975 

1245 

30 

250 

Total 2500 
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Beer-Lambert Law Plot of ABTS 

To obtain the Beers Law plot, separate solutions of ABTS were made up in a concentration range of 0.0-25.0 

µM, using ABTS stock solution B, and added to a solution of distilled water and Tris Buffer (50.7 mM) in a 

total volume of 2.5 mL. Each solution was mixed thoroughly before the spectrum was recorded between 300 

and 800 nm. The extinction coefficient was then calculated according to the Beer-Lambert law using the 

absorbance value at 340 nm (Equation 4.3 and 4.3a). 

𝐴 =  𝜀𝑙𝑐 (4.3) 

𝜀 =  
𝐴

𝑙𝑐
 

(4.3a) 

Beer-Lambert Law Plot of ABTS Radical 

Individual ABTS˙+ radical solutions, in the concentration range of 0.0-90.0 µM, were added to the buffer 

solution as above. The remaining volume was made up with distilled water and the solutions were mixed 

well before the absorbance spectra were recorded between 300 and 700 nm. Since the oxidation of ABTS by 

ammonium persulfate was not complete, the concentration of unoxidized ABTS still present could be 

calculated from its extinction coefficient at 340 nm (see above). The concentration of oxidized ABTS˙+ 

radical could then be determined according to Equations 4.4 and 4.4a. The extinction coefficient for the 

ABTS radical was calculated as above and used in subsequent experiments to determine the yield of ABTS˙+ 

production. 

[ABTS]Tot = [ABTS]red + [ABTS
∙+] (4.4) 

[ABTS∙+] =  [ABTS]Tot − [ABTS]red  (4.4a) 

pH Study 

The effect of pH on ABTS˙+ production was investigated in the presence of 3.0 mM ABTS and 1.0 µM 

Fe(III)PPIX. Reactions were buffered to values of 6.5, 7.0, 8.0, 9 and 11.0. The reactions were then initiated 

through the addition of 250 µL (100.0 µM) of H2O stock solution A and the resulting absorbance measured at 

660 nm over a period of 200 minutes. 

Effects of Fe(III)PPIX Concentration on ABTS Radical Production 

The catalytic oxidation of ABTS by H2O2 was investigated as a function of Fe(III)PPIX concentration. 

Working solutions were prepared using stock solution B that had final Fe(III)PPIX concentrations of 0.3, 0.6, 

1.0, 1.3, 2.0, 2.5 and 4.0 µM and 3.0 mM ABTS. In each case, the reaction was initiated through the addition 
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of 150 µL of the 5.0 mM H2O2 stock solution and the resulting kinetic curve recorded at 660 nm over a 

period of 60 minutes at intervals of 30 seconds. 

Effects of H2O2 Concentration on ABTS Radical Production  

The catalytic oxidation of ABTS at fixed Fe(III)PPIX (1.0 µM) and ABTS (3.0 mM) concentration was 

investigated as a function of H2O2 concentrations. H2O2 stock solutions A and B were utilized to give 

concentrations of H2O2 in the working solution of 10.0, 50.0, 100.0, 200.0 and 500.0 µM.  This experiment 

was subsequently repeated at Fe(III)PPIX concentrations of 0.3 µM, 0.6 µM and 1.3 µM. 

Effects of ABTS Concentration on ABTS Radical Production 

The oxidation of ABTS was investigated as a function of ABTS concentration, which was varied between 

0.8 and 3.0 mM. This study was done in two parts. In the first part, the concentration of H2O2 was varied 

between 25.0 and 300.0 µM while the concentration of Fe(III)PPIX (1.0 µM) remained constant. In the 

second part, the concentration of Fe(III)PPIX was varied between 0.3 and 1.3 µM while the concentration of 

H2O2 (100.0 µM) remained constant. In total, 20 experiments were performed for each concentration of 

ABTS investigated, which are summarized in Table 4.2. 

Table 4.2 The volumes of Fe(III)PPIX and H2O2 (x and y, respectively) used to determine the effect of ABTS 

on ABTS˙+ production at 660nm. 

 H2O2 (µM) 

Fe(III)PPIX (µM) 25.0 50.0 100.0 200.0 300.0 

0.3 3; 62.5a 3; 125a 3; 250a 3; 100b 3; 150b 

0.6 7.5; 62.5a 7.5; 125a 7.5; 250a 7.5; 100b 7.5; 150b 

1.0 13; 62.5a 13; 125a 13; 250a 13; 100b 13; 150b 

1.3 15; 62.5a 15; 125a 15; 250a 15; 100b 15; 150b 

𝑥 = volume of Fe(III)PPIX stock solution B 

𝑦 = volume of H2O2 
 

a H2O2 stock solution A 
b H2O2 stock solution B  
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4.2.3 The Peroxidase Activity of Fe(III)PPIX in Aqueous SDS  

4.2.3.1  Preparation of Solutions 

ABTS Stock Solution 

A 13.0 mM ABTS stock solution was prepared by dissolving ABTS (71.3 mg, 130.0 µmol) in distilled water 

to a volume of 10.0 mL in a volumetric flask.  

SDS Stock Solution 

A 13.0 mM SDS stock solution was prepared by dissolving the solid (37.5 mg, 130 µmol) in distilled water 

to a volume of 10.0 mL in a volumetric flask. 

4.2.3.2 Experimental Procedure 

The procedure was the same as described in Section 4.2.2.2 with the exception that a 250.0 mM Tris buffer 

stock solution (see section 2.5.4) was used to accommodate the addition of SDS to the system. The total 

volume of each component can be seen in Table 4.3. All experiments were carried out in duplicate unless 

otherwise stated. 

Table 4.3 The composition of each component required to investigate the peroxidase activity of Fe(III)PPIX 

in aqueous SDS solution (pH 7.5). 

Component Volume (µL) 

Tris Buffer 

ABTS 

SDS 

Fe(III)PPIX 

H2O2 

500 

1520 

200 

30 

250 

Total 2500 
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4.2.4 The Kinetic Model 

4.2.4.1  Preparation of Solutions 

ABTS Stock Solution  

A: A 2.0 mM ABTS stock solution was prepared by dissolving ABTS (5.5 mg, 10.0 µmol) in distilled water 

in a 5.0 mL volumetric flask. 

B: A 4.0 mM ABTS stock solution was prepared by dissolving ABTS (11.0 mg, 20.0 µmol) in distilled water 

in a 5.0 mL volumetric flask.  

Cerium (IV) sulfate (Ce(SO4) Stock Solution  

A: A 2.0 mM stock solution of Ce(SO4) was prepared by dissolving the solid (6.6 mg, 20.0 µmol) in distilled 

water in a 10.0 mL volumetric flask. 

B: A 4.0 mM stock solution of Ce(SO4) was prepared by dissolving the solid (13.2 mg, 40.0 µmol) in 

distilled water in a 10.0 mL volumetric flask.  

4.2.4.2 Experimental Procedure 

The ABTS disproportionation reaction was monitored at 520 nm for a period of 30 minutes at 12 second 

intervals. Using a 2:1 ABTS: Ce(SO)4 ratio, the ABTS dication (ABTS++) was formed by adding the 

appropriate volume of the two components to a small vial and thoroughly mixed. The dication was then 

added to 975 µL of the 130.0 mM Tris buffer stock solution (see Section 2.5.4) and the reaction was initiated 

through the addition of an equimolar amount of ABTS (Table 4.4). The concentration of ABTS++ as well as 

the corresponding volumes of each component used are listed in Table 4.4. 
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Table 4.4 The volume of Ce(SO4) and ABTS used to obtain the required concentration of ABTS++, together 

with the volume of ABTS required to initiate the formation of ABTS˙+. 

[ABTS++] (mM) 

Dication ABTS 

VCe(SO4) (µL) VABTS (µL) VABTS (µL) d 

0.1 250a 125 c 62.5  

0.2 500 a 250 c 125 

0.4 500 b 250 d 250 

0.5 626 b 323 d 313 

aCe(SO4) stock solution A 
bCe(SO4) stock solution B 
cABTS stock solution A 
dABTS stock solution B 
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4.3 Results 

4.3.1 The Reaction Between Fe(III)PPIX and H2O2 

High-valent iron oxo species are thought to play an important role in the oxidation of reactions such as the 

ABTS oxidation reaction.130 In order to better understand the oxidation of ABTS by Fe(III)PPIX, it was 

important to first determine the role of Fe(III)PPIX in the reaction by investigating the rate of formation of 

this iron oxo species through the interaction of Fe(III)PPIX with H2O2. While the exact details of this 

interaction are unknown, it is thought that the first step in the reaction involves the association of H2O2 with 

Fe(III)PPIX to form an iron-peroxo species. Bond cleavage and subsequent degradation of Fe(III)PPIX is 

then thought to follow (Equation 4.5). 130,134 

Fe(III)PPIX + H2O2  ⇌ H2O2⋯Fe(III)PPIX → O = Fe(IV)PPIX → decomposition
 

iron-peroxo species 

(4.5) 

To probe this mechanism, the kinetics of the interaction between Fe(III)PPIX and H2O2 was investigated 

spectroscopically. These experiments were carried out in the absence of ABTS, which serves to reduce the 

ROS that otherwise degrade Fe(III)PPIX.  Marked changes in the spectrum of Fe(III)PPIX could be seen 

immediately after the addition of H2O2 in both the aqueous (see Figure 4.1 (a)) and aqueous SDS solutions 

(see Figure 4.1 (b)). A decrease in the Soret band at 398 nm was observed in both solvent systems. The 

decrease in absorbance at 380 nm was monitored over a period of 10 minutes in aqueous (Figure 4.1 (c)) and 

aqueous SDS solution (Figure 4.1 (d)). The decay in both cases could be fitted with a two-phase function, 

which could represent the formation and subsequent decay of an iron-peroxo species. The values obtained 

for these rate constants are summarized in Table 4.5. This decrease in intensity was not, however, seen at 

longer wavelengths. Instead, the charge transfer band at 586 nm in aqueous solvent shows a slight red shift in 

the presence of H2O2 after a period of 60 minutes. The same shift is seen in the aqueous SDS solvent system 

but is more pronounced. While the spectrum of the degradation product is not known, it is assumed that the 

second function relates to the decay of the catalytic iron species.   

The rate constants (calculalted using a simple two-phase decay function) determined for this time-dependent 

reaction are given by 𝑘1 and 𝑘2. It is, however, not clear from the data which reaction is governed by these 

rate constants but it is assumed that 𝑘1 represents the formation of the iron-peroxo species while 𝑘2 may 

represent further interaction with H2O2 which may lead to degradation products. The observed reaction rates 

for the reaction between Fe(III)PPIX and H2O2 indicate a faster rate for both the formation and the decay of 

the complex in aqueous solution (see Table 4.5). The reaction rate for the formation of the iron-peroxo 

species in the aqueous SDS system is approximately half of that obtained in aqueous solution.  
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Figure 4.1 The reaction between Fe(III)PPIX and H2O2. Spectroscopic changes for the reaction between 

10.0 µM Fe(III)PPIX and 100.0 µM H2O2 in (a) aqueous and (b) aqueous SDS solution over a period of 30 

minutes. The black line represents the spectrum of Fe(III)PPIX before the addition of H2O2 and the 

subsequent spectra at each time point are shown from purple to dark blue. Shifts in absorbance are indicated 

with arrows. Plots (c) and (d) show the trace at 380 nm (black circles) for the reactions in (a) and (b), 

respectively, fitted with a two-phase exponential decay function (blue line). 

Table 4.5 A comparison of the observed kinetic parameters (𝑘𝑜𝑏𝑠) obtained for the reaction of Fe(III)PPIX 

with H2O2 in aqueous and aqueous SDS solutions. † 

𝒌𝒐𝒃𝒔 (× 10-4 s-1) Aqueous) Aqueous SDS 

𝑘1 600 ± 100 360 ± 30 

𝑘2 50 ± 10 26 ± 2 

†Error calculated as standard error of the mean (SEM), following two experimental repeats. 

4.3.2 The Peroxidase Activity of Fe(III)PPIX in Aqueous Solution 

As mentioned above, ABTS has often been used to investigate peroxidase reactions as a result of its stability 

and non-carcinogenic nature.128 The reaction is based on the one electron oxidation of ABTS to an emerald 

green coloured ABTS radical cation (ABTS˙+), during the reduction of H2O2, which can be conveniently 

monitored at 660 nm.128,129,134,138,147,149 
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4.3.2.1 Beers Law Standard Curves 

To enable determination of the concentration of the ABTS˙+ radical produced, construction of a Beer-

Lambert plot was required, from which the molar extinction coefficient could be extracted. The ABTS˙+ 

radical was successfully generated by adding ammonium persulfate to ABTS, however, even after a reaction 

time of 12 hours, a substantial amount of unreacted ABTS was still present (see Figure 4.2 (a)). In order to 

accurately determine the extinction coefficient of the radical at 660 nm, a Beer-Lambert plot for the un-

oxidised form of ABTS was carried out at 340 nm (Figure 4.2 (b)). The Beer-Lambert plot for the ABTS 

radical was then constructed by measuring the absorbance of the whole spectrum (300-800 nm). The 

absorbance of un-oxidised ABTS at 340 nm was then used to determine the concentration of unreacted 

ABTS still present in the solution which, in turn, was used to calculate the actual concentration of ABTS˙+ 

(at 660 nm) (Equation 4.4a) present in the solution (Figure 4.2 (c)). The extinction coefficients were found to 

be 40399 ± 626 and 12807 ± 150 M-1 cm-1 for ABTS and ABTS˙+, respectively. These values correspond 

well with previously reported literature values of 36000 M-1 cm-1 for ABTS and 10000-12000 M-1 cm-1 for 

ABTS˙+.150,134,130   

 

Figure 4.2 (a) The UV-Visible spectrum of ABTS (black) and the ABTS˙+ (green). Beer-Lambert Law Plots 

for (b) ABTS and (c) ABTS˙+. The extinction coefficients are 40399 ± 626 and 12807 ± 150 M-1 cm-

1,respectively. 

4.3.2.2 The pH dependence of the ABTS Oxidation Reaction 

The aim of this study was to first optimize an ABTS assay in a system that more closely resembled the 

environment found within the malaria parasite. A temperature of 37 °C and a pH of 7.5 were chosen so as to 

better mimic the environment found within the cytoplasm of the malaria parasite and, consequently gain 

insight into the mechanism of Fe(III)PPIX toxicity. In 1995, Ribeiro et al. carried out a study on the kinetics 

of ABTS oxidation by Fe(III)PPIX.134 Their study was performed at 30 °C and experiments were buffered to 

a pH of 6.86 using phosphate buffered saline. In order to determine whether the change in pH would affect 

the catalytic oxidation of ABTS, a representative kinetic reaction was conducted at varying pH values. 

Kinetic experiments measuring the degree of ABTS˙+ production were therefore carried out in a pH range of 
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6.5-11. The results obtained from this study, shown in Figure 4.3, indicate that the oxidation of ABTS is 

sensitive to pH changes. At pH 11, the maximum yield of ABTS˙+ was reached within the first 30 minutes of 

the reaction, however, the signal started to decay almost immediately after reaching this state, indicating that 

the ABTS˙+ is not stable under these conditions (Figure 4.3 (a)). A similar result was obtained at pH 9. At pH 

8, there was a marked increase in radical production and the product was stable for a longer period of time 

(60 minutes). At pH 7.5 there was a nearly two-fold increase in the yield of radical production when 

compared to pH 8 as well as a prolonged stability, which is maintained for periods as long as 12 hours in the 

case of pH 6.5 (Figure 4.3 (b)) leading to the conclusion that ABTS˙+ is more stable at a lower pH. It is also 

evident that the overall reaction rate is affected by a change in pH. At higher pH values, the reaction reaches 

completion faster than at the low pH values. There is, however, little difference in the yield and rate of 

radical production in the pH range of 6.5-7.5, which implies that changing the pH from 6.86 (used by Ribeiro 

et al.) to 7.5 would not influence the reaction greatly. Further investigations into the initial stages of the 

reaction show minimal variation in the pH range of 6.5-7.5 (Figure 4.3 (c)). Furthermore, a plot of the 

maximum yield of ABTS˙+ production (Figure 4.3 (d)) indicates a constant yield in the pH range of 6.5-7.5 

and that yields only decline at pH values above 7.5. Unfortunately, further investigations could not be 

conducted at pH values below 6.5 owing to the poor solubility of Fe(III)PPIX under acidic conditions.151  

Figure 4.3 The effect of pH on the oxidation of ABTS. (a) The change in absorbance monitored at 660 nm 

over time at pH 11 (-), 9 (-), 8 (-), 7.5 (-), 7 (-) and 6.5(-) in the presence of 3.0 mM ABTS, 1.0 µM 

Fe(III)PPIX and 100.0 µM H2O2 and (b) the absorbance for pH 6.5 over a period of 12 hours. (c) The initial 

150 seconds of the reaction in (a) plotted as a function of increasing time. (d) The maximum yield for the 

reactions described, taken as the maximum absorbance in (a) as a function of pH fitted with a sigmoidal 

function. Data points omitted for clarity.  
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In order to accurately investigate the kinetics of ROS generation by Fe(III)PPIX, kinetic studies of the ABTS 

oxidation reaction were carried out in a manner similar to those described by Ribeiro and Adams.134,149 

Accordingly, all the experiments were carried out under conditions in which a catalytic amount of 

Fe(III)PPIX was present and furthermore, the concentration of ABTS greatly exceeded that of both H2O2 and 

Fe(III)PPIX, ie. [ABTS] >> [H2O2] >> [Fe(III)PPIX]. These constraints were necessary to prevent the 

disproportionation of ABTS (Equation 4.6) at low ABTS concentration, as well as to reduce the catalase 

activity (Equation 4.7) of Fe(III)PPIX at high H2O2 concentrations.130 Both of these processes are discussed 

in further detail below. 

