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Department of Physics
Budapest University of Technology and Economics

BME
(2019)



1 Background

Although successfully rolled back from the temperate zones of the globe,

malaria still imposes a major health burden on many low-income and lower-

middle-income countries particularly in sub-Saharan Africa [1]. The high

levels of awareness, support and commitment both from the international

community and the countries involved have resulted in a substantial reduc-

tion of malaria endemic areas in the past decade, however, due to the in-

crease of global population, the number of people living at risk is still about

three billion and it is estimated to grow. Under such conditions the only

way to achieve complete eradication is to actively detect carriers even in the

remotest endemic regions, and to treat all symptomatic and asymptomatic

individuals. One of the many tools that could assist these efforts is the devel-

opment of a high-throughput diagnostic platform, which is highly sensitive,

yet cost-efficient, since the malaria diagnostic methods currently in practice

are either sensitive, but labour-intensive such as light microscopy; or easy-

to-use but having limited sensitivity and prone to the genetic mutation of

the parasites, such as the antigen-based rapid diagnostic tests.

The disease called malaria is a parasitic infection caused by unicellular

organisms from the genus Plasmodium. They have a remarkably complex

life cycle, involving both mosquito and human hosts. In humans the symp-

tomatic phase of the infection develops when the parasites leave the initially

occupied liver cells and migrate to the blood stream, where they invade the

red blood cells and multiply in a periodic manner [2]. During their develop-

ment within the erythrocytes, they digest its hemoglobin content in order to

utilise its amino acids and free up space for their own growth. This metabolic

process, however, also releases the heme monomers that are toxic to the par-

asites. In order to neutralise the highly oxidative heme groups, the parasites

convert them into an insoluble crystalline form called malaria pigment, or

hemozoin crystals [3]. Since the production of the crystals is fundamental

for the survival of the parasites, their presence and structure is less prone

to the genetic variation of the pathogens than its proteins and other organic

molecules. Furthermore, these needle-like, sub-micron sized crystals exhibit

unique magnetic and optical properties, which distinguish them from the

typical constituents of the uninfected blood. Namely, they are anisotropic,

easy-plane paramagnets exhibiting considerable linear dichroism in the vis-
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ible wavelength region. Accordingly, they offer a an intriguing opportunity

to be the targets of a diagnostic technique based on physical principles.

2 Objectives

The possibility that liquid suspensions of the paramagnetic hemozoin crys-

tals exhibit magnetically induced linear dichroism (and birefringence) was

first proposed and demonstrated by Newman and co-workers, who investi-

gated the magnetic field and crystal concentration dependence of the optical

effect [4]. Their experimental scheme, however, was not sensitive enough for

early-stage diagnoses, and the technical realisation of the measurement was

hardly adaptable for field conditions. Thus, the initial motivation of my

Ph.D. work was to investigate whether the technique of Newman et al. can

be improved and/or adapted to field conditions with a conceptually and

technically modified experimental setup. The main goal of the research de-

scribed in my thesis was the development and laboratory validation of a

novel device which detects hemozoin in liquid suspensions via their mag-

netically induced linear dichroism with high sensitivity, in an automated

manner, and requiring only a minimal sample preparation protocol. To

achieve this goal, I planned to construct the portable version of the experi-

mental setup developed by our research group prior to my Ph.D. studies [5],

and test its applicability on model system such as synthetic hemozoin crys-

tals, malaria cell cultures, rodent models and eventually on malaria-infected

human samples.

3 Novel scientific achievements

During the first phase of the project, our research group studied the magnetic

anisotropy of hemozoin and measured the magnetic-field dependence of their

linear dichroism following the work of Newman and co-workers [4]. Further-

more, we determined the linear dichroism spectrum of hemozoin in the near-

infrared to ultraviolet spectral range for the first time [P1]. We concluded

that (i) the magnetic co-alignment of the hemozoin crystals in the suspen-

sion takes place in moderate magnetic fields in the range of B ≈ 500 mT;

(ii) the linear dichroism spectra reveal strong optical response in the red

wavelength region and (iii) the effect is linearly proportional to the crystal
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concentration [P1]. These spectroscopic measurements were carried out in

the magneto-optical spectroscopy laboratory of the Department of Physics,

Budapest University of Technology and Economics with the participation of

the author, Dr. Ádám Butykai, Dr. Dávid Szaller and Dr. Vilmos Kocsis,

while the magnetisation measurements were performed in the Institute for

Solid State Physics and Optics of the Wigner Research Centre for Physics,

in Budapest, Hungary by the author, Dr. Ádám Butykai and Dr. László

Kiss.

