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ABSTRACT 

Artemisinin, a sesquiterpene lactone derived from Artemisia annua, is a potent antimalarial agent whose mechanism is believed to involve peroxide bond cleavage catalyzed by transition metals. Hemin, inorganic iron, and hemoglobin have all been proposed as primary mediators of this activation through free radical formation. This study aimed to compare the ability of these biological species to induce artemisinin-derived radicals using electron spin resonance (ESR) spectroscopy. Extracted artemisinin was tested in systems containing horseradish peroxidase (HRP) and hemoglobin. While radical generation was confirmed in the presence of hemoglobin, unexpected radicals were also detected in solvent-only controls, particularly with absolute ethanol, complicating interpretation. These results highlight the need for further investigation into solvent-specific radical contributions and refinement of experimental controls when studying artemisinin activation pathways.
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1. INTRODUCTION
1.1 Malaria
Malaria is a major global health concern, particularly in tropical and subtropical regions, where it remains a leading cause of morbidity and mortality. There is currently no vaccine available for this vector-borne illness, which threatens approximately 40% of the world’s population and causes an estimated 500 million infections annually, resulting in around 100 million deaths each year due to complications from the disease⁸. Malaria is transmitted via the saliva of infected mosquitoes, allowing the Plasmodium parasite to enter the bloodstream. Once inside the host, the parasite travels to the liver and later invades red blood cells, where it proliferates. To support its growth, the parasite metabolizes host hemoglobin to access essential amino acids⁶. This process releases free heme, which generates oxidative stress that would normally be lethal to the parasite, as it lacks the enzyme heme oxygenase⁶. To circumvent this, the parasite converts free heme into an insoluble, redox-inactive iron(III)-heme microcrystalline compound known as hemozoin⁶.
1.2 Artemisinin 
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Sesquiterpene Artemisinin, a trioxane containing lactone peroxide, is derived from the traditional Chinese herb Artemisia annua. Because of the high rate of P. falciparum genesis and mutations, it has progressive resistance to current antimalarial drugs such as Chloroquine, Quinine and its derivatives Quinimax and Quinidine. Due to its chemical structure, artemisinin operates through a mechanism far different from current antimalarial drugs making it a highly valuable alternative for treatment. The molecular structures for chloroquine, quinine and artemisinin can be seen in Figure 1. 
The mechanism whereby artemisinin activation occurs is the center of much investigation. A study done by Yang et. al revealed that artemisinin was able to alkylate in vitro heme proteins containing molecules such as catalase, cytochrome c and hemoglobin6. Considering the peroxidase activity of these hemoproteins, the iron catalyzed activation of artemisinin was heavily supported. Later work done using plasmodium cultures revealed that artemisinin alkylates heme as well as inhibits several iron-dependent parasitic proteins6. 

When the endoperoxide portion of artemisinin oxidizes a heme containing peroxidase enzyme the formation of free radicals occurs5.  Free radicals are highly unstable molecules with unpaired electrons which undergo chain reactions and result in the production of more radicals in most cases. Such a reaction of artemisinin can be seen in Figure 2. In this figure, artemisinin is up-taken by the red blood cell which then oxidizes ferrous iron thereby cleaving its endoperoxide bond and leading to the formation of transient radical intermediates believed to inhibit parasite growth3. The work done by Christopher Arnatt and Sean Platt could not reveal a radical contained within artemisinin, but showed that it can oxidize a heme containing molecule, similarly to H2O2, which then goes on to form radicals upon oxidation of other molecules5.     
1.3 EPR

In ESR (electron spin resonance) or EPR (electron paramagnetic resonance), as it is more commonly referred to, the excitation of free radical is detected by applying a sweeping magnetic field to a sample at a given frequency5.  This is accomplished by manipulating the instrument’s three systems which include the magnet, microwave, and modulation/detection subsystems.  The modulation/detection subsystem is responsible for regulating the magnetic field introduced to the sample.  It accomplishes this by using a 100 KHz “triple” field applied through cavity modulation coils which are selectively amplified by the 100 KHz phase detector and corrected for phase lags by the phase shifter5.

The two main types of ESR used are aspiration (static) and fast flow ESR.  Fast flow ESR is specialized for the study of short-lived radicals and introduces the solution inside the cell where they can be quickly observed.  This study used aspiration ESR because the radicals involved were relatively long lived.  Using this method, the sample is prepared in a test tube and aspirated, hence the name, into the flat cell mechanism though a stainless-steel cannula via an external aspiration pump5.

2. Experimental
2.1 Solutions

Stock solutions of the necessary chemical were prepared.  The 100 mM Artemisinin solution was prepared by dissolving .0282 g of Artemisinin in 1 mL of Absolute EtoH.  The 1mg/ml stock solution of HRP was prepared by dissolving 1mg HRP in 1 mL of the stock Tris Buffer.  The 100 mM Tris Buffer was prepared by dilution 10 ml of the lab’s 1 M solution in 90 mL of nano-pure water. The 100 mM DTBHA (3,5-di-t​-butyl-4-hydroxyanisole) solution was prepared by dissolving .0727 g DTBHA in 3 mL of Absolute EtoH.  The DTBHA had to be recrystalized prior to use because it contained contaminants which turns the solution yellow upon dissolving.   