2ABTS∙+ ⇌ ABTS + ABTS++ (4.6) 

2H2O2→ 2H2O+ O2 (4.7) 

The oxidation of ABTS by Fe(III)PPIX and H2O2 is a three-component system, the kinetics of which are 

complex and not fully understood. It is unclear in the literature whether the rate of this reaction is dependent 

on all or some combination of these components. Therefore, in order to accurately determine the role that 

each component plays in the oxidation of ABTS, the concentration of each component was systematically 

varied and the effect on ABTS˙+ formation monitored. This can then be compared to the results obtained in 

the presence of antimalarial drugs. The first component to be varied was Fe(III)PPIX, the details of which 

are discussed below. 

4.3.2.3 Effects of Fe(III)PPIX Concentration on ABTS Radical Production 

To determine the influence of Fe(III)PPIX on the catalytic oxidation of ABTS by H2O2, the kinetics of 

ABTS˙+ radical production was monitored at a constant concentration of both H2O2 and ABTS, while 

varying Fe(III)PPIX concentration. The ability of Fe(III)PPIX to catalyse the oxidation of ABTS is evident 

from the experimental results. ABTS˙+ formation was calculated using the extinction coefficient determined 

above and this concentration was plotted as a function of time (see Figure 4.4 (a)). As expected, in the 

absence of Fe(III)PPIX, no reaction was observed. The yield of ABTS˙+ production was observed to be 

linearly dependent on the concentration of Fe(III)PPIX for Fe(III)PPIX concentrations up to 1.3 µM (see 

Figure 4.4 (b)). For this reason, only Fe(III)PPIX concentrations up to 1.3 µM were considered in subsequent 

experiments. This observation is of interest since catalysts are known to affect the rate of a reaction but not 

influence its yield which would suggest that Fe(III)PPIX does not act as a true catalyst. 
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Figure 4.4 Effects of Fe(III)PPIX concentration on the oxidation of ABTS by H2O2. (a) ABTS radical 

production plotted as a function of increasing time. Experiments were carried out using 300.0 µM H2O2, 3.0 

mM ABTS and Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) 2.0 (-), 2.5 (-) and 4.0 (-) 

µM. (b) Maximal yield of ABTS•+ in (a) as a function of increasing Fe(III)PPIX concentration. Data points 

omitted for clarity. 

4.3.2.4 Effects of H2O2 Concentration on ABTS Radical Production 

As previously discussed, the oxidation of ABTS requires three components and, while Fe(III)PPIX plays an 

essential role in the reaction, the rate is not necessarily independent of the concentration of H2O2 and ABTS. 

Therefore, to determine if H2O2 concentration has an effect on the reaction kinetics, its concentration was 

varied in a similar manner as described for Fe(III)PPIX. The results for this study are shown in Figure 4.5. 

Each data set ((a)-(d)) represents a fixed concentration of H2O2 in which Fe(III)PPIX concentration was 

varied at constant ABTS concentration. Interestingly, the yield of the reaction does not appear to depend 

linearly on the concentration of H2O2 but, rather appears to become saturated at concentrations above 100.0 

µM (Figure 4.5 (e)). One reason for this saturation effect could be a result of the competing catalase reaction, 

which occurs at high H2O2 concentrations. This reaction, shown in Equation 4.7, describes the 

disproportionation of H2O2 to water and oxygen, resulting in a reduction in the concentration of H2O2, a 

necessary component to bring about ABTS oxidation. From the data in Figure 4.5, it is also evident that 

H2O2 has an effect on the rate of ABTS oxidation (Figure 4.5 (f)). At higher H2O2 concentrations the 

maximum yield of ABTS˙+ is reached within the first 20 minutes of the reaction, while at lower H2O2 

concentrations, the maximum yield is not reached even after a period of 60 minutes. 
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Figure 4.5 The effect of H2O2 on the oxidation of ABTS in aqueous solution. The conditions are 3.0 mM 

ABTS and (a) 50.0, (b) 100.0, (c) 200.0 and (d) 300.0 µM H2O2. In each set of experiments, the 

concentration of Fe(III)PPIX was varied as follows: 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The maximum 

yield of ABTS˙+(maximum concentration in 60 minutes) and the overall reaction rate (f) in the presence of 

1.0 µM Fe(III)PPIX and 3.0 mM ABTS as a function of increasing H2O2 concentration. Data points omitted 

for clarity. 

4.3.2.5 Effects of ABTS Concentration on ABTS Radical Production 

The effect of ABTS concentration on ABTS˙+ production was monitored in two stages. The first stage 

involved systematically varying the concentration of ABTS and Fe(III)PPIX while the concentration of H2O2 

remained constant at 100.0 µM. The results for this experiment are shown in Figure 4.6. From the data, it is 

evident that there is a relationship between the yield of ABTS˙+ produced and the concentration of ABTS at a 

given H2O2 concentration (Figure 4.6 (f)). Additionally, the overall reaction rate appears faster at lower 

ABTS concentrations (Figure 4.6 (g)).     

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(a )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(b )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(c )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(d )

[H 2 O 2 ]  (M )

M
a

x
im

u
m

 Y
ie

ld
 (


M
)

0 1 0 0 2 0 0 3 0 0 4 0 0

8

1 0

1 2

1 4

1 6

(e )

[H 2 O 2 ]  (M )

R
e

a
c

ti
o

n
 R

a
te

 (


M
/m

in
)

0 1 0 0 2 0 0 3 0 0 4 0 0

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

(f)

Stellenbosch University  https://scholar.sun.ac.za



63 

 

 

Figure 4.6 The effect of ABTS concentration on the oxidation of ABTS in aqueous solution. The conditions 

are 100.0 µM H2O2 and (a) 0.8, (b) 1.0, (c) 1.5, (d) 2.0 and (e) 3.0 mM ABTS. In each set of experiments, 

the concentration of Fe(III)PPIX was varied as follows: 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. The 

maximum yield (maximum concentration in 60 minutes) and reaction rate in the presence of 100.0 µM H2O2 

and 1.0 µM Fe(III)PPIX are plotted as a function of ABTS concentration in (f) and (g), respectively. Data 

points omitted for clarity. 

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(a )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(b )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(c )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(d )

T im e  (m in u te s)

[A
B

T
S


+
] 

 (
u

M
)

0 2 0 4 0 6 0

0

5

1 0

1 5

2 0

(e )

[A B T S ] (m M )

M
a

x
im

u
m

 Y
ie

ld
 (


M
)

0 1 2 3 4

0

5

1 0

1 5

2 0
(f)

[A B T S ] (m M )

R
e

a
c

ti
o

n
 R

a
te

 (


M
/m

in
)

0 1 2 3 4

0 .0 0

0 .0 5

0 .1 0

0 .1 5
(g)

Stellenbosch University  https://scholar.sun.ac.za



64 

 

During the second stage of this study, the concentration of Fe(III)PPIX was fixed at 1.0 µM and the 

concentration of H2O2 was varied at differing ABTS concentrations (Figure 4.7). From the data, it is once 

again evident that, from lowest to highest concentration, the concentration of ABTS has a direct influence on 

the maximum yield of ABTS˙+ produced (Figure 4.7 (e)). Contrary to what was seen for Fe(III)PPIX, for a 

specific ABTS concentration, ABTS˙+ production does not appear to be directly dependent on H2O2 

concentration. Rather, the maximum yield of ABTS˙+ is saturated at concentrations above 50.0 µM H2O2 

(Figure 4.7 (f)), however, there is a definite increase in the rate of the reaction when moving from lower to 

higher H2O2 concentrations. 

An additional characteristic to these plots is a decay in the observed absorbance, particularly at H2O2 

concentrations above 100.0 µM. Depending on the concentration of ABTS, the point at which the ABTS˙+ 

concentration starts to decay varies. The decay in a particular curve is highlighted by the dotted line 

Interestingly, higher ABTS concentrations appear to stabilize the reaction since the decaying process only 

occurs after a period of 50 minutes as opposed to 20 minutes at lower ABTS concentrations. As mentioned 

previously, high ABTS concentrations are required to prevent ABTS˙+ disproportionation.  

An enlargement of the first five minutes of the experiments above are shown in Figure 4.8. These plots  

would indicate that the oxidation of ABTS by Fe(III)PPIX and H2O2 is not a simple one step process. Rather, 

from the graphs we speculate that there are at least two different processes occurring in the first five minutes 

of the reaction. The two intersecting dotted lines on the respective graphs are an attempt to indicate this 

visually, however further experimentation would be required to confirm their validity. The two processes 

may be related to the different steps in the generation of the radical. It is known from literature that one 

molecule of the iron porphyrin will result in the formation of two molecules of ABTS˙+. The first ABTS˙+ 

radical is thought to be formed through the reduction of O=Fe(IV)por˙+ to O=Fe(IV)por, while the second is 

thought to be produced during the reduction of O=Fe(IV)por to Fe(III). The rates for these two processes 

need not be the same and thus could therefore account for the disjointed kinetic trace observed in the first 

five minutes of the reaction, however, this would require further investigation. 
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Figure 4.7 The effect of ABTS concentration on the oxidation of ABTS in aqueous solution. The conditions 

are 1.0 µM Fe(III)PPIX in the presence of (a) 0.8, (b) 1.0, (c) 1.5, (d) 2.0 mM ABTS. In each experiment, 

the concentration of H2O2 was varied as follows: 25.0 (-), 50.0 (-), 100.0 (-) and 200.0 (-) µM. Dashed lines 

indicate the time at which [ABTS˙+] starts to decay in the case of 200.0 µM H2O2. The maximum yield of 

ABTS˙+ obtained in the presence of 1.0 µM Fe(III)PPIX and (e) 100.0 µM H2O2
 plotted as a function of 

increasing [ABTS] and (f) plotted as a function of increasing [H2O2] in the presence of 0.8 (black) and 2.0 

mM (grey) ABTS. Data points omitted for clarity.   
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Figure 4.8 The effect of ABTS concentration on the initial five minutes of ABTS oxidation in aqueous 

solution. The conditions are 1.0 µM Fe(III)PPIX in the presence of (a) 0.8, (b) 1.0, (c) 1.5 and (d) 2.0 mM 

ABTS in the presence of 25.0 (-), 50.0 (-), 100.0 (-) and 200.0 (-) µM H2O2. Dashed lines drawn in the 

initial two minutes of the reaction indicate what appears to be two different stages in the initial five minutes 

of the reaction. Data points omitted for clarity. 

4.3.3 The Peroxidase Activity of Fe(III)PPIX in Aqueous SDS 

4.3.3.1 Beers Law Standard Curves 

Recent literature has suggested that haemozoin formation most likely occurs in a non-aqueous 

environment.54 Therefore, it has become obligatory to not only measure the toxicity of Fe(III)PPIX in 

aqueous solution, but also in lipid-like environments. Initially, acetonitrile was used to mimic this 

environment since it has previously been shown to facilitate drug-Fe(III)PPIX coordination,111 however, the 

ABTS radical cation was found to be unstable under these conditions (see Figure 4.9).  
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Figure 4.9 The oxidation of ABTS in 60% (v/v) aqueous/acetonitrile. The conditions are 3.0 mM ABTS, 1.0 

µM Fe(III)PPIX and 300.0 µM H2O2. The absorbance trace is observed to decrease in intensity which 

indicates poor stability of ABTS˙+ in the solvent system. 

To accommodate this, the peroxidase activity of Fe(III)PPIX was investigated in an environment that closely 

resembles a lipid-water interface using the water soluble detergent SDS. A concentration of 1.0 mM SDS 

was employed in this study, the same as that used in Chapter 3 for the drug-Fe(III)PPIX titration study in 

order to ensure consistency. No previous studies of the peroxidase activity of Fe(III)PPIX under these 

conditions have been reported. The Beers-law plots for ABTS and ABTS˙+ can be seen in Figure 4.10 (a) and 

(b), respectively, for which extinction coefficients of 19580 ± 122 and 24910 ± 835 M-1 cm-1 were 

determined. The extinction coefficient for the ABTS radical is approximately double that which was 

previously determined for the aqueous system, which indicates that ABTS˙+ absorbs more strongly in the 

aqueous SDS system. 

 

Figure 4.10 Beer-Lambert Law Plots for (a) ABTS and (b) ABTS˙+ in aqueous SDS. The extinction 

coefficients were found to be 19580 ± 121.9 and 24910 ± 834.8 M-1 cm-1, respectively. The Beer-Lambert 

law plots obtained above for ABTS and ABTS˙+ in aqueous solution are shown for comparison as grey, 

dashed lines in (a) and (b), respectively. 
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In order to compare radical production in the two systems, a kinetic study was performed under conditions of 

constant Fe(III)PPIX, H2O2 and ABTS concentrations. The results of this investigation are shown in Figure 

4.11. The overall rate of the oxidation reaction appears delayed in the presence of SDS, with the reaction 

only reaching maximal values after a period of 100 minutes in comparison with the aqueous system, which 

reached completion within the first 60 minutes of the reaction time. An analysis of the reaction rates, 

calculated using a one-phase exponential function, for the conditions described in Figure 4.11 (Table 4.6) 

shows an approximate two-fold reduction when comparing the aqueous system to that of aqueous SDS. 

While the rate of the reaction is slower, the ABTS radical appears to be more stable under these conditions. 

This is based on the observation that there is no evidence of ABTS˙+ decay over the described time period in 

the aqueous SDS system. By contrast, the signal in the aqueous system starts to decay after approximately 60 

minutes.  

 

Figure 4.11 Kinetics of ABTS˙+ formation in the aqueous (grey) and aqueous SDS (black) system. The 

experiment was carried out using 1.0 µM Fe(III)PPIX, 3.0 mM ABTS and 300.0 µM H2O2. Data points 

omitted for clarity. 

Table 4.6 Summary of the reaction rate and yield obtained for the reaction described in Figure 4.11 for the 

oxidation of ABTS by Fe(III)PPIX in aqueous and aqueous SDS solutions. The maximum yield was taken as 

the maximum concentration of ABTS˙+ obtained within the 100 minute period. 

System Reaction Rate (µM/s) Maximum Yield (µM) 

Aqueous 24.4 ± 0.5 13.92 ± 0.04 

Aqueous SDS 11.2 ± 0.2 12.14 ± 0.04 

4.3.3.2 Effects of Fe(III)PPIX on ABTS Radical Production 

Kinetic studies on the oxidation of ABTS by Fe(III)PPIX in the aqueous SDS system were subsequently 

carried out in the same systematic manner as described above for the aqueous system. The concentration 

studies in the aqueous SDS system were based on the results obtained in the aqueous system. Owing to the 

slower rate observed in the SDS system, the experiments were conducted over a period of 90 minutes as 
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opposed to 60 minutes for the aqueous system and, in some cases, higher component concentrations were 

utilised. A kinetic study was carried out in the presence of increasing concentrations of Fe(III)PPIX in the 

range of 0.3-1.3 µM and constant ABTS and H2O2 concentrations. The results, shown in Figure 4.12 (a), 

reveal a similar trend as was seen in the aqueous system. In this data set, as was seen in Figure 4.4 above, 

there again appears to be an initial linear increase until a maximum yield is reached. An analysis of the 

maximum yield obtained at each individual Fe(III)PPIX concentration indicates a direct relationship for the 

concentration range described (Figure 4.12 (b)). At higher concentrations, a saturation effect is once more 

observed. This saturation occurs at lower Fe(III)PPIX concentrations in the case of aqueous SDS, however, 

due to the slow rate of the reaction in this environment, carrying out the reaction at lower Fe(III)PPIX 

concentrations was not feasible. 

Figure 4.12 Effects of Fe(III)PPIX concentration on the oxidation of ABTS by H2O2 in aqueous SDS 

solution. (a) ABTS radical production plotted as a function of increasing time. Experiments were carried out 

using 300.0 µM H2O2, 3.0 mM ABTS and Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) 

µM. (b) Maximal yield of ABTS˙+ in (a) as a function of increasing Fe(III)PPIX concentration. The trend 

obtained in aqueous solution is shown in grey. Data points omitted for clarity.  

4.3.3.3 Effects of H2O2 Concentration on ABTS Radical Production 

The effect of H2O2 concentration on ABTS oxidation was monitored at constant ABTS and increasing 

Fe(III)PPIX concentrations. A H2O2 concentration range of 100.0-400.0 µM was used in these experiments 

and the results for this study are shown in Figure 4.13. These plots show a dependence of ABTS˙+ production 

on H2O2 concentration, with lower yields being reached at 100.0 µM H2O2 when compared to 400.0 µM. 

This dependence, however, is not linear as the yield obtained in the presence of 300.0 µM and 400.0 µM 

H2O2 shows minimal variation and rather suggests a saturation effect at concentrations above 400.0 µM 

(Figure 4.13 (e)).  