Based on the results of the spectroscopic experiments, we constructed a

portable magneto-optical device (RMOD) comprising a rotating magnetic

Halbach-ring, a cheap red laser diode and polarization optical elements,

which can quantify hemozoin suspended in water down to 0.5 pg/µl concen-

trations, and crystals suspended in hemolysed whole blood down to 15 pg/µl

concentrations. To the best of my knowledge, no instrument has been de-

veloped before that can quantify the crystallised portion of heme molecules

characteristic to malaria infections with such precision before. The develop-

ment of the device was also assisted by colleagues at the mechanical work-

shop of the Department of Physics, and by BME alumni Zsófia Prőhle and

András Molnár.

The most important achievements of my Ph.D. research work centred on

the development and validation of the RMOD platform are summarised in

the following thesis points:

1. I contributed to the construction of the portable RMOD device by de-

signing the optical layout, by testing the chosen optical elements and

by the design and the optimisation of the optical sample holders. I

also participated in the sensitivity measurements performed on syn-

thetic hemozoin suspensions. Furthermore, I studied the rotational

dynamics of crystal ensembles with various size distributions and in

liquids of different viscosities. These experiments affirmed that the

linear dichroism signal as a function of the rotational speed of the

magnetic field has a characteristic dependence on the size distribution

of suspended crystals. These results were crucial to determine the op-

timal frequency of the magnetic field rotation for rapid concentration

measurements [P1].

2. As the next step of the validation process, I studied the sensitivity

of the methodology for quantifying hemozoin produced by in vitro
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Plasmodium falciparum cell cultures, and the detection threshold of

the device in terms of parasitemia, i.e. the percentage of infected red

blood cells. I found that the device can detect infected samples with

parasitemia values as low as p = 0.0008% when the samples contain

mainly young erythrocytic forms (rings and early trophozoites); and

p = 0.0002% when mature, schizont stage parasites are present in the

samples. The results of these in vitro experiments implied that the

sensitivity of the method is on the level of light microscopy [P2].

3. I investigated the applicability of the RMOD method as a laboratory

research tool for carrying out drug susceptibility assays on in vitro P.

falciparum cell cultures. I demonstrated that parasite growth can be

monitored via the quantification of the produced hemozoin throughout

the complete life cycle with high temporal resolution, i.e. a difference

of six-to-eight hours in parasite development can already be differen-

tiated in the case of a given culture [M1]. I also developed a sample

preparation protocol optimised for RMOD-based drug susceptibility

assays. [M1].

4. I performed controlled infection experiments on mice inoculated by

Plasmodium berghei sporozoites (the parasitic forms carried by mosqui-

toes) and determined the first time points when the onset of the blood

stage infection can be diagnosed by the RMOD method. These ex-

periments revealed that P. berghei parasites of the first and second

erythrocytic generation can already be detected yielding similar sen-

sitivity to that of light microscopy in these rodent experiments [P3]. I

also monitored hemozoin clearance during treatment of mouse infec-

tions via the RMOD method, and found an average clearance time of

three to four days for the circulating hemozoin [P3, P4].

5. In the final stage of the laboratory validation process I set up an

RMOD device at the Mahidol Vivax Research Unit of the Mahidol

University (Bangkok, Thailand) where I analysed blood samples col-

lected from 35 patients infected by Plasmodium vivax malaria. The

magneto-optical tests showed a 100% sensitivity on this small-scale

sample set, and implied an estimated detection threshold of 0.0002%

parasitemia (or 10 parasites per a µl of blood) for P. vivax infections,

placing the performance of the method to the level corresponding to
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expert microscopy [M2]. Prior to carrying out the magneto-optical

measurements on the field isolates, I optimised the sample preparation

protocol for frozen human blood samples, and established the baseline

separating positive and negative incidences based on measurements of

uninfected control samples. Additionally, I demonstrated that the cor-

relation between the magneto-optical values and the parasite densities

significantly improves, when the parasite stage distributions within

the samples are also considered besides their nominal parasite densi-

ties [M2].

4 Publications and Manuscripts
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Further publications
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P7. Rebelo, M., Grenho, R., Orban, A. & Hanscheid, T. Transdermal
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Manuscripts under preparation
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