2.2 Instrumentation and Chemicals 


The instrumentation used were the JEOL JES-RE1X ESR Spectrometer, a TE-011 cavity, Wilmad flat cell, and air pump fitted with a liquid catch mechanism.  The spectra were recorded on a Dell computer with LabVIEW software.  Spectra were exported to Microsoft Excel where they were normalized.  DTBHA, Artemisinin, HRP and bovine hemoglobin were all purchased from Sigma-Aldrich.  The H2O2 and Tris-HCl buffer were previously prepared in the lab.  ESR solutions were prepared by the Platt/Arnatt method.  

2.3 HRP system

For the HRP system, solutions were prepared by pipetting 2.4 mL and 2.5 mL of Absolute EtOH and Tris-HCl buffer respectively into the ESR tube.  The solution was then bubbled with N2 and vortexed.  Then, 50 µL each of 100mM DTBHA, H2O2 and HRP were added, bubbling and vortexing after each addition.  This solution was then aspirated into the flat cell of an ESR spectrometer.  The ESR parameters of the instrument for the this system were: ±1mT Field Sweep Width, 0.025mT Field Modulation Width, 500 Receiver Gain, 4 min Sweep Time, .3 sec Time Constant, 340.130 G Center Field, 1 mW Power, and 9.400GHz Frequency.  
2.4 Hemoglobin system

For the Hemoglobin system, a solution of Hb was prepared by dissolving 0.01015g of Hb in 25 ml of Tris-HCl buffer.  Then, 2.4 mL and 2.5 mL of Absolute EtOH and Hb solution respectively were pipetted into the ESR tube.  The solution was the bubbled with N2 and vortexed.  Then, 50 µL each of 100mM DTBHA and Artemisinin were added, bubbling and vortexing after each addition.  This solution was then aspirated into the flat cell of an ESR spectrometer.  The ESR parameters for this system were: ±1mT Field Sweep Width, 0.05mT Field Modulation Width, 2000 Receiver Gain, 8 min Sweep Time, 1 sec Time Constant, 340.000 G Center Field, 20 mW Power, and 9.400GHz Frequency. Controls for each system will consisted of spectra of the complete System minus Artemisinin (H2O2) the complete System minus DTBHA, and the Residual Background of the cavity and flat cell only.  

3. Results & Discussion
3.1 HRP


Shown below in Figure 3 is the ESR spectrum of the HRP/H2O2 system.  The DTBHA spectra at the given parameters is show below the heading “HRP System”.  This system was done as a standard for comparison for other radical producing systems.  This gives an excellent representation of the radical as the controls for DTBHA, HRP, and H2O2 all appear to imitate the empty cell.
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Fig 3. ESR Spectra of HRP/H2O2 system
Shown below in Figure 4 is the ESR spectrum of the Artemisinin/Hemoglobin system.  Although the spectrum on the left gives a radical spectrum similar to the HRP system, the controls do not favor an accurate representation of the systems radical producing capabilities.  Besides the DTBHA control, which is blank because there was no chemical present to carry the radical, each control also exhibits the DTBHA radical to some degree. 
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Fig. 4. ESR of Artemisinin/Hb.

Despite much investigation this problem was never solved.  Many precautions and follow up trials were done to try and identify the cause.  Such precautions as increasing N2 bubbling time, changing the bubbling pipette tip between uses, properly labeling micropipette tips, remaking stock solutions, an additional recrystalization of the DTBHA and trying other solvents besides Absolute EtOH were all tried to no avail.  After going as far as reducing the system to solely Absolute EtOH and DTBHA, a radical was still produced leading to the conclusion that it must be the Ethanol.  The spectra of some of the other solutions attempted are shown below in Figure 5.
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Fig. 5.  ESR of Absolute EtoH, Methanol and 95% Ethanol with DTBHA.
At one point it was believed the problem was solved after bubbling with N2 was increased both in time and in frequency between solution additions to the ESR tube.  A spectrum at the parameters shown in Fig. 4. appeared to be a blank cell.  However, after increasing the parameters to those in Figure 3, the DTBHA spectra, though lower in intensity, was still found.

4. Conclusions

This experiment aimed to identify the key molecule responsible for activating artemisinin via cleavage of its endoperoxide bond. The DTBHA radical was employed in all systems due to its stability and prolonged lifespan. The well-characterized horseradish peroxidase (HRP) system was initially tested to establish a reference for comparing other radical-generating systems. The original goal was to evaluate the relative capabilities of hemoglobin, heme, and ferrous iron in producing the same radical. However, the unexpected finding that radical generation occurred only in the presence of absolute ethanol shifted the focus of the investigation toward understanding this anomaly. Despite the success of prior experiments, this outcome was perplexing, and no definitive explanation was identified. Nevertheless, the results highlight potential improvements for future trials—specifically, greater control over solution bubbling time and evaluation of different ethanol stocks to assess possible contamination. It is plausible that the ethanol used contained impurities that interfered with the intended reactions.
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Figure. 1: Molecular structures 


of a) chloroquine, b)quinine and c) artemisinin





Figure 2. Radical reaction of artemisinin with Ferrous Iron.3