A comparison of these results with those obtained in aqueous solution shows minimal change in the 

maximum yield of ABTS˙+, however, there does appear to be a substantial reduction in the overall reaction 
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recording period (Figure 4.13 (f). The aqueous SDS system also appears to enhance the stability of the 

radical. This is evident from Figure 4.13 (d), which shows the radical to be stable at a concentration of 400.0 

µM H2O2, while in aqueous solution, the reaction could only be carried out at H2O2 concentrations below 

300.0 µM. This may indicate that higher H2O2 concentrations are required for the catalase reaction to 

commence in aqueous SDS. Furthermore, in Figure 4.5 (d), a decay in the yield of ABTS˙+ concentration 

after 30 minutes is evident for the reaction conducted at 0.3 µM Fe(III)PPIX. This is, however, not the case 

in the aqueous SDS system as the response was maintained for 90 minutes in each reaction described. The 

exact reason for the enhanced stability of the radical in aqueous SDS is not known, however, it may suggest 

that ROS generation is more prolonged in environments that resemble the lipid-water interface. 

Figure 4.13 The effect of varying H2O2 concentration on the oxidation of ABTS in aqueous SDS solution. 

The conditions are 3.0 mM ABTS in the presence of (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 

and Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The maximum yield (maximum 

concentration in 90 minutes) and overall reaction rate (f) obtained in the presence of 3.0 mM ABTS and 1.0 

µM Fe(III)PPIX plotted as a function of increasing H2O2 concentration. Data points omitted for clarity. 
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4.3.3.4 Effects of ABTS Concentration on ABTS Radical Production 

The effect of varying ABTS concentration as a function of increasing Fe(III)PPIX concentration can be seen 

in Figure 4.14. It can be seen from this data that ABTS˙+ production is directly related to the concentration of 

ABTS in each reaction up to concentrations as high as 5.0 mM (Figure 4.14 (e)). In contrast to what was 

observed in aqueous solution, the overall reaction rate does not appear to be affected by a change in ABTS 

concentration (Figure 4.5 (f)). This experiment once again provides evidence for enhanced stability in the 

aqueous SDS system since the radical is stable at higher ABTS concentrations. 

 

Figure 4.14 The effect of varying ABTS concentration on the oxidation of ABTS in aqueous SDS solution. 

The conditions are 100.0 µM H2O2 in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM ABTS and 

Fe(III)PPIX concentrations of 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM. (e) The yield of ABTS˙+ and (f) the 

overall reaction rate in the presence of 1.0 µM Fe(III)PPIX is plotted as a function of increasing ABTS 

concentration in. Data points omitted for clarity. 

The data recorded during the second stage of the ABTS concentration study is shown in Figure 4.15. Here 

again, similar trends are observed compared to the reaction conducted in aqueous solution. As with the above 
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studies, minimal variation in the maximum yield of ABTS˙+ production is seen when compared to aqueous 

solution (e). There is, however, a substantial difference in the reaction rate and the stability of the radical 

between the two environments. As was seen in aqueous solution, at a given ABTS and Fe(III)PPIX 

concentration, the maximum yield of ABTS˙+ is constant in the H2O2 concentration range discussed, 

however, the rate at which this yield is achieved varies as a function of H2O2 concentration (f). In 

comparison to what was observed in aqueous solution, the signal starts to decay at a later time, providing 

further proof for improved stability in aqueous SDS. An enlargement of the initial five minutes of the 

reaction is shown in the Figure 4.16. Interestingly, in aqueous SDS solution, there is evidence of a lag phase 

in the initial 30 seconds of the reaction which is most evident at higher concentrations of ABTS. This is 

followed by an exponential phase. The lag phase was absent when the experiment was conducted in aqueous 

solution. 

 

Figure 4.15 The effect of varying ABTS concentration on the oxidation of ABTS in aqueous SDS solution. 

The conditions are 100.0 µM H2O2 in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM ABTS and 

H2O2 concentrations of 100.0 (-), 200.0 (-), 300.0 (-) and 400.0 (-) µM. The maximum yield of ABTS˙+ 

obtained in the presence of 1.0 µM Fe(III)PPIX and (e) 100.0 µM H2O2
 plotted as a function of increasing 

[ABTS] and (f) plotted as a function of increasing [H2O2] in the presence of 1.0 (black) and 5.0 mM (grey) 

ABTS. Data points omitted for clarity. 
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Figure 4.16 The effect of ABTS concentration on the initial five minutes of ABTS oxidation in aqueous 

solution. The conditions are 1.0 µM Fe(III)PPIX in the presence of (a) 1.0, (b) 2.0, (c) 3.0 and (d) 5.0 mM 

ABTS in the presence of 100.0 (-), 200.0 (-), 300.0 (-) and 400.0 (-) µM H2O2. Data points omitted for 

clarity. 

 

4.3.4 The Kinetic Model 

Understanding the kinetics of ABTS oxidation has been a matter of great interest in the past, however, to our 

knowledge, there is only one study which has investigated the kinetics of ABTS oxidation by Fe(III)PPIX.134 

In this study, the authors obtained rate constants by extrapolating the initial linear portion of the reaction, 

thereby determining the initial rate of the reaction. Attempts were made to determine rate constants in this 

manner, however, since this method disregards the data succeeding the first five minutes of the reaction, 

inconsistencies were obtained. It was therefore decided to determine the reaction rate in a manner that takes 

into account the full reaction time so as not to omit any important data. The first step in this process was thus 

to propose a model for ABTS oxidation by Fe(III)PPIX. The general reaction scheme for the oxidation of 

ABTS is shown in Scheme 4.1. This scheme has been proposed by a number of authors and is the generally 

accepted cycle for the oxidation of ABTS by an iron porphyrin and H2O2.130,134,149 The first step of this cycle 

involves the reaction of Fe(III)PPIX and H2O2 to form an iron-peroxo species (I in Scheme 4.1), followed by 
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form an oxo iron (IV) species (III in Scheme 4.1) while simultaneously oxidizing one molecule of ABTS. 

Finally, Compound III is reduced back to Fe(III)PPIX when a second molecule of ABTS is oxidised.  

 

Scheme 4.1 The simplified catalytic cycle for the oxidation of ABTS in which Fe(III)PPIX reacts with H2O2 

to form a Fe(III)PPIX-peroxo species (I), which rapidly converts to the catalytically active Fe(IV) porphyrin 

radical cation (II). Compound (II) can then oxidise one molecule of ABTS to produce ABTS˙+
 and an oxo 

iron (IV) porphyrin species (III) which in turn can oxidise a second molecule of ABTS and regenerate 

Fe(III)PPIX.130,134 

The cycle of ABTS oxidation is, however, much more complex and has been proposed to consist of 

numerous side reactions that are not shown in Scheme 4.1. It is well known from literature, for example, that 

Fe(III)PPIX dimerises in solution (see Section 1.4.3.1).89 Since it is proposed that monomeric Fe(III)PPIX 

(Fe(III)PPIXM) is the species that takes part in the catalytic cycle, it is necessary to also know the extent of 

dimerisation that occurs under experimental conditions (given by 𝑘1 and 𝑘2 in Scheme 4.2 (a)). Furthermore, 

as alluded to in equation 4.4, at low ABTS concentrations, ABTS˙+ disproportionates into ABTS and the 

ABTS dication, ABTS++. This would result in a reduction in the yield of ABTS˙+ and therefore needs to be 

taken into account when considering the kinetic model (see 𝑘4 and 𝑘5 in Scheme 4.2 (b)). Authors have also 

suggested that an interaction occurs between Fe(III)PPIX and ABTS to form an ABTS⋯Fe(III)PPIX 

(por)Fe⋯H2O2

Fe(III)PPIX

por˙+Fe(IV)=O 

(por)Fe(IV)=O  

H2O2

ABTS

ABTS

ABTS˙+

ABTS˙+

(I)

(II)

H2O

(III)
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complex.129,134,149 This can then proceed to react with H2O2 to form an ABTS⋯Fe(III)PPIX⋯H2O2 complex. 

Following the release of water, the resulting ABTS⋯Fe(III)PPIX radical cation can supposedly oxidise an 

additional molecule of ABTS (Scheme 4.2). It is unclear at this time whether these species occur as complex 

intermediates or transition state complexes. 

 

Scheme 4.2 The proposed catalytic cycle for the oxidation of ABTS. Additional reactions include (a) the 

dimerisation of monomeric Fe(III)PPIX (Fe(III)PPIXM to Fe(III)PPIXD); (b) disproportionation of ABTS˙+ to 

ABTS and ABTS++
 and (c) the suggested formation of an ABTS⋯Fe(III)PPIX radical cation complex 

following a reaction between Fe(III)PPIX, ABTS and H2O2.134,149 

Since the only literature available regarding the kinetics of ABTS oxidation by Fe(III)PPIX is that of Ribeiro 

et al.,134 it was decided to make an attempt at proposing a kinetic model and determining rate constants for 

this reaction in aqueous solution. Two processes described in the above schematic were investigated 

independently and, eventually optimised in MATLAB,152 to obtain a preliminary catalytic cycle for the 

oxidation of ABTS by Fe(III)PPIX and H2O2 in aqueous solution. These are discussed in the subsequent 

sections. 
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4.3.4.1 The Reaction Between Fe(III)PPIX and H2O2
 in Aqueous Solution 

The reaction between Fe(III)PPIX and H2O2 has previously been discussed in the text as being of significant 

importance in the ABTS oxidation reaction. This reaction is, however, complicated by the dimerisation of 

Fe(III)PPIX. The reaction describing the dimerisation of Fe(III)PPIX is shown in Equation 4.8, where 

Fe(III)PPIX is abbreviated as Fe(III)porM for the monomeric form and Fe(III)porD for the dimeric form. The 

rate constants k1 and k2 govern forward and reverse reactions, respectively. The fitting of the model was only 

successful when this process was taken into account. The rate equation for the reaction between monomeric 

Fe(III)PPIX and H2O2 is shown in Equation 4.9, with rate constant 𝑘3. 

Fe(III)porM + Fe(III)porM

k1
⇌
k2

 Fe(III)porD (4.8) 

Fe(III)porM + H2O2  
k3
→ O=Fe(IV)por 

 

(4.9) 

The reactions described in Equations 4.8 and 4.9 were then used to derive the multi-step reaction rate model 

according to the following objective function: 

∑(Aexp,ti − Atheo,ti)
2

n

t=0

 

The change in concentration of each species was considered as a function of time. These are shown in 

equations 4.10-4.13, for Fe(III)porM, Fe(III)porD, H2O2 and O=Fe(IV)por, respectively. 

d[Fe(III)porM]

dt
=  2k2 [Fe(III)porD] − 2k1 [Fe(III)porM]

2 − k3[Fe(III)porM][H2O2] 

 

(4.10) 

d[Fe(III)porD]

dt
=  k1 [Fe(III)porM][Fe(III)porM] − k2[Fe(III)porD] 

 

(4.11) 

d[H2O2]

dt
=  − k3[Fe(III)porM][H2O2] 

 

(4.12) 

d[O=Fe(IV)por]

dt
=  k3[Fe(III)porM][H2O2] 

 

(4.13) 
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The multi-step reaction rate model was then optimised in Matlab using Equations 4.10-4.13 and the obtained 

non-linear least-squares fit is shown in Figure 4.17. From this, the extinction coefficients for each species, as 

well as the rate constants describing the reactions, could be determined and are listed in Table 4.7 and 4.8, 

respectively. 

 

Figure 4.17 The reaction between Fe(III)PPIX and H2O2. The experimental data (black), fitted to a non-

linear least-squares function (blue) at 340nm. 

Table 4.7 Molar extinction coefficients (340 nm) determined following the optimisation of the multi-step 

reaction rate model for the reaction between Fe(III)PPIX and H2O2 using Equations 4.10-4.13. 

Species Extinction Coefficient (M-1cm-1) 

Fe(III)PPIXM 50491 ± 2525 

Fe(III)PPIXD 71253 ± 3563 

H2O2 0 ± 0.1 

H2O2⋯Fe(IV)PPIXM
† 32008 ± 1600 

†H2O2⋯Fe(IV)PPIX is a general term that refers to an iron-peroxo species. 

Table 4.8 Rate constants determined following the optimisation of the multi-step reaction rate model for the 

reaction between Fe(III)PPIX and H2O2 using Equations 4.10-4.13. 

Rate Constant k 

k1 (6.60 ± 0.33) × 106 

k2 1 ± 0.1  

k3 35037 ± 1752 
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The logarithm of the dimerisation constant (log K = 6.82, pH 7.5), where K1 (k1 /k2), is in excellent 

agreement with that obtained by Marques and co-workers (6.82).88 Using the calculated extinction 

coefficients listed in Table 4.7, the concentration of each Fe(III)PPIX species as a function of time could be 

determined. These results are plotted in Figure 4.18. From the data, it is evident that the dominant species at 

the beginning of the reaction is dimeric Fe(III)PPIX, most likely the π-π dimer.89 When the available 

monomer amount is used up, more dimer monomerises, until everything is converted to the oxidised form. 

Furthermore, the reaction between Fe(III)PPIX and H2O2 is shown to be fast with saturation being reached 

within the first 10 minutes. This is in agreement with the conclusions reached in section 4.3.1, which showed 

negligible variation in the absorbance spectrum following a period of 10 minutes. It is, however, unclear as 

to which oxidized Fe(III)PPIX species is being formed. Additional experiments would be required to confirm 

whether the radical cation or just the cation Fe(IV) oxo species is formed under these conditions.   

 

Figure 4.18 The concentration of monomeric (-), dimeric (-) and oxidized (-) Fe(III)PPIX present in 

aqueous solution for the reaction described in Equation 4.8 and 4.9 at a wavelength of 340nm.  

4.3.4.2 The ABTS Disproportionation Reaction 

The second reaction that was investigated independently was that of the disproportionation of ABTS˙+. The 

reaction equation is shown in Equation 4.14. For experimental simplicity, the reverse of this reaction was 

considered (Equation 4.14a). Using the latter equation, the multi-step reaction rate model for the 

disproportionation of ABTS could be derived and the rate models for the individual species are shown in 

Equations 4.15-4.17.  
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2ABTS∙+
k5
 ⇌ 
k4

ABTS + ABTS++ 

 

(4.14) 

ABTS + ABTS++
k4
 ⇌  2
k5

ABTS∙+ (4.14a) 

d[ABTS]

dt
=  k5 [ABTS

∙+]2 − k4 [ABTS][ABTS
++] 

 

(4.15) 

d[ABTS++]

dt
=  k5 [ABTS

∙+]2 − k4 [ABTS][ABTS
++] 

 

(4.16) 

d[ABTS∙+]

dt
=  2k4 [ABTS][ABTS

++]  −  2k5[ABTS
∙+]2 

 

(4.17) 

This experiment involved systematically varying the concentration of ABTS++ while keeping the 

concentration of ABTS constant. The ABTS dication has previously been reported to have an absorbance 

maximum at 520 nm and therefore this wavelength was used to monitor the decay of this species to form the 

radical cation.153 As expected, higher concentrations of ABTS++ induced a higher absorbance at 520 nm, 

however, in each case the reaction reaches equilibrium within a period of 30 minutes. 

The multi-step reaction rate model (Equations 4.14-4.17) was then optimised in Matlab to afford the 

extinction coefficients for ABTS++, ABTS and ABTS˙+ as well as the rate constants for the reaction and the 

obtained non-linear least-squares fits are shown in Figure 4.19. These are listed in Table 4.9 and 4.10, 

respectively. The extinction coefficient obtained for ABTS++ is in good agreement with that obtained in a 

previous study (35986 vs 36000 M-1cm-1), however, it does require further optimisation in Matlab.153  An 

analysis of the rate constants obtained for the reaction described in Equation 4.14 indicates that the 

disproportionation of ABTS˙+ is approximately five times more favourable than forward reaction and 

therefore it is necessary to take this into account when considering the full reaction model. 
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Figure 4.19 The disproportionation of ABTS˙+. The experimental data (circles) fitted with a non-linear least-

squares fit at 340nm for the reaction between ABTS and ABTS++ for ABTS++ concentrations of 0.1 (-), 0.2(-

), 0.4 (-) and 0.5 (-) mM. 

Table 4.9 The extinction coefficients (520 nm) calculated for ABTS++, ABTS and ABTS+ for the reaction 

shown in Equation 4.14a. 

[ABTS++] (mM) ABTS++ (M-1cm-1) ABTS (M-1cm-1) ABTS˙+ (M-1cm-1) 

0.1 36875 0 937 

0.2 36646 0 1120 

0.4 36163 0 1281 

0.5 35158 0 1558 

Average 36211 0 1224 

Std. Error 762 0 263 
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Table 4.10 The rates of the forward and reverse reactions for the reaction shown in Equation 4.14a at each 

relevant ABTS++ concentration. 

[ABTS++] (mM) k4  k5 

0.1 298.2 1223.1 

0.2 216.7 1536.8 

0.4 261.1 913 

0.5 230.6 1222.9 

Average 251.7 1224.0 

Std. Error 36.2 254.7 

 

 

4.3.4.3 Proposed Reaction Model 

Following the investigation into the above two reactions, attempts were made to determine a suitable 

reaction model and, furthermore, a rate constant for the oxidation of ABTS by Fe(III)PPIX and H2O2 in 

aqueous solution. The first proposed model is shown in Equations 4.18-4.23. The first reaction (4.18) was 

that of Fe(III)PPIX monomer dimerisation. The dimerisation is an important factor when considering 

Fe(III)PPIX in aqueous solution. Furthermore, authors have suggested that it is the Fe(III)PPIX monomer 

that interacts with H2O2 (4.19) and not the dimer. During this reaction, the catalytically active iron(IV) 

porphyrin radical species is generated which reacts with ABTS (4.20) to produce one molecule of ABTS˙+. 

During this process, it is proposed that the porphyrin cation is reduced back to Fe(IV). Once ABTS˙+ has 

been produced, it may disproportionate into ABTS and ABTS++ (4.21). Equation 4.22 shows the interaction 

between the Fe(IV) porphyrin and ABTS to generate a second molecule of ABTS and regenerate the 

porphyrin. As was suggested in Scheme 4.2, the oxo Fe(IV) porphyrin could further react with H2O2 to 

produce degradation products (4.23).      

Fe(III)porM + Fe(III)porM

 k1
⇌
k2

Fe(III)porD (4.18) 

Fe(III)porM + H2O2
k3
→O=Fe(IV)por∙+ + H2O (4.19) 

O=Fe(IV)por∙+ + ABTS
k4
→ ABTS∙+ + Fe(IV)por (4.20) 

2ABTS∙+
k5
⇌
k6

 ABTS++ + ABTS (4.21) 
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Fe(IV)por + ABTS
k7
→ ABTS∙+ +  Fe(III)porM (4.22) 

O=Fe(IV)por + H2O2
k8
→  degradative products (4.23) 

The reactions described in Equations 4.18 to 4.23 were then used to derive the multi-step reaction rate 

model, where the change in concentration of each species is considered as a function of time. These are 

shown in Equations 4.24-4.32, for each component described in the above reactions. The rate constants 

obtained for the dimerisation of Fe(III)PPIX (Table 4.8), the reaction between Fe(III)PPIX and H2O2 (Table 

4.8) as well as the ABTS˙+ disproportionation reaction (Table 4.10) were fixed at the values listed in the 

relevant tables. In this manner, the reaction is simplified and therefore the program need only to optimise the 

rate constants for the generation of ABTS˙+ (𝑘4, 𝑘7) as well as that of the porphyrin degradation (𝑘8).  

d[Fe(III)porM]/dt    

=   2k2[Fe(III)porD]  −  2k1[Fe(III)porM]
2  − k3[Fe(III)porM][H2O2]  

+  k7[ABTS
∙+][Fe(III)porM] 

(4.24) 

d[Fe(III)porM]/dt  

=   2(1)[Fe(III)porD]  −  2(6.61 × 10
6)[Fe(III)porM]

2

−  35000[Fe(III)porM][H2O2]  +   k7[ABTS
∙+][Fe(III)porM] 

(4.24a) 

d[Fe(III)porD]/dt    =     k1[Fe(III)porM]
2  −  k2[Fe(III)porD] (4.25) 

d[Fe(III)porD]/dt  =     (6.61 × 10
6)[Fe(III)porM]

2 − (1)[Fe(III)porD] (4.25a) 

d[H2O2]/dt    =    − k3[Fe(III)porM][H2O2]  −  k8[O=Fe(IV)por][H2O2] (4.26) 

d[H2O2]/dt  =    − 35000[Fe(III)porM][H2O2]  −  k8[O=Fe(IV)por][H2O2] (4.26a) 
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d[O=Fe(IV)por]

dt
   

=    k3[Fe(III)porM][H2O2] − k4[O=Fe(IV)por][ABTS]  

− k8[O=Fe(IV)por][H2O2] 

(4.27) 

d[O=Fe(IV)por]

dt
  =     35000[Fe(III)porM][H2O2]  −  k4[O = Fe(IV)por][ABTS]  −  k8[O

= Fe(IV)por][H2O2] 
(4.27a) 

d[ABTS]

dt
   =    k5[ABTS

∙+]2 − k4[O=Fe(IV)por][ABTS] − k6[ABTS
++][ABTS] 

− k7[Fe(IV)por][ABTS] 
(4.28) 

d[ABTS]

dt
=    (1300)[ABTS∙+]2 − k4[O=Fe(IV)por][ABTS]  + (1300)[ABTS

∙+]2  

− (340)[ABTS++][ABTS]  − k7[Fe(IV)por][ABTS] 
(4.28a) 

d[ABTS∙+]

dt
   =    k4[O=Fe(IV)por][ABTS]  − 2 k5[ABTS

∙+]2  +  2k6[ABTS
++][ABTS]  

+ k7[Fe(IV)por][ABTS] 
(4.29) 

d[ABTS∙+]

dt
= k4[O=Fe(IV)por][ABTS] −  2(1300)[ABTS

∙+]2  +  2(340)[ABTS++][ABTS]  

+ k7[Fe(IV)por][ABTS] 
(4.29a) 

d[Fe(IV)por]/dt = k4[O=Fe(IV)por][ABTS] − k7[Fe(IV)por][ABTS] (4.30) 

d
[ABTS++]

dt
   = k5[ABTS

∙+]2  −  k6[ABTS
++][ABTS] 

(4.31) 
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d
[ABTS++]

dt
 =  1300[ABTS∙+]2  −  340[ABTS++][ABTS] (4.31a) 

d[deg]/dt = k8[O=Fe(IV)por][H2O2] (4.32) 

 

This set of equations are stiff ordinary differential equations (ode) and, therefore, the MATLAB ordinary 

differential equation solvers could not solve the kinetic model. It was therefore attempted to model a more 

simplified reaction model, which is shown in Equations 4.33-4.36. In this model, only one molecule of 

ABTS˙+ is formed before the porphyrin is regenerated. Furthermore, the additional interaction between the 

oxo Fe(IV) porphyrin radical species and H2O2 has been omitted. 

Fe(III)porM + Fe(III)porM

 k1
⇌
k2

Fe(III)porD  
(4.33) 

Fe(III)porM + H2O2
k3
→O=Fe(IV)por 

(4.34) 

O=Fe(IV)por + ABTS
k4
→ ABTS∙+ + Fe(III)porM 

(4.35) 

2ABTS∙+
k5
⇌
k6

 ABTS++ + ABTS  
(4.36) 

 

The reactions described in Equations 4.33 to 4.36 were once again used to derive the multi-step reaction rate 

model, where the change in concentration of each species is considered as a function of time. These are 

shown in Equations 4.37-4.43, for each component described in the above reactions. 

d[Fe(III)porM]/dt    

=   2k2[Fe(III)porD]  −  2k1[Fe(III)porM]
2  − k3[Fe(III)porM][H2O2]  

+  k4[ABTS][O=Fe(IV)por] 
(4.37) 
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d[Fe(III)porM]/dt  

=   2(1)[Fe(III)porD]  −  2(6.61 × 10
6)[Fe(III)porM]

2

−  35000[Fe(III)porM][H2O2]  +   k4[ABTS][𝑂 = 𝐹𝑒(𝐼𝑉)𝑝𝑜𝑟] 
(4.37a) 

d[Fe(III)porD]/dt    =     k1[Fe(III)porM]
2  −  k2[Fe(III)porD] (4.38) 

d[Fe(III)porD]/dt   =     (6.61 × 10
6)[Fe(III)porM]

2 − (1)[Fe(III)porD] (4.38a) 

d[H2O2]/dt    =    − k3[Fe(III)porM][H2O2]  (4.39) 

d[H2O2]/dt =    − 35000[Fe(III)porM][H2O2]  (4.39a) 

d[O=Fe(IV)por]

dt
   =    k3[Fe(III)porM][H2O2] − k4[O=Fe(IV)por][ABTS]  (4.40) 

d[O=Fe(IV)por]

dt
  =     35000[Fe(III)porM][H2O2]  − k4[O=Fe(IV)por][ABTS]  (4.40a) 

d[ABTS]

dt
   =    k5[ABTS

∙+]2 − k4[O=Fe(IV)por][ABTS]  − k6[ABTS
++][ABTS] (4.41) 

d[ABTS]

dt
  =    (1300)[ABTS∙+]2 − k4[O=Fe(IV)por][ABTS]   + (1300)[ABTS

∙+]2  

− (340)[ABTS++][ABTS]  
(4.41a) 

d[ABTS∙+]

dt
   =    k4[O=Fe(IV)por][ABTS]  − 2 k5[ABTS

∙+]2  +  2k6[ABTS
++][ABTS]  (4.42) 
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d[ABTS∙+]

dt
= k4[O=Fe(IV)por][ABTS] −  2(1300)[ABTS

∙+]2  +  2(340)[ABTS++][ABTS]  (4.42a) 

d
[ABTS++]

dt
   = k5[ABTS

∙+]2  −  k6[ABTS
++][ABTS] (4.43) 

d
[ABTS++]

dt
 =  1300[ABTS∙+]2  −  340[ABTS++][ABTS] (4.43a) 

 

The above-mentioned reaction equations were simulated in Matlab, however, the fits were once again 

unsuccessful. An example of the experimental data fitted with a non-linear least squares function can be seen 

in Figure 4.20. Significant deviations from the proposed rate model can be seen at all points of the curve. In 

both data sets, the initial rate of the reaction is faster than what is proposed using the experimental model. 

Furthermore, at both H2O2 concentrations, the final yield after 60 minutes is less than what is proposed using 

the kinetic model.  The rate constant (𝑘4) for the generation of ABTS˙+ obtained through simulation of the 

kinetic model for the two data sets is listed in Table 4.11. The results show a great variation in reaction rate 

between the two data sets. Furthermore, the extinction coefficient for ABTS˙+ is approximately four times 

less than what was determined experimentally. 

The large discrepancies in the experimental data compared to that of the proposed kinetic model highlights 

the complexity of the ABTS oxidation reaction. Since both models failed to produce data consistent with that 

determined experimentally, it can be assumed that the proposed model is incomplete and would require more 

experimental work as well as computational work. This was, however, beyond the scope of this project and 

should therefore be considered as future work.   
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Figure 4.20 The rate model. The experimental trace (black) of absorbance as a function of time in the 

presence of 1.0 mM ABTS, 1 µM Fe(III)PPIX and H2O2 concentrations of (a) 25.0 and (b) 200.0 µM. The 

theoretical absorbance calculated according to the proposed rate model is shown in blue.  

 

Table 4.11 The rate constant obtained for the oxidation of ABTS by Fe(III)PPIX and H2O2  (Equation 4.35) 

in aqueous solution together with the extinction coefficient of ABTS˙+ determined, following simulation of 

the kinetic model. 

[H2O2] (µM) 𝒌𝟒 𝜺 (M-1cm-1) 

25 2.95 × 106 3248 

200 1.39× 107 1136 
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4.4 Discussion 

Investigations into the toxic nature of Fe(III)PPIX have proven to be vital owing to its involvement in a 

number of illnesses including malaria and sickle cell disease.11 One of the mechanisms through which 

Fe(III)PPIX is thought to exert its toxicity is thought to be through its ability to react with H2O2 in a manner 

similar to that of a class of enzymes known as peroxidases. The main aim of this chapter was to investigate 

the peroxidase activity of Fe(III)PPIX in aqueous solution and subsequently compare this to the activity of 

Fe(III)PPIX in an environment that has a closer resemblance to one in which the Fe(III)PPIX detoxification 

product, haemozoin, is formed in the malaria parasite. As previously discussed in Chapter 3, the proposed 

site of antimalarial drug action has shifted to a non-aqueous environment, therefore, understanding the nature 

of Fe(III)PPIX under these conditions is an essential step in probing the mechanism of action of these 

antimalarial drugs. In this study, Fe(III)PPIX was found to successfully catalyse the oxidation of ABTS by 

H2O2. The mechanism by which Fe(III)PPIX catalyses this reaction, however, is not fully understood. 

Previous studies have proposed that the first step in the mechanism involves the association of Fe(III)PPIX 

with H2O2, although details of the structure of this intermediate species are still unknown (Equation 

4.44).128,130,134  

Fe(III)PPIX + H2O2  ⇌ H2O2⋯Fe(III)PPIX 
 (4.44) 

Following Fe(III)PPIX association, the next step in the catalytic process is thought to involve the cleavage of 

a peroxide bond.154 This process can proceed either homolytically or heterolytically and the two mechanisms 

can be differentiated by the end products obtained. During homolytic cleavage, hydroxide radicals and an 

oxo-iron(IV)-porphyrin complex are produced (Equation 4.45), while heterolytic cleavage yields water and 

an oxo-iron(IV)-porphyrin radical cation species (Equation 4.46). Subsequently, degradation of the iron 

porphyrin commences. 

H2O2⋯Fe(III)PPIX → OFe(IV)(por) +  ˙OH + H 
+ (4.45) 

H2O2⋯Fe(III)PPIX → OFe(IV)(por
+˙) + H2O

 (4.46) 

A more recent paper has investigated the mechanism of the reaction between an iron(III) octa-anionic 

porphyrin complex and H2O2 using ABTS.130 In this study, the spectrum of the porphyrin was monitored in 

the presence of H2O2 over a period of 30 seconds at 4 °C. The authors found that when the pH was less than 

9, the observed decay in the Soret band could be fitted with a three-phase function. This was attributed to the 

three steps of the reaction, namely the formation of the iron-oxo complex, the cleavage of the iron-peroxo 

bond and, finally, decay of the catalytic species. Additional independent studies on the interaction between 
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haem octapeptide microperoxidase-8 (MP-8) have reported similar observations.134,155,156 In the current work, 

the shifts in the absorbance spectrum of Fe(III)PPIX in the presence of H2O2 after a period of 30 minutes 

provided evidence of the reaction between Fe(III)PPIX and H2O2. In our case, however, the data were fitted 

with a two-phase function. The study by van Eldik and co-workers suggests that the formation of the 

porphyrin complex with H2O2 occurs within the first 30 seconds when the reaction is conducted at 4 °C.130 

For this reason, the assumption was made, that under the experimental conditions presented here, the 

formation of the oxo-iron complex is too fast to be monitored. Consequently, the first observed phase of the 

reaction is attributed to the formation and cleavage of the oxo-iron complex, while the second phase most 

likely represents the decay of the catalytically active oxo-iron(IV)-porphyrin radical cation species. In future 

work, stopped-flow kinetics may be used to further investigate this avenue, however, due to instrument 

failure this technique was not available at the time. 

Both the oxo-iron(IV)-porphyrin complex and the oxo-iron(IV)-porphyrin radical cation species are able to 

react with ABTS to form the ABTS˙+. A number of studies have been carried out to determine the 

mechanism through which this process occurs. A study by Wolfenden and Willson showed that in the 

presence of hydroxide radicals, the oxidation of ABTS to ABTS˙+ occurs in a yield of 58 %.154 In the 

presence of excess bromine, however, the hydroxide radicals will generate bromine radicals which carry out 

the oxidation of ABTS in a yield of 100%.147 Ribeiro et al. performed an experiment on the basis of this 

observation in which they introduced excess bromine into their system and measured the yield of ABTS˙+ 

production.134 They found that there was no increase in the yield of ABTS˙+ produced, implying an absence 

of hydroxide radicals. This led them to believe that the cleavage of the iron-peroxo species proceeds 

heterolytically to produce the oxo-iron(IV)-porphyrin radical cation species as opposed to hydroxide 

radicals. Based on this, the next steps of the reaction can be described by equations (4.47) and (4.48).  

O = Fe(IV)(por+˙) + H2O 
ABTS
→   ABTS˙+ +  O = Fe(IV)(por) (4.47) 

O = Fe(IV)(por)
ABTS
→    ABTS˙+ +  Fe(III)PPIX (4.48) 

Additional processes in the oxidation of ABTS may also occur. Adams reported a dependency consistent 

with the inhibition of H2O2 mediated degradation of the catalyst by ABTS.149 An additional interaction in the 

oxidation of ABTS may, therefore, involve the formation of a complex between Fe(III)PPIX and ABTS as 

shown in equation (4.49). This type of reaction is not uncommon and has been reported to take place 

between an enzyme and an inhibitor during competitive inhibition, resulting in the formation of a non-

catalytic complex (see Scheme 4.2).157 In the current work, however, Fe(III)PPIX degradation still takes 

place in the presence of ABTS, coinciding with the results obtained by van Eldik and co-workers who found 

that the introduction of ABTS as a reducing substrate did not prevent degradation of the porphyrin by 
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H2O2.130 A spectrophotometric titration of (MP-8) with ABTS by Adams did, however, indicate the 

formation of a complex between ABTS and Fe(III)PPIX, nevertheless, this was not further investigated in 

the current work.149 If the formation of this catalytically inactive complex does in fact occur, the signal decay 

may not only be related to the degradation of Fe(III)PPIX, but, also the formation of the Fe(III)PPIX⋯ABTS 

complex which is not able to catalyse the oxidation reaction.   

Fe(III)PPIX + ABTS ⇌ Fe(III)PPIX⋯ABTS (4.49) 

A number of studies investigating the kinetics of ABTS oxidation have been reported.130,131,132 The relative 

concentration of each component under investigation has been shown to be essential when investigating the 

kinetics of ABTS oxidation. Previous reports in literature have described a disproportionation of the ABTS˙+ 

radical cation to afford the release of ABTS and the dication shown in equation (4.6).129,130 This process is 

not favoured under acidic conditions. In more basic solutions such as those described in the above work, a 

high concentration of unreacted ABTS reportedly stabilizes the dication species.130 When considering the 

kinetic model, this reaction was shown to favour the disproportionation of ABTS˙+. 

As shown in the above work, the rate of the ABTS oxidation reaction proved to be slower in the SDS solvent 

system. This slower rate is perhaps due to the decreased rate of H2O2⋯Fe(III)PPIX interaction. In Table 4.5, 

the rate of the formation and decay of the active catalytic species is compared in the two environments. The 

rate of the formation and cleavage (𝑘1) of the oxo-iron species is slower in the aqueous SDS system. As this 

is the first step of the oxidation reaction, a reason for the delay in the response is provided as the formation 

of the radical cannot proceed until completion of this step. The improved stability of the radical in the SDS 

system can also be related to the reduced rate of decay of the active iron species under these conditions. This 

may indicate that under conditions that mimic a lipid-water interface, Fe(III)PPIX is more stable and 

therefore ROS generation can be expected to be more prolonged and, consequently, more toxic.  

Further evidence for the dependence of the oxidation reaction on Fe(III)PPIX can be seen in Figure 4.4 (a). 

From this plot, it is clear that the extent of ABTS˙+ production is directly dependent on the concentration of 

Fe(III)PPIX present in the system and similar results were observed in the aqueous SDS system (Figure 4.12 

(a)). The percentage efficiency of the ABTS oxidation reaction can be calculated according to Equation 

(4.50).  The efficiency is a relative expression based on the reaction catalyzed by horseradish peroxidase 

(HRP) which proceeds with an efficiency of 200 %. This corresponds to two molecules of ABTS˙+ produced 

per molecule of H2O2 metabolised as opposed to a value of 100 %, which reflects the oxidation of one 

molecule of ABTS.149 The efficiency of the oxidation reaction shown in Figure 4.11 was calculated to be 4 % 

in both the aqueous and aqueous SDS solvent systems. The low efficiency with which Fe(III)PPIX carries 

out this reaction may be related to the complex speciation of Fe(III)PPIX, which varies between solvent 

systems. It has long been known that Fe(III)PPIX tends to aggregate in aqueous solution, 85,158 however, 
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conflicting ideas exist over the exact nature of the aggregate.88 The UV-visible spectrum of Fe(III)PPIX in 

both aqueous and aqueous SDS solutions, investigated in Chapter 3, was identical to that of the Fe(III)PPIX 

𝜋 − 𝜋 dimer.88,89 Furthermore, Figure 4.18 provides evidence for a higher concentration of Fe(III)PPIX 

dimer than monomer under the conditions described. Previous studies suggest that monomeric Fe(III)PPIX 

catalyses reactions with greater efficiency than aggregated forms of Fe(III)PPIX, such as the 𝜋 − 𝜋 dimer, 

which appears to have a negative effect on the catalytic activity.155 The additional interactions between the 

Fe(III)PPIX monomers may account for this decreased activity as the catalytically active iron centre would 

be less available to act as a catalyst.  Adams investigated the peroxidase activity of the MP-8 under 

conditions where the catalyst was predominantly monomeric.149 They obtained rate constants that were at 

least 100 times greater than those described for Fe(III)PPIX in this body of work. The authors also reportedly 

found that adherence of the initial rate of ABTS oxidation to the linear dependence weakened upon 

increasing concentrations of MP-8, presumably due to increased aggregation effects. The structure of MP-8, 

however, differs significantly from that of Fe(III)PPIX. In the former, the porphyrin is six coordinate and 

consists of a distal imidazole ligand which may facilitate stronger binding of H2O2, thereby improving the 

rate of ABTS oxidation.131,132 That being said, free Fe(III)PPIX was able to successfully catalyse the 

production of ROS in an environment absent of protein and, although it appeared to be a weak catalyst, the 

extent of ROS generation may still be sufficient to pose a toxic insult to the parasite. 

Differences arose between the results obtained in the current study and those obtained in the study by Ribeiro 

et al. The marginal differences in yield and stability of ABTS˙+ production described in the pH study (Figure 

4.3) may account for the differences in the kinetic parameters obtained experimentally when compared to the 

work of Ribeiro et al.134  In addition to the pH change in this system, the temperature of the reaction was 

increased and the buffer changed from phosphate buffered saline to Tris buffer. The effects of these aspects 

on ABTS radical production, however, were not investigated further as these conditions provided optimal 

conditions in which to measure ROS generation under conditions mimicking a biological environment. The 

phosphate buffer has, however, been reported to interact with Fe(III)PPIX, which would therefore compete 

with H2O2 for coordination and may introduce additional complications in the reaction.131 In an effort to 

improve on the analysis undertaken by Ribeiro et al., attempts were made to determine a suitable kinetic 

model describing the oxidation of ABTS by Fe(III)PPIX and H2O2. Two different models were proposed, 

however, both models were unsuccessful in fitting the experimental data. This implies a more complex cycle 

which may involve the aforementioned interaction between Fe(III)PPIX and ABTS, however this was not 

further investigated. Future work will include modelling this reaction and incorporating it into the kinetic 

model to obtain better fits.  

% Efficiency =  [ABTS] × 100 (4.50) 
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Other than the decrease in the overall rate of the oxidation reaction in the aqueous SDS solution, no 

significant changes were observed between the two systems. Interestingly, deviations from the linear 

dependency on the concentration of H2O2 occurred at higher concentrations in the SDS system than in 

aqueous solution. This may imply that higher concentrations of H2O2 are required for the catalase reaction to 

occur in this system, therefore making it a more stable environment for the ABTS oxidation reaction. This 

would correspond to Fe(III)PPIX being more stable under these conditions and therefore better able to 

catalyse the oxidation reaction. This observation may indicate that ROS generation is more prominent in 

lipid environments compared to aqueous solution. 
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4.5 Conclusion 

The ABTS oxidation reaction is complex and is vulnerable to numerous side reactions that have a bearing on 

the degree of radical production. The above work provides evidence for the toxic nature of Fe(III)PPIX in 

the sense that it is able to catalyse this reaction, thereby generating reactive oxygen species in the absence of 

any antimalarial drug. The study revealed a two-fold reduction in reaction rate when the experiment was 

conducted in aqueous SDS solution. The slower rate of reaction observed in the aqueous SDS system is 

proposed to arise from the decreased rate of formation of the oxo-iron(IV) porphyrin complex – the primary 

step in the oxidation of ABTS. Despite the slower kinetics, the ABTS oxidation reaction proved to be more 

stable in the aqueous SDS system, thought to better mimic the environment that is relevant to haemozoin 

formation. Whether the enhanced stability of Fe(III)PPIX and the prolonged radical production in the 

aqueous SDS system can be directly related to the processes that occur at the lipid-water interface within the 

parasite is not confirmed, however, the current study does give insight to the species being formed in such an 

environment and their relative rates of formation. Further investigation of this reaction at the lipid water 

interface is necessary to better understand Fe(III)PPIX toxicity in this environment. For example, additional 

kinetic experiments need to be conducted in other detergent systems which would provide insight into 

whether the effects described above are conserved in lipid-like environments.  While the specific rate 

constants were not able to be obtained from the data, the study is still able to provide information regarding 

the reaction between H2O2 and Fe(III)PPIX. The rates of formation and decay can be used as quantitative 

measures which can be compared to values obtained in the presence of drug. Additionally, qualitative 

analysis of yields of ABTS˙+ produced can be used to gauge the effects of drugs on the ABTS reaction. This 

work, therefore, provides a suitable platform to investigate the peroxidative effects of Fe(III)PPIX in the 

presence of antimalarial drugs which may help understand how they contribute to death of the parasite. This 

is addressed in Chapter 5. 
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Chapter 5. The Peroxidase Activity of the complexes of Fe(III)PPIX with CQ, 

QD and Art 

5.1 Introduction 

 

Investigating the mechanism of antimalarial drug action has been a matter of great interest for several 

years.58,63 This topic has become of increasing importance as a result of the mounting parasite resistance to 

commonly used antimalarial drugs, particularly towards the mainstay antimalarial drug, CQ.159 Although 

these drugs are no longer sufficient to target malaria independently, an incomplete knowledge of their 

mechanism of action currently precludes rational design of new drugs and the possible development of 

vaccines. In the previous chapter, an assay used to measure the peroxidase activity of Fe(III)PPIX in an 

environment resembling that found in the malaria parasite was optimised. The results obtained in Chapter 4 

have been used as a baseline to determine the influence antimalarial drugs (CQ, QD and Ar) have on the 

peroxidase activity of Fe(III)PPIX. CQ and QD are known inhibitors of haemozoin formation and cause an 

increase in free Fe(III)PPIX in the parasite which ultimately leads to its death.83 This chapter, therefore, 

seeks to investigate the modulatory effect of drug-Fe(III)PPIX complexes on the toxicity of Fe(III)PPIX in 

the malaria parasite.   

This chapter details the kinetics of ABTS˙+ formation by the complexes of Fe(III)PPIX with CQ, QD and Ar 

in an aqueous environment as well as in an aqueous SDS system. The latter is thought to mimic lipid-water 

interfaces present in the parasite. The kinetic equations and methodology used in this chapter are based on 

the work detailed in Chapter 4. The results for the reaction catalysed by the CQ-Fe(III)PPIX complex are 

compared with those obtained by Ribeiro et al.,134 while the kinetic investigations of ABTS oxidation 

catalysed by the complexes of Fe(III)PPIX with QD and Ar have not been reported in the literature.  
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5.2. Experimental Methods 

5.2.1 Preparation of Solutions 

5.2.1.1 The Peroxidase Activity of the CQ-Fe(III)PPIX Complex 

CQ Stock Solution in Tris Buffer 

A: A 76.9 µM stock solution of CQ in Tris buffer (130.0 mM) was prepared by dissolving chloroquine 

diphosphate salt (3.4 mg, 6.5 µmol) in Tris buffer stock solution A (see section 2.5.4) to a volume of 50.0 

mL in a volumetric flask. 

B: A 250.0 µM stock solution of CQ in Tris buffer (250.0 mM) was prepared by dissolving chloroquine 

diphosphate salt (6.4 mg, 12.5 µmol) in 50.0 mL Tris buffer stock solution B (see section 2.5.4) 

5.2.1.2 The Peroxidase Activity of the QD-Fe(III)PPIX Complex 

QD Stock Solution in Tris Buffer 

A: A 103.0 µM stock solution of QD in Tris buffer (130.0 mM) was prepared by dissolving quinidine sulfate 

salt (4.0 mg, 5.2 µmol) in Tris buffer stock solution A (see section 2.5.4) to a volume of 50.0 mL in a 

volumetric flask. 

B: A 150.0 µM stock solution of QD in Tris buffer (250.0 mM) was prepared by dissolving quinidine sulfate 

salt (5.9 mg, 7.5 µmol) in 50.0 mL Tris buffer stock solution B (see section 2.5.4). 

5.2.1.3 The Peroxidase Activity of the Fe(III)PPIX-Ar Complex 

Ar Stock Solution in Tris Buffer 

A 2.6 mM stock solution of Ar in Tris buffer (250.0 mM) was prepared by dissolving artesunate (50.0 mg, 

130.0 µmol) in 50.0 mL Tris buffer stock. 

5.2.2 Experimental Procedure 

All experiments were performed in quartz cuvettes with 1 cm path length at 37 °C. All working solutions 

were buffered to pH 7.5 (Tris, 50.70 mM) and had a total volume of 2.5 mL unless otherwise stated. The 

total volume of each component was the same as listed in Table 4.1 in the aqueous system and Table 4.3 in 

the aqueous SDS system. In the aqueous system, Tris buffer stock solutions A of CQ and QD were used 

while B stock solutions were used in the aqueous SDS system (see Table 5.1). Due to limited material, the 
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artesunate experiments were only carried out in SDS using the artesunate stock solution in Tris buffer. 

Where smaller volumes of a component were used, the remaining volume was substituted with the 

appropriate solvent as seen in Table 5.2 and 5.3. All samples were mixed thoroughly before the absorbance 

was recorded at 660 nm, which corresponds to the maximum absorbance peak in the spectrum of the ABTS 

radical. The studies were carried out as detailed in Section 4.2.2 and 4.3.2, with the exception that the drug-

Fe(III)PPIX complex was formed before the addition of H2O2, and the interaction of Fe(III)PPIX with H2O2 

was carried out according to the description in Section 4.2. All experiments were performed in duplicate 

unless otherwise stated. 

Table 5.1 Buffer stock solutions used in the oxidation of ABTS by drug-Fe(III)PPIX complexes. 

Species Aqueous System Aqueous SDS System 

CQ-Fe(III)PPIX A B 

QD-Fe(III)PPIX A B 

Fe(III)PPIX-Ar - Ar stock solution in Tris buffer 

Table 5.2 Composition of components required to investigate the peroxidase activity of Fe(III)PPIX in 

aqueous solution (pH 7.5). The concentration of the stock solution utilised in the experiments are shown in 

brackets. 

Component Volume (µL) 

Tris Buffer (130.0 mM) 

ABTS (7.5 mM) 

Fe(III)PPIX (0.2 mM) 

H2O2 (1.0 mM/5.0 mM) 

975 

1245 

30 

250 

Total 2500 

Table 5.3 The composition of each component required to investigate the peroxidase activity of Fe(III)PPIX 

in aqueous SDS solution (pH 7.5). The concentration of the stock solution utilised in the experiments are 

shown in brackets. 

Component Volume (µL) 

Tris Buffer (250.0 mM) 

ABTS (7.5 mM)) 

SDS (13.0 mM) 

Fe(III)PPIX (0.2 mM) 

H2O2 (1.0 mM, 5.0 mM) 

500 

1520 

200 

30 

250 

Total 2500 
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5.3 Results 

Many ideas exist about the mechanism of action of antimalarial drugs. In particular, the mechanism of action 

of the quinoline antimalarial drugs CQ and QD has been a source of much debate. One proposal that is the 

focus of several current studies involves haemozoin inhibition through adsorption of inhibitors to the fastest 

growing crystal face,47,84 while another is that the drugs complex with Fe(III)PPIX and prevent its 

incorporation into haemozoin in the parasite (see Section 1.4.3 for details).80,81,84 Increased levels of free 

Fe(III)PPIX are a consequence of both mechanisms and it has been suggested that this causes the death of 

the parasite, in part because of ROS generation.38 However, given the concentration of drugs that accumulate 

in the DV, drug-Fe(III)PPIX complexes may in fact be the dominant species present and thus the ability of 

these complexes to induce ROS could relate to the efficiency of these antimalarial drugs to kill the 

parasite.160,161 The results obtained in Chapter 3, which focus on the complexes formed between Fe(III)PPIX 

and the antimalarial drugs CQ, QD and Ar, were used in this body of work to determine the extent of drug-

Fe(III)PPIX complexation in both an aqueous and aqueous SDS environment. The peroxidase activity of 

Fe(III)PPIX in the presence of CQ in aqueous solution has previously been reported, although these 

experiments were conducted at 30 °C and pH 6.86.134 In the current work, the peroxidase activity of the 

complexes of Fe(III)PPIX with CQ and QD was investigated under conditions which better mimic the 

cytosol of the parasite (37 °C and pH 7.5). Since Fe(III)PPIX precipitates under acidic conditions (pH < 6), 

investigating the peroxidase activity of Fe(III)PPIX under conditions representative of the DV (pH 4.8 – 5.2) 

was not possible. Nevertheless, while antimalarial drugs such as CQ have been shown to accumulate in the 

DV of P. falciparum, research has shown that in the presence of this antimalarial drug, the iron in the DV of 

the parasite (which is likely Fe(III)PPIX) is redistributed to the parasite cytosol.71,83,162 Consequently, 

investigating Fe(III)PPIX catalysed peroxidation activity under conditions of the parasite cytosol are 

pertinent to understanding the mode of action of these types of antimalarial drugs. Moreover, advances in the 

understanding of drug-Fe(III)PPIX complexation have been made since the report by Ribeiro et al.,134 which 

have thus necessitated the follow-up investigation of the effects of CQ on Fe(III)PPIX catalysed peroxidase 

activity.111,123  

The same approach described in Chapter 4 was utilised in the current work to investigate the peroxidase 

activity of Fe(III)PPIX in the presence of CQ and QD. To ensure that there was complete complexation of 

Fe(III)PPIX by CQ and QD under the experimental conditions, association constants calculated in Chapter 3 

(log K = 6.5 and 5.78 for CQ and QD, respectively) were employed. These values could be used to determine 

the percentage of Fe(III)PPIX complexed as a function of drug concentration (Figure 5.1) using the 

Hyperquad Simulation and Speciation (HySS) software package.163 This data set indicated that 

concentrations of 30 and 40 µM of CQ and QD respectively would ensure 95% complexation of 

Fe(III)PPIX. Consequently, these drug concentrations were used in subsequent experiments.  
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Figure 5.1 The percentage drug-Fe(III)PPIX complex formed (-) (relative to free Fe(III)PPIX (-)) in 

aqueous solution as a function of drug concentration for (a) CQ and (b) QD. A 2:1 Fe(III)PPIX: drug binding 

model was used in the case of CQ, while a 1:1 model was used for QD. Both plots were generated using a 

Fe(III)PPIX concentration of 10.0 µM. Dotted lines indicate the concentration of drug required to ensure 

95% Fe(III)PPIX complexation. 

Similarly, the concentration of drug required to ensure > 95% complexation in the aqueous SDS system was 

determined using the HySS software package.163 Since the association constant for the CQ-Fe(III)PPIX 

complex remained unchanged in the aqueous SDS system, the data in Figure 5.1 (a) still applies, however the 

data obtained for QD (log K = 6.2 ± 0.1) is shown in Figure 5.2. In the case of both CQ and QD, the 

concentration used in all subsequent experiments performed in aqueous SDS solution was 30.0 µM. Owing 

to very weak binding, an association constant was not able to be determined for Ar and thus a large excess 

(1.0 mM) was used in an effort to provide a concentration portion of Ar-bound Fe(III)PPIX.   

 

Figure 5.2 The percentage of QD-Fe(III)PPIX complex formed (-) (relative to Fe(III)PPIX (-)) in aqueous 

SDS solution as a function of QD concentration using a Fe(III)PPIX concentration of 10.0 µM and a 1:1 

Fe(III)PPIX: QD binding model. Dotted lines indicate the concentration of drug required to ensure 95% 

Fe(III)PPIX complexation. 
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5.3.1 The Interaction Between Fe(III)PPIX and H2O2 in the Presence of CQ, QD and Ar 

In Chapter 4, the formation of an oxo-iron(IV) porphyrin radical cation was identified as the primary step in 

the oxidation of ABTS. As discussed previously, this reaction has been proposed to consist of three parts; the 

formation of an iron-peroxo compound (I in scheme 5.1), the cleavage of this compound to form the 

catalytically active Fe(III)PPIX species (II in scheme 5.1) and the subsequent decay of this Fe(III)PPIX 

catalyst in the absence of a suitable substrate (kdeg in Scheme 5.1).130  

 

Scheme 5.1 A schematic representation of the reaction between Fe(III)PPIX and H2O2 which forms an iron 

peroxo species (I), followed by cleavage to the catalytically active porphyrin radical species (II). This species 

is able to oxidise substrates while simultaneously reforming the porphyrin. Alternatively, the catalytic 

species may undergo degradation and form decomposition products. 

In Chapter 4, the peroxidase activity of Fe(III)PPIX was monitored in both the aqueous and aqueous SDS 

systems. It was observed that ABTS˙+ was more stable in the aqueous SDS solution. This observation was 

related to the reduced rate of formation of the catalytically active Fe(III)PPIX species (II in scheme 5.1). The 

rate of formation consists of the combination of K and k2, where K = k1/k-1. Similarly, the reaction between 

Fe(III)PPIX and H2O2 was investigated in the presence of antimalarial drugs in order to determine the 

modulatory effect that these drugs have on the formation of the catalytically active Fe(III)PPIX species (II in 

scheme 5.1). As discussed in Chapter 4, determining the rate constants for this reaction is an intricate task 

that involves the use of kinetic modelling programs. In order to obtain approximate reaction rates for 

comparison purposes, all the data in this section were fit with a simple exponential function. Spectra were 
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Fe(III)PPIX
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recorded between 300 and 800 nm for the reaction of H2O2 with the complexes of Fe(III)PPIX with CQ and 

QD in the aqueous system and are shown in Figure 5.3 (a) and (b) for CQ and QD, respectively. In both 

cases, the addition of H2O2 resulted in a hypochromic effect of the Soret band. The change in absorbance at 

380 nm was then monitored over a longer period than used in Chapter 4 (60 minutes) owing to the 

diminished rate of this process in the presence of antimalarial drugs. When this experiment was carried out 

for Fe(III)PPIX in Chapter 4, the results could be fitted with a two-phase exponential decay function. The 

data obtained in the presence of CQ and QD could similarly be fitted using the two-phase decay function. 

The interaction of Fe(III)PPIX with H2O2 is, however, slower in the presence of QD, which suggests that this 

drug is better able to shield the porphyrin from further interaction with H2O2, thereby preventing 

degradation. In Chapter 3 it was observed that QD interacts with Fe(III)PPIX through coordination while CQ 

acts through π-stacking. This suggests that the ability of QD to coordinate to Fe(III)PPIX may serve to better 

shield the porphyrin from degradation.   

 

Figure 5.3 The change in the spectrum of 10.0 µM CQ-Fe(III)PPIX (a) and QD-Fe(III)PPIX complexes (b) 

in aqueous solution (100.0 µM H2O2) monitored over 60 minutes (black to blue). The region between 550 

and 700 nm has been enlarged for clarity. Plots (c) and (d) show the trace of the absorbance at 380 nm (black 

circles) for the plots in (a) and (b) respectively, fitted with a two-phase exponential decay function (blue 

line). 

As previously discussed, the interactions of Fe(III)PPIX with antimalarial drugs at the lipid-water interface 

have become a matter of great interest and therefore the effects of CQ and QD on Fe(III)PPIX stability was 

repeated in aqueous SDS as a comparative system, mimicking a lipid-water interface. Findings are shown in 

Figure 5.4. H2O2-induced changes in the absorbance spectra monitored over time exhibited a similar 

hypochromicity of the Soret band for the complexes of Fe(III)PPIX with CQ and QD as seen in the aqueous 
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system. The decrease in absorbance of the Soret band was also accompanied by slight shifts in the charge-

transfer region of the spectrum in the case of CQ. A summary of the rate constants obtained for the reaction 

between Fe(III)PPIX and H2O2 in the presence of the antimalarial drugs CQ, QD and Ar can be seen in Table 

5.4. In aqueous solution, the rate of formation of the catalytically active oxo-iron (IV) species (II in scheme 

5.1) for the CQ-Fe(III)PPIX complex is approximately eight times that of the QD-Fe(III)PPIX complex (200 

× 10−4 vs 26 x 10−4 s−1). In aqueous SDS solution, the rate of the reaction between Fe(III)PPIX and H2O2 in 

the presence of QD shows a 6-fold increase compared to that obtained in aqueous system. The difference in 

rate of the reaction between Fe(III)PPIX and H2O2 may be related to the nature of the interaction between the 

drug and Fe(III)PPIX in the two systems. While the association constant for the interaction of Fe(III)PPIX 

with CQ remained unchanged in the two systems (see Section 3.3.1), the association constant for the QD-

Fe(III)PPIX complex proved to be stronger in the aqueous SDS system. Furthermore, the spectroscopic shifts 

indicative of complex formation were more pronounced in the aqueous SDS system. It would therefore be 

expected that the stronger association and possible coordination of QD to Fe(III)PPIX in aqueous SDS 

solution would cause a reduction in the rate of formation of the catalytically active iron species as the QD-

Fe(III)PPIX coordination bond need first be broken before formation of the catalytically active species can 

commence. This was, however, not the case and therefore the type of the interaction between Fe(III)PPIX 

and QD in aqueous solution may be related to the reduced rate of formation of the catalytically active iron 

species.   

Owing to limited material, all reactions concerning Ar were only conducted in the aqueous SDS system. The 

aqueous SDS system was chosen based on the results obtained in Chapter 4 which provided evidence for 

increased stability of ABTS in this environment when compared to aqueous solution. The spectrum of 

Fe(III)PPIX in the presence of Ar showed a substantial decrease in absorbance in the first two minutes of the 

reaction. This observation bares resemblance to what was seen in the absence of antimalarial drugs in 

Chapter 4. As with CQ and QD, a hypochromic effect on the Soret band was observed and this was 

accompanied by a marked shift in the charge transfer band to higher energy wavelengths. All the kinetic 

traces were fit with a two-phase function as with Fe(III)PPIX. While the presence of Ar appears to have no 

influence on the rate of formation of the catalytically active iron-oxo species in aqueous SDS solution, the 

rate of 𝑘2 in the presence of Ar is significantly slower (26 × 10-4 vs 6.5 × 10-4 s-1).  This would imply that 

Fe(III)PPIX is more stable in the presence of Ar since it prevents further peroxidative damage. This is a 

rather unexpected result as the presence of the endoperoxide bridge in Ar, an organic peroxide, would be 

expected to enhance the interaction of Fe(III)PPIX with H2O2 since it is similar to H2O2. The improved 

stability of Fe(III)PPIX may therefore be a result of the interaction that occurs between Fe(III)PPIX and Ar 

which, based on the findings, suggests this interaction is different to that between Fe(III)PPIX and H2O2. 

Further details of this interaction, however, could not be discerned from these measurements. It is also 

interesting to note that, for all cases, the rate of decay of the porphyrin is slower in the presence of 

antimalarial drug than without. This result provides evidence for the stability of Fe(III)PPIX in the presence 

of the antimalarial drug.         
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Figure 5.4 The change in the spectrum of 10.0 µM CQ-Fe(III)PPIX (a), QD-Fe(III)PPIX (c) and 

Fe(III)PPIX-Ar (e) in the presence of 100.0 µM H2O2 monitored over 60 minutes (black to blue). The region 

between 550 and 700 nm has been enlarged for clarity. Plots (b), (d) and (f) show the trace of the absorbance 

at 380 nm (black) of the Fe(III)PPIX drug complex shown in (a), (c) and (e), respectively. All data (black 

circles) were fit with a two- phase exponential decay function (blue line). 
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Table 5.4 Rate constants (10-4 s−1) obtained for the reaction between the complexes of Fe(III)PPIX with CQ, 

QD and Ar with H2O2. 

Species Aqueous Aqueous SDS 

 𝒌𝟏𝒐𝒃𝒔  𝒌𝟐𝒐𝒃𝒔  𝒌𝟏𝒐𝒃𝒔  𝒌𝟐𝒐𝒃𝒔   

Fe(III)PPIX 600 ± 100 50 ± 10 360 ± 30 26 ± 2 

CQ-Fe(III)PPIX 200 ± 100 15 ± 2 110 ± 10 4.9 ± 0.3 

QD-Fe(III)PPIX 26.2 ± 0.3 2.46 ± 0.05 160 ± 10 3.13 ± 0.08 

Fe(III)PPIX-Ar NDǂ NDǂ 310 ± 10 6.5 ± 0.3 

ǂNot determined due to limited material 

In an effort to compare the reaction between Fe(III)PPIX and H2O2 in the absence and presence of 

antimalarial drug, a simplified reaction equation was proposed (Equation 5.1). As discussed in Chapter 4, 

this is a complex system and kinetic modelling programs are required to obtain numerical solutions to the 

rate equations. An approximate solution was therefore obtained by making the assumption that the 

concentration of H2O2, which is in vast excess over Fe(III)PPIX (100.0 vs 10.0 µM), remains somewhat 

constant throughout the reaction. The simplified reaction is given by Equation 5.2 where k1′ =  k1[H2O2] 

The reaction rate model, which considers the change in concentration of the catalytic iron oxo species 

(O=Fe(IV)), for this equation can therefore be described using Equation 5.3. The integrated form of this 

expression is given by Equation 5.4 (See appendix 2 for derivation).164    

H2O2 + Fe(III)
k1
→ O=Fe(IV)

k2
→ deg. prod (5.1) 

Fe(III)
k1′
→ O=Fe(IV)

k2
→ deg. prod (5.2) 

d[O=Fe(IV)]

dt
= k1[Fe(III)] − k2[O=Fe(IV)] (5.3) 

[O=Fe(IV)] =
k1

k2 − k1
[e−k1t − e−k2t][Fe(III)]0 (5.4) 

 

Through substitution of the values shown in Table 5.4 for 𝑘1 and 𝑘2, the preliminary, approximate 

concentration of the catalytic iron-oxo species could be determined as a function of time, the results for 

which are shown in Figure 5.5. The initial concentrations of H2O2 and Fe(III)PPIX used in this analysis were 

100.0 and 10.0 µM, respectively. The data in Figure 5.5 indicates that the reaction conducted in the absence 

of antimalarial drug causes a relatively fast reduction in the concentration of the active iron species in 

aqueous solution. In the presence of CQ, the rate at which the catalytic iron species forms and decays is 
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significantly reduced and even more so in the presence of QD. Similar results are seen in the aqueous SDS 

system (Figure 5.5 (b)). All three antimalarial drugs induced a reduction in the rate of formation and decay of 

the catalytic iron species, with the slowest rate observed in the presence of QD. This correlates well with the 

different mode of interaction between Fe(III)PPIX and QD, namely coordination, when compared to CQ 

which interacts through π-stacking. These preliminary results strongly suggest that, in the presence of the 

antimalarial drugs, the potential for oxidative attack is greater since the active iron species is present for 

longer periods of time.    

 

Figure 5.5 The calculated concentration of O=Fe(IV)PPIX as a function of time in (a) aqueous solution and 

(b) aqueous SDS solution for Fe(III)PPIX (black), CQ-Fe(III)PPIX (purple), QD-Fe(III)PPIX (turquoise) 

and Ar-Fe(III)PPIX (orange). 

5.3.2 The Peroxidase Activity of the Complexes of Fe(III)PPIX with CQ and QD in Aqueous 

Solution 

Previously, the peroxidase activity of Fe(III)PPIX was investigated by systematically varying the 

concentrations of each component (ABTS, Fe(III)PPIX and H2O2). In this chapter, the modulatory effect of 

the antimalarial drugs on ABTS oxidation was monitored by simultaneously varying the concentration of 

H2O2 and the concentration of the drug-Fe(III)PPIX complex. Since the antimalarial drugs are known to 

associate and (in the case of QD) coordinate to Fe(III)PPIX, the presence of these drugs in the ABTS 

reaction may alter the formation of the catalytically active Fe(III)PPIX species (II in scheme 5.1). For this 

reason, the modulatory effect of antimalarial drug concentration on ABTS oxidation was not investigated as 

a function of ABTS concentration as it is assumed that they have a minimal effect on this parameter.  

The effect of varying H2O2 concentration on the kinetics of ABTS oxidation was initially monitored as a 

function of increasing CQ-Fe(III)PPIX concentration. The results, shown in Figure 5.6, indicate that the 

yield of ABTS˙+ increases as a function of increasing CQ-Fe(III)PPIX concentration (which is a consequence 

of increasing Fe(III)PPIX concentration). A similar result was observed between the yield of ABTS˙+ and the 

concentration of H2O2, however, at concentrations above 200.0 µM a saturation effect was observed (Figure 

5.6 (e)). The observed rate of the reaction, calculated using a simple one-phase exponential function, is also 

shown to depend linearly on the concentration of H2O2 in Figure 5.6 (f). Furthermore, at H2O2 concentrations 

0 5 1 0 1 5 2 0

0

2

4

6

8

1 0

T im e  (m in u te s)

1
0

6
[O

=
F

e
(I

V
)]

 (
M

)

( a )

0 5 1 0 1 5 2 0

0

2

4

6

8

1 0

T im e  (m in u te s)
1

0
6

[O
=

F
e

(I
V

)]
 (

M
)

(b )

Stellenbosch University  https://scholar.sun.ac.za



105 

 

above 200.0 µM, there is a significant reduction in the stability of ABTS˙+ indicated by the decrease in 

concentration after a period of 30 minutes at lower CQ-Fe(III)PPIX concentrations (see Figure 5.6(d)).  

Figure 5.6 The effect of H2O2 concentration on ABTS oxidation by the CQ-Fe(III)PPIX complex in aqueous 

solution. The conditions are (a) 50.0, (b) 100.0, (c) 200.0 and (d) 300.0 µM H2O2 in the presence of 3.0 mM 

ABTS, 30.0 μM CQ and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM Fe(III)PPIX. (e) The maximum yield, 

calculated as the maximum concentration of ABTS˙+ reached within the 60 minute time period, and (f) the 

overall reaction rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM CQ-

Fe(III)PPIX and 3.0 mM ABTS. Data points omitted for clarity. 

The same approach was followed to determine the effect of the QD-Fe(III)PPIX complex on Fe(III)PPIX-

catalysed peroxidation. The results, shown in Figure 5.7, indicate that the presence of QD causes a 

significant reduction in the reaction rate in comparison to that obtained in its absence. A comparison of the 

yield as a function of H2O2 concentration shows no significant correlation, in contrast to what was see for 

CQ (Figure 5.7 (e)). Despite the reduction in reaction rate, the yield appears to be the same for both drugs. 
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The observed overall reduction in ABTS radical yield in the presence of CQ and QD as compared to the 

yield obtained in their absence is difficult to reconcile with these drugs’ mechanism of toxicity (haemozoin 

inhibition). These results, however, are somewhat consistent with previous studies which reported a similar 

reduction of peroxidase activity in the presence of quinoline antimalarial drugs.134,138 A comparison of the 

overall reaction rate (Figure 5.7 (f)), calculated using a simples exponential function, shows an increase in 

rate as a function of increasing H2O2 concentration with the exception of the 300.0 µM data set. 

Figure 5.7 The effect of H2O2 concentration on ABTS oxidation by the QD-Fe(III)PPIX complex in aqueous 

solution. The conditions are (a) 200.0, (b) 250.0, (c) 300.0 and (d) 500.0 µM H2O2 in the presence of 3.0 mM 

ABTS, 30.0 μM QD and 1.0 (-), 1.3 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX.  (e) The maximum yield, 

calculated as the maximum concentration of ABTS˙+ reached within the 60 minute time period, and (f) the 

overall reaction rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM QD-

Fe(III)PPIX and 3.0 mM ABTS. Data points omitted for clarity. 

A comparison of the ABTS oxidation reaction under constant ABTS, H2O2 and Fe(III)PPIX concentrations 

in the absence and presence of antimalarial drugs is shown in Figure 5.8. A 60% decrease in the yield of 

radical production in the presence of CQ was calculated from the experiment described in Figure 5.8. Ribeiro 
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et al. also reported a substantial reduction in the yield of ABTS•+ when the experiment was conducted in the 

presence of CQ. As discussed in Chapter 4, specific rate constants for individual steps in the complex 

reaction were not successfully obtained. For the sake of comparison, however, the data has been fit, at a 

specific set of experimental conditions, to a single-phase exponential function. This allows the deduction of 

an observed rate constant for the peroxidation of ABTS, 𝑘𝑜𝑏𝑠, which provides an overall measure of 

efficiency that can be used to compare the effects of drugs on this reaction. These values are listed in Table 

5.5. It is interesting to note that, although the yield of ABTS radical production remains unchanged for CQ- 

and QD-Fe(III)PPIX complexes, the overall rate of the reaction shown in Figure 5.8 is approximately four 

times slower for QD-Fe(III)PPIX when compared to the reaction catalysed by CQ-Fe(III)PPIX. 

 

Figure 5.8 Comparative effects of CQ and QD on the kinetics of Fe(III)PPIX-catalysed ABTS oxidation in 

aqueous solution. ABTS˙+ production as a function of time catalysed by 1.0 µM Fe(III)PPIX (-), CQ-

Fe(III)PPIX (-) and QD-Fe(III)PPIX (-). ABTS and H2O2 concentrations were 3.0 mM and 300.0 µM, 

respectively. Data points omitted for clarity. 

Table 5.5 A summary of the observed rate constants (𝑘𝑜𝑏𝑠) (×10-4 µM/s), calculated using a one-phase 

exponential function, and maximum yield obtained for the oxidation of ABTS by Fe(III)PPIX, CQ-

Fe(III)PPIX and QD-Fe(III)PPIX for the reaction described in Figure 5.8 

Species 𝒌𝒐𝒃𝒔  Yield (µM) 

Fe(III)PPIX 24.4 ± 0.5 13.54 ± 0.02 

CQ-Fe(III)PPIX 16.1 ± 0.2 5.30 ± 0.02 

QD-Fe(III)PPIX 4.1 ± 0.1 6.61 ± 0.08 
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5.3.3 The Peroxidase Activity of the Complexes of Fe(III)PPIX with CQ, QD and Ar in Aqueous 

SDS 

Following the work carried out in the above section, the peroxidase activity of the complexes of Fe(III)PPIX 

with CQ, QD and Ar in aqueous SDS solution were investigated. The kinetic experiments for the oxidation 

of ABTS in aqueous SDS was conducted as described above for aqueous solution. This was done in order to 

investigate the peroxidase activity of the drug-Fe(III)PPIX complexes in an environment that resembles their 

proposed site of action, namely a lipid-aqueous interface. Contrary to what was observed in aqueous 

solution, the CQ-Fe(III)PPIX complex did not induce an inhibitory effect on the yield of ABTS˙+ (Figure 

5.9), although the reaction rate is slower. Interestingly, a slight lag-phase delay is observed in the aqueous 

SDS system at low Fe(III)PPIX concentrations which is not seen under aqueous conditions. This may be due 

to the competing process of CQ-Fe(III)PPIX complex formation and the formation of the iron-peroxo species 

which is slower in aqueous SDS. The same feature was observed when the reaction was performed in the 

absence of antimalarial drug, however, reasons for the decay in rate are not known. Furthermore, in 

comparison with what was seen for CQ in aqueous solution, the ABTS˙+ radical appears more stable under 

the current conditions. This is evident from the elevated signal after a period of 90 minutes, as opposed to the 

decrease in signal that was observed in aqueous solution (Figure 5.6(d)). This instability in aqueous solution 

is likely the cause of the discrepancy in yield between the two solvent systems and suggests the aqueous SDS 

solution provides more reliable conditions with which to measure ABTS reduction. This finding highlights 

the importance of solvent system selection when undertaking these investigations and seems to be 

underappreciated in the literature. Furthermore, an analysis of the maximum yield (Figure 5.9 (e)) as well as 

the reaction rate (Figure 5.9 (f)), calculated according to a one-phase exponential function, indicate a linear 

dependence on the concentration of H2O2. 

Contrary to CQ, the inhibition effect is still evident in the aqueous SDS solvent system when QD is present 

(Figure 5.10). A plot of the maximum yield as a function of H2O2 concentration shows a linear relationship, 

contrary to what was seen in aqueous solution. A comparison of the overall reaction rate using a one phase 

exponential association function revealed a two-fold reduction in the rate of oxidation by QD-Fe(III)PPIX 

when compared to CQ-Fe(III)PPIX in aqueous SDS (2×10-4 µM/min vs 4×10-4 µM/s) (see Table 5.6). A 

more interesting effect was, however, a lag phase observed in the first five minutes of the reaction conducted 

in the presence of the QD-Fe(III)PPIX complex which is not observed in the purely aqueous system. The 

length of the lag phase appears to be indirectly related to the concentration of both QD-Fe(III)PPIX and 

H2O2 present in the system. Since this lag phase was absent in the aforementioned experiments, it would 

suggest that the lag phase is related to the interaction between Fe(III)PPIX and QD in the aqueous SDS 

system. As discussed in Chapter 3, the QD-Fe(III)PPIX association constant in aqueous SDS (log K = 6.2 ± 

0.1) was stronger than what was determined in aqueous solution (log K = 5.78 ± 0.09). As a result, the 

formation of the catalytically active Fe(III)PPIX peroxo species (II in scheme 5.1) is expected to be more 

challenging. Since this is the primary oxidant in the ABTS reaction, ABTS˙+ production will not commence 
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until this intermediate species has been formed, resulting in a delay in the initial portion of the kinetic trace. 

Consequently, the reaction rate was calculated using a sigmoidal function, revealing a linear dependence on 

the concentration of H2O2 (Figure 10 (f)). CQ would have been expected to have a similar lag phase since it 

has the same magnitude association constant as QD. This is not so straight forward, however, since the 

association constants are not comparable because they represent two different binding mechanisms (2:1 and 

1:1). 

 

Figure 5.9 The effect of H2O2 concentration on ABTS oxidation by the CQ-Fe(III)PPIX complex in aqueous 

SDS solution. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the presence of 

3.0 mM ABTS and 0.6 (-), 1.0 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX. The dotted line indicates the final 

yield in the absence of drug in the aqueous SDS system in the presence of 1.0 µM Fe(III)PPIX and 3.0 mM 

ABTS. (e) The maximum yield, calculated as the maximum concentration of ABTS˙+ reached within the 90 

minute time period, and (f) the overall reaction rate, is plotted as a function of H2O2 concentration. The 

conditions were 1.0 µM CQ-Fe(III)PPIX and 3.0 mM ABTS. Data points omitted for clarity. 
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Figure 5.10 The effect of H2O2 concentration on ABTS oxidation by the QD-Fe(III)PPIX complex in 

aqueous SDS solution. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the 

presence of 3.0 mM ABTS and 1.0 (-), 1.3 (-), 2.0 (-) and 2.5 (-) µM Fe(III)PPIX. (e) The maximum yield, 

calculated as the maximum concentration of ABTS˙+ reached within the 90 minute time period, and (f) the 

overall reaction rate, is plotted as a function of H2O2 concentration. The conditions were 1.0 µM QD-

Fe(III)PPIX and 3.0 mM ABTS. Data points omitted for clarity. 

In Chapter 3, attempts were made to determine the association constants for the interaction between 
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experiments.135 Owing to limited material, the experiments concerning artesunate were only performed once, 

and not in duplicate as described for the previous experiments. In addition, given the limited availability of 

artesunate, the kinetics of ABTS oxidation were only investigated in the aqueous SDS system. This solvent 

system was specifically selected based on the results obtained in Chapter 4, where improved stability of both 

Fe(III)PPIX and ABTS was observed under these conditions. As a consequence, the results presented below 

should be considered preliminary until further replicates are conducted to validate the findings.   

A comparison of ABTS radical production by Fe(III)PPIX and its complexes with CQ, QD and Ar can be 

seen in Figure 5.11. The yield of radical production was taken as the maximum concentration of ABTS˙+ 

produced over a period of 90 minutes. In contrast to the reaction catalysed by the complexes of Fe(III)PPIX 

with CQ and QD, Ar shows a marked increase in the overall rate of the reaction when compared to 

Fe(III)PPIX alone. In addition, the yield of the reaction in the presence of Ar is 30% greater. This result is 

similar to that obtained by Adams and Berman, who investigated the peroxidasic activity of Fe(III)PPIX at 

30 °C and pH 7.4 in the presence of artemisinin.135 Under these conditions they found that artemisinin 

enhanced the peroxidase activity of Fe(III)PPIX by the same amount as seen in the current work.  The 

difference in the structure of the antimalarial drugs may therefore account for the differences encountered in 

the oxidation of ABTS on account of the presence of an endoperoxide bridge in the structure of Ar, which is 

absent in the quinoline antimalarial drugs. The individual data sets for the H2O2 concentration study in the 

presence of Ar (Figure 5.12) indicate a direct relationship between the yield of ABTS˙+ and the 

concentrations of Fe(III)PPIX (up to 1.3 µM). Furthermore, a plot of the maximum yield and the overall 

reaction rate (Figure 5.12 (e) and (f), respectively) indicate a direct relationship to the concentration of H2O2. 

Interestingly, an enlargement of the first five minutes of the reaction reveals a lag phase similar to that 

described for QD in aqueous SDS solution (Figure 5.13). Whether this lag phase is related to complex 

formation between Fe(III)PPIX and Ar is not clear. It should also be considered that, since Ar contains and 

endoperoxide bridge, it itself may compete with H2O2 to form the oxidising species with Fe(III)PPIX.    

 

Figure 5.11 ABTS•+ production in the absence and presence of antimalarial drugs in the aqueous SDS 

system. The conditions are 1.0 µM Fe(III)PPIX (-), CQ- (-), QD- (-) and Ar-Fe(III)PPIX (-), 3.0 mM ABTS 

and 300.0 µM H2O2. Data points omitted for clarity. 
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Table 5.6 A summary of the observed rate constants (𝑘𝑜𝑏𝑠) (×10-4 µM/s), calculated using a one-phase 

exponential function, and yield obtained for the oxidation of ABTS by Fe(III)PPIX, CQ-Fe(III)PPIX, QD-

Fe(III)PPIX and Fe(III)PPIX-Ar for the reaction described in Figure 5.10. 

Species 𝒌𝒐𝒃𝒔  Maximum Yield (µM) 

Fe(III)PPIX 11.2 ± 0.2 11.28 ± 0.04 

CQ-Fe(III)PPIX 4.41 ± 0.01 9.44 ± 0.01 

QD-Fe(III)PPIX 2.15 ± 0.43 5.6 ± 0.4 

Ar-Fe(III)PPIX 14.9 ± 0.43 14.01 ± 0.06 

 

  

Figure 5.12 The effect of H2O2 on ABTS oxidation catalysed by Ar-Fe(III)PPIX in aqueous SDS. The 

conditions are (a) 100.0, (b) 200.0, (c) 300.0 and (d) 400.0 µM H2O2 in the presence of 3.0 mM ABTS, 1.0 

mM Ar and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM Fe(III)PPIX.  (e) The maximum yield, calculated as the 

maximum concentration of ABTS˙+ reached within the 90 minute time period, and (f) the overall reaction 

rate is plotted as a function of H2O2 concentration. The conditions were 1.0 µM Fe(III)PPIX, 1.0 mM Ar and 

3.0 mM ABTS. Data points omitted for clarity. 
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Figure 5.13 The oxidation of ABTS by Ar-Fe(III)PPIX. An enlargement of the first five minutes of the 

oxidation of ABTS in the presence of At-Fe(III)PPIX. The conditions are (a) 100.0, (b) 200.0, (c) 300.0 and 

(d) 400.0 µM H2O2 in the presence of 3.0 mM ABTS, 1.0 mM Ar and 0.3 (-), 0.6 (-), 1.0 (-) and 1.3 (-) µM 

Fe(III)PPIX. Data points omitted for clarity. 
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5.4 Discussion 

The idea that antimalarial drugs contribute to the toxicity of Fe(III)PPIX has been in question for several 

years.93 In Chapter 4, Fe(III)PPIX was shown to successfully catalyse the oxidation of ABTS. This chapter 

aimed to investigate whether the complexes formed between Fe(III)PPIX and the antimalarial drugs CQ, QD 

and Ar (previously investigated in Chapter 3) affected the peroxidase activity of Fe(III)PPIX and, in this 

way, better understand the mechanism of action of these well-known antimalarial drugs. Both CQ and QD 

have been implicated in the inhibition of haemozoin formation, increasing the amount of free Fe(III)PPIX 

present. The question is thus whether these antimalarial drugs enhance the toxicity brought about by 

Fe(III)PPIX, resulting in the overall death of the parasite. However, as discussed in Chapter 1, the 

mechanism of action of Ar is not fully understood.  

Interestingly, in the current work there was a significant change in the kinetics of ABTS oxidation in the 

presence of CQ with a 30% decrease in reaction rate in aqueous solution (Figure 5.8). A similar observation 

was made by Ribeiro et al. who suggested that this decrease in efficiency arises from the additional decrease 

in percentage monomeric Fe(III)PPIX as a result of dimer association with CQ.134 This proposal is indeed 

valid given the recent report that CQ induces the Fe(III)PPIX µ-oxo dimer in purely aqueous solution. Since 

this species consists of two Fe(III)PPIX monomers coordinated through an oxygen atom (Fe-O-Fe),123 the 

strong interaction of the iron centre with oxide ligand may thus be the reason for the weakened catalytic 

activity of Fe(III)PPIX. As discussed in Chapter 4, an increase in the concentration of dimeric Fe(III)PPIX 

has been reported to have a negative effect on its catalytic ability. These results suggest that CQ does not 

enhance the peroxidase activity of Fe(III)PPIX but rather inhibits it, a phenomenon that has previously been 

suggested by other authors.134,138 Riberio et al. suggest that although CQ appears to diminish the peroxidase 

activity of Fe(III)PPIX, it may play a role in protecting the catalyst from degradation.134 The authors have 

proposed that CQ may shield Fe(III)PPIX from degradation through association, thereby increasing the 

amount of free Fe(III)PPIX available to interact with membranes and other target cells in the parasite and, in 

turn, increase the oxidative stress brought about by Fe(III)PPIX within the malaria parasite. The findings in 

the current work largely support this hypothesis where the interaction between Fe(III)PPIX and H2O2 was 

found to be significantly slower in the presence of the CQ than in its absence. Further evidence for this can 

be seen in Figure 5.5 which shows and extended life of the catalytically active iron species in the presence of 

CQ. 

The reaction catalysed by the CQ-Fe(III)PPIX complex showed a 60% decrease in the reaction yield. This 

corresponds to approximately half the radical production obtained in the absence of drug. In Chapter 4 the 

mechanism of ABTS˙+ production was described as the production of two molecules of ABTS˙+ per 

molecule of H2O2 (see scheme 5.2). The reduction by half in the presence of CQ could be related to the 

absence of the second step of the reaction. This may thus suggest that the oxo-iron(IV)-porphyrin radical 

cation (II in scheme 5.2) is formed in the case of Fe(III)PPIX alone, while the oxo-iron (IV)-porphyrin cation 
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(III in scheme 5.2) and not the radical species is produced when CQ is present. The same trend was observed 

in the presence of QD. In addition, the rate of formation of the catalytically active complex is also markedly 

slower in the presence of QD in comparison to CQ. Since this is the primary step of the ABTS oxidation 

reaction, the generation of ABTS˙+ will not commence until this species has been formed.  

 

Scheme 5.2 The simplified catalytic cycle for the oxidation of ABTS in which Fe(III)PPIX reacts with H2O2 

to form a Fe(III)PPIX-peroxo species (I), which rapidly converts to the catalytically active Fe(IV) porphyrin 

radical cation (II). Compound (II) can then oxidise one molecule of ABTS to produce ABTS˙+
 and an oxo 

iron (IV) porphyrin species (III) which in turn can oxidise a second molecule of ABTS and regenerate 

Fe(III)PPIX.134 Antimalarial drugs interacting with Fe(III)PPIX may cause a disruption in this process. 

The influence of the antimalarial drugs, CQ and QD on the peroxidase activity of Fe(III)PPIX in a lipid-like 

environment has not previously been reported. Interestingly, when the peroxidase activity of the complexes 

of Fe(III)PPIX with CQ and QD was investigated in 1.0 mM SDS, differences arose in the kinetics of ABTS 

oxidation. Similar to the work done in Chapter 4, the overall reaction rate of ABTS oxidation, was slower in 

the aqueous SDS system than in aqueous solution for the reaction catalysed by the CQ- and QD-Fe(III)PPIX 

complexes. Interestingly, when the reaction was catalysed by the QD-Fe(III)PPIX complex, the first 10 
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minutes of the reaction appeared to consist of a lag phase, absent in the oxidation of ABTS catalysed by 

Fe(III)PIX and its complex with CQ. A closer analysis of the association constants obtained in Chapter 3 

shows a slight increase in the strength of association between Fe(III)PPIX and QD in the aqueous SDS 

system (6.2 ± 0.1) when compared to the aqueous system (5.78 ± 0.09). The association constant for the 

interaction of Fe(III)PPIX with CQ is not considerably different to that of QD in the aqueous SDS solution 

and, therefore, it would suggest that the lag phase observed in the presence of QD is related to the type of 

interaction that occurs between Fe(III)PPIX and these two classes of antimalarial drugs. This, in turn, will 

have an influence on the rate of formation of the catalytically active Fe(III)PPIX species and, consequently, 

formation of ABTS ˙+. One of the more interesting observations in the aqueous SDS system, however, was 

the yield of ABTS˙+ produced in the presence of the drugs CQ and QD. In aqueous solution, the ABTS 

oxidation reaction catalysed by the complexes of Fe(III)PPIX with CQ and QD showed a reduction of 

approximately 60% in the yield of ABTS˙+ production when compared to the reaction catalysed by 

Fe(III)PPIX. In the aqueous SDS system, however, the yield of ABTS•+ production was relatively unchanged 

in the presence of CQ.  These results may provide evidence for enhanced radical production by the CQ-

Fe(III)PPIX complex in an environment mimicking the lipid-water interface. Alternatively, these results may 

indicate that, while the Fe(IV) cation radical may not be formed in aqueous solution, SDS may facilitate the 

formation of the Fe(IV) cation radical in the case of CQ. In Chapter 4 it was found that Fe(III)PPIX is more 

stable in the aqueous SDS system and, as a result, radical production is prolonged under these conditions. 

This could provide reasons for the improvement in ROS generation for the reaction catalysed by the CQ-

Fe(III)PPIX complex in the aqueous SDS system.  

Studies have proposed that the mechanism of action of the antimalarial drug CQ involves the accumulation 

of the complex formed between Fe(III)PPIX and CQ, which results in an increase in oxidative stress and 

subsequent death of the parasite.83,165 In contrast to this, however, several authors have reported a reduction 

in the oxidative stress of the parasite in the presence of CQ, in agreement with the work described in this 

chapter. Monti et al. discussed the potential for CQ to contribute to the oxidative stress of the parasite.166 

Their argument was based on experiments in which they found that the activity of CQ was independent of 

the degree of oxygen tension in the parasite culture, which contradicts the proposal that CQ acts through 

oxidative stress.167 In addition to this, they found that CQ reduced, rather than enhanced β-haematin-induced 

lipid peroxidation, in agreement with the findings in current work.167 Similar to what has been described in 

the current work as well as by Ribeiro et al, the inhibition of the peroxidative degradation of Fe(III)PPIX has 

been attributed to the mechanism of action of chloroquine in a separate study.137 As CQ has been the 

mainstay antimalarial drug for several years, the focus of these studies have been on the effect that this drug 

has on the toxicity of Fe(III)PPIX. Investigations into the peroxidase activity of Fe(III)PPIX in the presence 

of QD and related antimalarial drugs has not been reported. In a study by Adams, QN was reported to have 

similar inhibitory effects on the peroxidase activity as was described, although the details of this were not 

included in the publication.138 Both CQ and QD have been shown to inhibit the peroxidase activity of 

Fe(III)PPIX, however, as discussed, the drugs may act by inducing a proliferation in the amount of 
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Fe(III)PPIX molecules present in the cell which, due to the toxic nature of Fe(III)PPIX discussed in Chapter 

4, could result in parasite death. This has recently been shown to play a vital role in determining the 

cytotoxic effect of antimalarial drugs.168 In a follow up study by Ribeiro et al., the influence of quinoline 

antimalarial drugs on the catalase activity of Fe(III)PPIX was investigated.136 The catalase reaction, 

previously discussed in Chapter 4, describes the disproportionation of H2O2 to oxygen and water. The 

authors found that both CQ and QD substantially inhibited the catalase activity of Fe(III)PPIX which, 

consequently, inhibits the antioxidant activity by increasing the concentration of H2O2 in the cell, and is 

detrimental to the parasite. This, together with the apparent ability of these drugs to shield Fe(III)PPIX from 

degradation, provides alternative interpretations for their antimalarial activity.   

The association studies involving the species formed between Fe(III)PPIX and artesunate in aqueous SDS 

solution could not be determined under the conditions described in Chapter 3. For this reason, the 

concentration of artesunate required to ensure association with Fe(III)PPIX could not be accurately 

determined. In the current work, it was decided to use a concentration of 1.0 mM artesunate in all 

experiments, based on conditions previously described in a study by Adams and Berman.135 When the 

oxidation of ABTS was carried out under these conditions, the rate of the oxidation reaction showed a 

marked increase in the presence of artesunate when compared to the reaction catalysed by the quinoline 

antimalarial drugs as well as Fe(III)PPIX with a five-fold increase in toxicity. This result differs completely 

from those obtained for the quinoline antimalarial drugs CQ and QD and hints to a different mechanism of 

action of this drug or, in addition, a different interaction with Fe(III)PPIX. The different mechanism of action 

was also alluded to in Chapter 3, where the association constant for the interaction between Fe(III)PPIX and 

artesunate could not be determined in the manner described for CQ and QD. The study by Adams and 

Berman reported similar results, with a three-fold increase in the yield of radical production in the presence 

of artemisinin.135 The change in the mechanism of action is thought to be related to the structural difference 

of Art in comparison with the quinoline antimalarial drugs. More specifically, the mechanism of action of 

artemesinin has been closely related to the endoperoxide bridge present in its structure.169 As this work has 

shown, peroxides are able to take part in several reactions involved in the generation of ROS, thereby 

resulting in the death of the parasite. The question of how the endoperoxide bridge breaks to form ROS has 

been a matter of great interest. The possible formation of an artemisinin-Fe(III)PPIX adduct through 

alkylation has already been discussed in Chapter 3. Another alternative is that Art forms a complex with 

Fe(III)PPIX by interacting with the iron centre, similar to the reaction between Fe(III)PPIX and H2O2. A 

study by Adams investigated the kinetics of the formation of a complex between Fe(III)PPIX and artesunate 

in a 25% aqueous DMSO solvent system, where Fe(III)PPIX is known to exist in a monomeric form.138 They 

reported distinct spectroscopic changes including a decrease in absorbance at 399 nm together with an 

increase in absorbance at 424 nm. In the current work, the interaction between Fe(III)PPIX and H2O2 in the 

presence of Ar shows similar changes in the spectrum as was seen in Chapter 4 for the reaction in the 

absence of artesunate. The rate of formation of the purported Fe(III)PPIX-peroxo species under the 

conditions described was also unchanged in the presence of artesunate. In addition, the rate of decomposition 
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of the catalytic species is slower in the presence of Ar, which indicates that radical production is more 

prolonged in the presence of artesunate. Consequently, in similarity to the quinoline antimalarial drugs, the 

presence of Ar may too increase the amount of free Fe(III)PPIX present within the parasite, thereby posing a 

toxic threat to the parasite.  

Overall, these results provide evidence for improved stability of the Fe(III)PPIX in the aqueous SDS system. 

In addition to this, ROS generation catalysed by the complexes of Fe(III)PPIX with CQ and QD proved to be 

more pronounced in an environment that mimics the lipid-water interface in comparison to that in aqueous 

solution. This contributes to the proposal that the antimalarial drugs exert their toxicity in a lipid-like 

environment, however, the exact mechanism of action is still not confirmed. The significant reduction of 

Fe(III)PPIX decay in the presence of CQ and QD lend favour to the idea that these drugs increase the amount 

of free Fe(III)PPIX in the parasite and provide an improved stability under oxidative conditions. Ar appears 

to also provide greater stability to Fe(III)PPIX, however, by contrast to CQ and QD, is able to increase 

radical production leading to a more toxic effect. Whether the enhanced ROS generation results from the 

covalent adduct formed between Fe(III)PPIX and Ar or an interaction between Ar and the iron centre cannot 

be confirmed, however, it is most likely that one aspect of the mechanism of action of Ar is brought about by 

the generation of ROS within the parasite which, subsequently, leads to parasite death. The often 

contradictory results reported in the literature may arise from the variability with respect to reaction 

conditions. Indeed, the current work has shown differences in findings obtained in the aqueous and aqueous 

SDS solvent systems. Furthermore, many authors have conducted experiments using buffers that are 

incompatible with ABTS. 128,134 These observations highlight that thorough consideration of experimental 

conditions of the ABTS system must be undertaken when performing such investigations. 
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5.5 Conclusion 

The antimalarial drugs CQ, QD and Ar were investigated for their influence on the peroxidase activity of 

Fe(III)PPIX in aqueous solution as well as in a lipid mimic. The environment in which the experiment was 

conducted was found to greatly affect the degree of ROS generation. It is also important to note that while 

the aqueous SDS system is a mimic for the environment at the lipid-water interface, these results are not 

sufficient to determine the exact nature of ROS generation within the malaria parasite. However, preliminary 

results would indicate that, while QD and CQ were shown to inhibit the peroxidase activity of Fe(III)PPIX in 

aqueous solution, when the reaction was carried out in the aqueous SDS system, the yield of radical 

production proved to be unaffected in the presence of CQ. These results together with the improved stability 

of Fe(III)PPIX under these conditions lend favour to the proposal that the site of action of quinoline 

antimalarial drugs is at the lipid-water interface within the parasite. The mechanism of action of CQ and QD 

was, therefore, not found to be a result of enhancing the peroxidase activity of Fe(III)PPIX, however, it was 

determined that they act by shielding Fe(III)PPIX from peroxidative degradation, thereby increasing the 

build-up of toxic Fe(III)PPIX within the parasite. The mechanism of action of Ar was, however, found to 

involve its ability to enhance the peroxidase activity of Fe(III)PPIX by approximately three times that 

produced by Fe(III)PPIX. The results determined in this body of work provide interesting information with 

regard to the mechanism of action of three clinically relevant antimalarial drugs which differ in structure. To 

further our knowledge of antimalarial drug action, the study needs to be expanded to include related 

antimalarial drugs and, from this, determine a trend in the effect of these drugs on the peroxidase activity of 

Fe(III)PPIX.  
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Chapter 6. Overall Conclusion and Future Work 

6.1 Overall Conclusion 

The work presented in this dissertation was underpinned by the hypothesis that quinoline antimalarial drugs 

act by inhibiting haemozoin formation, thereby increasing the concentration of Fe(III)PPIX present in the 

parasite which, in turn, enhances the oxidative stress on the parasite. Consequently, the main aim of the 

project was to investigate the peroxidase activity of Fe(III)PPIX under biologically relevant conditions and 

to compare this effect with that of Fe(III)PPIX in the presence of the clinically relevant antimalarial drugs, 

CQ, QD and Art. The aim was approached by first investigating the interaction between Fe(III)PPIX and the 

antimalarial drugs, CQ, QD and Art. Experiments were conducted using spectrophotometric titrations in 

three different biologically relevant environments, namely an aqueous solution (pH 7.4) which was used to 

mimic the environment found within the parasite cytosol; an organic environment comprised of acetonitrile 

representing the non-aqueous lipid; and finally, the detergent SDS was used to mimic the lipid-water 

interface which is the proposed site of β-haematin formation. The results obtained provided evidence for 

coordination between Fe(III)PPIX and QD in acetonitrile but not in the aqueous or aqueous SDS 

environments. Coordination did not occur between CQ and Fe(III)PPIX but, rather, π-stacking between the 

drug and the Fe(III)PPIX µ-oxo dimer is suggested. Nevertheless, the association between Fe(III)PPIX and 

QD and CQ was strong in both aqueous and aqueous SDS environments. In contrast, the association constant 

between Fe(III)PPIX and Art was much weaker and could only be quantified in acetonitrile.  

The peroxidase activity of Fe(III)PPIX which is a standard measure for Fe(III)PPIX toxicity was next 

investigated in order to establish whether antimalarial drugs enhance this effect. This was investigated using 

the chromogenic substrate ABTS and an assay optimised to investigate the peroxidase activity of 

Fe(III)PPIIX. This work confirmed Fe(III)PPIX to be toxic owing to its ability to oxidise ABTS in the 

absence of any antimalarial drugs. The oxidation of ABTS by H2O2 and catalysed by Fe(III)PPIX was 

investigated by systematically varying the concentration of each component in the system. The results 

obtained in this study were then used to optimise the assay in the aqueous SDS system. The reaction was 

found to be 50% slower in the aqueous SDS system than in the aqueous system, however, the delay in the 

rate was accompanied by an increase in the stability of ABTS˙+ and was therefore determined to be the more 

suitable environment in which to measure ABTS oxidation. This decrease in rate could be accounted for by 

the reduced rate of the reaction between Fe(III)PPIX and H2O2, proposed as the primary step in ABTS 

oxidation. Whether this enhanced stability can be directly related to the ROS generation at the lipid-water 

interface is not known and would require further investigation. Attempts were made to develop a kinetic 
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model describing the full oxidation of ABTS by Fe(III)PPIX and H2O2 in aqueous solution, however, the 

complexity of the reaction prevented a successful fitting of a model to the data.  

The study on the oxidation of ABTS by Fe(III)PPIX was subsequently used as a baseline to measure the 

modulatory effects of the antimalarial drugs CQ, QD and Ar on the peroxidase activity of Fe(III)PPIX. In 

aqueous solution, CQ was shown to reduce the reaction rate by 30% and the yield by 60% while QD was 

found to inhibit the yield by 80%. An analysis of the rate of the reaction between Fe(III)PPIX and H2O2 in 

the presence of the antimalarial drugs revealed a reduction in rate compared to Fe(III)PPX in the absence of 

drug. This may suggest that the antimalarial drugs shield Fe(III)PPIX from peroxidative attack and, in this 

way, increase the concentration of free Fe(III)PPIX present within the parasite which ultimately leads to 

parasite death. Support for this hypothesis was found when the concentration of the catalytically active iron 

species was found to be elevated for longer periods in the presence of both CQ and QD when compared to 

Fe(III)PPIX.  

A similar result was obtained in aqueous SDS. Although CQ still inhibited the rate of ABTS˙+ radical 

formation, the yield remained unchanged when compared to the reaction catalysed by Fe(III)PPIX in the 

absence of antimalarial drug. This data further suggests the enhanced stability of ABTS˙+ in this 

environment. Interestingly, QD exhibited a lag phase during the initial stage of the reaction, absent in the 

reaction conducted in the presence of CQ and in the absence of drug. This could be related to the nature of 

the drug-Fe(III)PPX interaction in the case of QD (coordination) compared to CQ (π-stacking). Contrary to 

both CQ and QD, however, Ar was found to increase both the rate and the yield of ABTS˙+ formation in 

aqueous SDS. This could be related to the structure of this antimalarial drug which contains an endoperoxide 

bridge, similar in structure to H2O2. The mode of action of Ar therefore differs from that of CQ and QD in 

that it enhances the peroxidase activity of Fe(III)PPIX, thereby increasing the oxidative stress on the parasite, 

leading to its ultimate death. 

Overall, this research project provides some insight into the mechanism of toxicity of Fe(III)PPIX together 

with its complexes formed with CQ, QD and Art. Important information regarding the manner in which 

Fe(III)PPIX and H2O2 oxidise ABTS in aqueous solution was gleaned. Further investigations into the side 

reactions would allow the development of a full kinetic model. This work presents an additional avenue that 

should be considered in future drug design. These drugs do not only inhibit β-haematin formation, but also 

increase Fe(III)PPIX toxicity. This additional factor is likely to have an effect on the efficacy of drugs. These 

findings therefore suggest that optimization of the effects of drug-Fe(III)PPIX complex toxicity also be 

considered when designing new compounds with the potential for antimalarial activity. The findings here 

serve as a preliminary indication of this, but further in depth studies regarding the mechanism of toxicity is 

warranted.   
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6.2 Future Work 

The work in Chapter 3 focusses on investigating the interaction between Fe(III)PPIX and the antimalarial 

drugs, CQ, QD and Art. Information regarding the strength of association between Fe(III)PPIX and these 

antimalarial drugs was gleaned from this study, however, the following future studies are suggested: 

1. To investigate the interaction between Fe(III)PPIX and Art using additional spectroscopic techniques 

such as NMR and IR spectroscopy. 

2. To investigate a broader range of antimalarial drugs, particularly in the aqueous SDS system, to 

determine the effect on the strength of association in an environment mimicking the site of β-

haematin formation. 

While the work in Chapter 4 provides insight into the mechanism of ABTS oxidation by Fe(III)PPIX and 

H2O2 in an aqueous and aqueous SDS environment, the following future studies are proposed to further our 

understanding: 

3. To investigate the suggested interaction between Fe(III)PPIX and ABTS in order to simulate it and 

obtain an accurate kinetic model for the oxidation of ABTS by Fe(III)PPIX and H2O2. 

4. To investigate the oxidation of ABTS using lipids and phospholipids in order to determine the effect 

that this has on the oxidation of ABTS. 

The oxidation of ABTS by Fe(III)PPIX and H2O2 was used as a baseline to measure the modulatory effect of 

the antimalarial drugs CQ, QD and Art on the peroxidase activity of Fe(III)PPIX in Chapter 5. This study 

provided insight into the mechanism of toxicity of these antimalarial drugs, however, the following future 

studies are proposed to further our understanding: 

5. To investigate the ABTS oxidation reaction in the presence of Art in an aqueous environment, 

mimicking that of the parasite cytosol. 

6. To model the kinetic data obtained in this study and, therefore, determine what effect the 

antimalarial drugs have on the proposed kinetic model for the oxidation of ABTS. 

7. To investigate a broader range of antimalarial drugs so as to determine whether a trend exists 

amongst antimalarial drugs belonging to the same class. 
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Appendix 1 

 

Figure 1. The calculated (black) and experimental spectra obtained for the association of Fe(III)PPIX with 

QD in (a) aqueous, (b) acetonitrile, (c) aqueous SDS, CQ in (d) aqueous, (e) acetonitrile, (f) aqueous SDS 

and Art in (f) acetonitrile. 
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Appendix 2 

Derivation of equation 5.4.164 

Considering the reaction: 

A
k1
→B

k2
→ C 

The reaction rates can therefore be described as follows: 

d[A]

dt
=  −k1[A] 

d[B]

dt
=  k1[A] − k2[B] 

d[C]

dt
=  k2[B] 

Since at the beginning of the experiment only A is present, it follows that: 

∫
d[A]

[A]
=  −∫ k1dt

t

0

A

A0

 

And  

ln[A] = ln[A0] − k1t 

Alternatively, the reaction can be written as: 

[𝐴] = [𝐴0]𝑒
−𝑘1𝑡 

Substitution into equation 3 gives the following expression: 

d[B]

dt
+ k2[B] =  k1[A0]e

−k1t 

Where this first order differential has the solution: 

[B] =
[A0]k1
(k2 − k1)

e−k1t − e−k2t 
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